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Impact of memory allocation on efficiency

Array p[j][k] Column major order

Row major order (C) (FORTRAN)
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Best performance of innermost loop
corresponds to rightmost array index

Two loops, assuming row major order (C):
for (k=0; k<=m; k++) for (j=0; [<=n, [++)
for (j=0; [<=n; j++) ) for (k=0; k<=m; k++)
phIlK] = ... pUIK] = ...

Same behavior for homogeneous memory access, but:
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< Program transformation “Loop interchange”

Example: )
...#deiine iter 400000 = Improved locality
int a[20] [20] [20];
void computeijk() {int i,]j,k;
for (1 = 0; i < 20; i++) {
for (j = 0; j < 20; j++) {
for (k = 0; k < 20; k++) {
a[i] [31[k] += a[il[31[k];}}}}
void computeikj () {int 1i,3j,k;
for (1 = 0; i < 20; i++) {
for (j = 0; j < 20; j++) {
for (k = 0; k < 20; k++) {
a[i][k]1[J] += ali][k][3J] ;}}}}..
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Results:
strong influence of the memory architecture

Loop structure: i k Dramatic impact of locality
Processor Ti C6xx B Sun SPARC Intel Pentium
reduction to [%] ~ 57% 35% (3.2 @

7 50,00
6.5 45,00
6 |
55 40,00
5 3500
4,5 —
4 | | 30,00
I~ | |
&. 3,2 T B 25,00
Q 25 | 20,00
i§ 51 — 15,00
1.5 1 10,00
3 - J 1
0,5 - 5,00
0 I 1 I I I 0,00 ’—. : : ’—. | | i
ijk ikj jik jki kij kji ijk ikj jik jki Kij Kji
NOt always the Same ImpaCt L [Till Buchwald, Diploma thesis, Univ. Dortmund, Informatik 12, 12/2004]
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Transformations
“Loop fusion” (merging), “loop fission”

for(j=0; j<=n; j++) for (j=0; j<=n; j++)
pll= .- ; olil= ...

for (=0; j<=n; j++), (@ plil= pll + ...}
pl]l= pl] + -

Loops small enough to Better locality for
allow zero overhead access to p.
Loops Better chances for

parallel execution.

Which of the two versions is best?
Architecture-aware compiler should select best version.
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Example: simple loops

##define size 30
#define iter 40000
int a[size] [size],
float b[size] [size];,

void ssl() {int i,3J;
for (i=0;i<size;i++) {
for (j=0;j<size;j++) {
afi] [J]+= 17;}}
for(i=0;i<size;i++) {
for (j=0;j<size;j++) {
b[i][j]-=13;}}}

= fakultat fur
informatik

technische universitat
dortmund

void msl () {int i,7j;,

for (i=0,;i< size;i++){
for (j=0;j<size;j++){
afi][j]+=17; }
for (j=0;j<size;j++){
b[i] [j]-=13; }}}

void mml () {int i,7;,
for(i=0,i<size;i++){
for (j=0,; j<size; j++) {
afi][j] += 17;
bl[i][j] -= 13;}}}

© j. chen, informatik 12, 2020



Results: simple loops

ss1 Runtime (700% 2 max) .
120 ms1 Merged
0 mm1 loops
superior;
01 — | | except
2 60 - | | Sparc
with —o3
40 A —
20 - —
0 - —
X86 gcc 3.2-03 x86 gcc 2.95 -03 Sparc gcc 3xo1 Sparc gcc 3x 03
Plattform
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Loop unrolling

for (j=0; j<=n; j++) q for (j=0; j<=n; [+=2)
pLl= ... ; ll= ... pli+1]= ...}

factor = 2

Better locality for access to p.
Less branches per execution
of the loop. More opportunities
for optimizations.

Tradeoff between code size
and improvement.

Extreme case: completely
unrolled loop (no branch).
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Program transformation
Loop tiling/loop blocking: - Original version -

for (i=1; i<=N; i++)
for(k=1; k<=N; k++){
r=X[i,k]; /* to be allocated to a register*/
for (j=1; j<=N; j++)
Z[i,j] +=r* Y[K,]]
} % Never reusing information in the cache for Y and Zif N
Is large or cache is small (O(N?) references for Z).

Z X Y

j++
k++

[—

ey |l

= = | O ke X i+
L__H_ jH+ k++ K
li++
I
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Loop tiling/loop blocking
- tiled version -

for (kk=1; kk<= N; kk+=B) Reuse factor of
for (jj=1; jj<= N; jj+=B) B for Z, N for Y
for (i=1; i<= N; i++) O(N*/B)

for (k=kk; k<= min(kk+B-1,N); k++){ accesses to
r=X[i][K]; /* to be allocated to a register*/ main memory

for_(j_=jj; J<= min(j_j'"B"l, N); j++) Compiler
Z[i]0] +=r* Y[k][} Same elements for should select
} next iteration of i best option
Z X Y / .
7 . ] innermost
¢k++ // J \\ Kk
k++ kk
% j++ / = I
_ = . X / RN //. 77
% li++ / l'H- / _ A v
7 % o kk outermost
technische universitat = fakultat far © j. chen, informatik * monica Lam: The Cache Performance and Optimization
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Transformation “Loop nest splitting”

Example: Separation of margin handling

many if- only few
statements for no checking, margin
margin-checking ::> efficient 4+ || elements to

be processed

l
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Outline
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= Impact on the “safety-critical” industry sector
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What is Heterogeneous Computing?

Use processor cores with various type/computing power to
achieve better performance/power efficiency
Tasks

yﬂ
-

http.//www.browndeertechnology.com/docs/BDT _OpenCL_Tutorial NBody-rev3.html
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Advantage of Heterogeneous Computing

CPU is ideal for scalar GPU is ideal for parallel
processing processing
Out of order x86 cores GPU shaders optimized
with low latency memory for throughput computing
access Ready for emerging
Optimized for sequential workloads
and branching algorithms Media processing,
Runs existing applications simulation, natural Ul, etc.
very well
Serial/Task-parallel Graphics/Data-parallel
workloads — CPU workloads — GPU

Heterogeneous Computing -> Fusion, Norm Rubin, SAAHPC 2010

technische universitat = fakultat fur © j. chen, informatik 12, 2020 16
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CPU/GPU Integration:
CPU’s Advancement Meets GPU'’s

Microprocessor Advancement

g
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D = High Performance
= Task Parallel Execution ~ Heterogeneous
<12 Computing System-Level
g S Progammable
(%)
|
=8 I iz
O
i 3 Power-efficient Shade.r
g Data Parallel ~_Graphics
S Execution DPriver-based
8 programs
=
S

Throughput Performance

GPU Advancement
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Evolution of Heterogeneous Computing

Dedicated GPU
GPU kernel is launched through the device driver

Separate system/GPU memory

AMD
CPU

CPU
core

. A
internal bus
\

3

128-bit
667 MT/s

North
Bridge

| DDR2

"~ | Memory

Chipset

Separate CPU/GPU addreSS Space x16 PCI-Express Link y HyperTransport 1.03

= Data copy between CPU/GPU via PCle
GPU
Address space I Address space Memory
OpenCL _ managed by OS | managed by driver
Application > :
Runtoirzznl_ci:lb_raryé CPU data preparation : computation GPU
User Space §
P Coret  Core2 - Coren | ﬁ CUz s+ CUN
GPU L1/L2 L1/L2 L1/L2 I Bl L1 L1
Device Driver ﬁ ﬁ I ﬁ ﬁ ﬁ
|
LLC | L2
|
\1: = kernellaunch :
process |
|
|
|
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Evolution of Heterogeneous Computing

Integrated GPU architecture
= GPU kernel is launched through the device driver
= Separate CPU/GPU address space
= Separate system/GPU memory
= Data copy between CPU/GPU via memory bus

Address space , Address space

OpenCL _ managed by OS , managed by driver
Application >
OpenCL _
RuntirzgnLibrary( C P U data preparation . : Computation G P U
User Space
Kernel Space Core1 Core2 ... CoreN . : ---
GPU L1/L2 L1/L2 e (M L L1 L1
Device Driver ﬁ ﬁ ﬁ . | ﬁ ﬁ ﬁ
|
LLC m L2
b ﬁ . ﬁ
= kernellaunch
process I
|
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Evolution of Heterogeneous Computing

Integrated CPU/GPU architecture
= GPU kernelis launched through the device driver
= Unified CPU/GPU address space (managed by OS)
= Unified system/GPU memory
= No data copy - data can be retrieved by pointer passing

OpenCL _
Application >
OpenCL £

Runtime Library

User Space

Kernel Space

GPU
Device Driver

\1, = kernel launch
process

Address space , Address space
managed by OS | managed by driver

C P U data preparation | Computation G P U

Address space

|
| Core1 Core2 -.-. CoreN mal‘lalgefI by OS
L1/L2 L1/L2 L1/L2 |
T 1 1 !
|
11 .

technische universitat = fakultat fur © j. chen, informatik 12, 2020

dortmund

informatik

- 20-



Utopia World of Heterogeneous Computing

Processors are architected to operate cooperatively

= Tasks in an application are executed on different types of core

= Unified coherent memory enables data sharing across all processors
Designed to enable the applications to run on different processors at
different time

= Capability to translate from high-level language to target binary at run-

time
= User-level task dispatch
= Decision making module | application  (Fask1 ) (Task2 ) (Task3 |

| Task3 | [ Task 1 |
Core1 Core2 CoreN

L11/II_2 L1ﬁ2 Lﬁ_Z

_ HW Coherence . L1

BT

technische universitat = fakultat fur © j. chen, informatik 12, 2020 - 21-
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HSA Foundation

Founded in June 2012

Developing a new platform for
heterogeneous systems

www.hsafoundation.com

g8
5
il

‘A!X

Specifications under development u

in working groups to define the

platform FOUNDATION
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Diverse Partners Driving Future of Heterogeneous

Computing

AMD¢cl ARM Qlimogination ~ MEDIATEK

Founders
i3 Texas
QUALCOMA PRhnsuncg s
Fromoters @ LG Electronics
>4 -
A Arteris @FABRICENBINE . .l\\\\\ll!):(“rln\\nn}k\l(l)g;\ a"InEE AI’gOﬂﬂEA
Supporters MULTICORE ‘ Sda (S OAK Stream
(' codeplay’ " sav' WARE !iLmaro L e SUSE ¥RIDGE Computing
National Laboratory
ANALOG TP
DEVICES ‘@ apical | cew ETRI
: BROADCOM. e
Contributors AL L=sE @ om=® T Y sonies SONY - gamis W)
R te make.believe HUAWEI

SYNOPSYs i TOSHIEA - O WK - SB

GRAPHICS
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HSA (Heterogeneous System Architecture)

Hardware-Software Stack

“E:‘\'
& />‘ Task Task Task
1 2 3

OpenCL

OpenCL Compiler

HSA Intermediate Language (HSAIL) [ Task 1 | [ Task2 | | Task 3 |

_$i Agent CPU
HSA Run-time g S - .........

Native machine codes ! ;

B - e -

Shared virtual address space

User-level
SW
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Intel Haswell

Haswell Processor Family Overview (Traditional)

Desktop/AlHn-One
DOR3/DORZL-1600 20/Ch
non-ECC UDIMM/SODIMM

Moblle
DOR3L (only)
POR Tor 1600 20/Ch 6L rPGA
non-£CC SODIMM

DDRPM
for Jower idle power (MB)
3 controfers

Last LevelCache (LLC) shared
between CPU and Integrated
Graphics

Haswell Offers Better Power & Performance with Improved |/0

technische universitat = fakultat fur © j. chen, informatik 12, 2020 . 925.
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AMD Kaveri APU

“KAVERI” FEATURING UP TO 12 COMPUTE CORES (4 CPU+ 8 GPU)

CPU COMPUTE
CORES

PCle/Display

Up to four new
multi-threaded AMD
“Steamroller” CPU CORES

GPU COMPUTE CORES

Up to eight GCN GPU CORES® powering
parallel compute and next-gen gaming

Branch & Vector Units - Texture Filter Texture Fetch
Scalar Unit

Message  Scheduler (4, qimp-16) Units(4)  Load /Store
Unit 1 "\ Units (16)
} ‘ ‘ L

It

e

Vector Registers  Local Data Share Scalar Registers L1 Cache
{4x 64KB) (64KB) (4KB) (16KB)

11 | AMDTECH DAY | JANUARY 2014 | CONFIDENTIAL UNDER EMBARGO UNTIL JANUARY 14, 8:00 AM EST Visit amd.com/computecores for more detail
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NVIDIA Tegra K1

Tegra K1

HERNNEEER BRRERREEE e e
SEEEEEER SEREEEEN

BBEamEE® ni -+ Kepler GPU (192 CUDA Cores)

BEDC T Open GL 4.4, OpenGL ES3.0, DX11, CUDA 6

Quad Core Cortex A15 “r3*
With 5" Battery-Saver Core; 2MB L2 cache

PEEIESUPED PETEOEEE
CAMERA Dual High Performance ISP
D . _2' -ry _21 N F— 1.2 Gigapixel throughput, 100MP sensor
- ARM7  VIDEO AUDIO
ENCODER DECODER L P

POWER 28HPM, Battery Saver Core

4K panel, 4K HDMI

DISPLAY DSI, eDP, LVDS, High Speed HOMI 1.4a
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Qualcomm Snapdragon

Location

GPS, GLONASS, Beidou, Galileo Satellites Cortex-AS7

&

Cortex-A53 CPUs

Adreno 430 GPU

OpenGL ES 20/31
OpenCL 1.2 Full
Content Security

Memory

LPDDR4

Hexagon DSP

Ultra Low Power
Sensor Engine

Display Processing

4K, Miracast, picture enhancement

Multimedia

Processing
4K Encode/Decode
Snapdragon Voice Activation
Gestures
Studio Access Security

Modem
4% gen CAT 6 LTE
Upto3x20MHz CA

Dual ISPs
(Camera)
Up to 55MP
12GPix/s bw
Camera SW
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dortmund

= fakultat fur
informatik

© j. chen, informatik 12, 2020



Outline

High-Level Optimization
= [ oop transformation
= [oop tiling/blocking
= [oop (nest) splitting

Heterogeneous System Architecture (HSA)
= |ntegrated CPU/GPU platforms
= Recent movement in chip designs

Architecture-aware software designs
= Energy-efficiency issues
= Darkroom
= Halide

Muilticore revolutions
= Impact on the “safety-critical” industry sector
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Energy 1000
Efficiency
of different 100 -
target
platforms w0 [
2
o
o ]
Q) 1 - _ -
0.1
0.01
0.001
© Hugo De Man, > > 3 S e
IMEC, Philips, 2007 = o 8 & 8
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Signal Processing ASICs

GP DSPs

CPUs+GPUs

o

Dedicated

- -
Wl ———— -
ol ——— -

10000

1000
=
E
~.
wv
[«

o 100
3
>
(&)
| -
@

L 10

b CPUs

>
80
Q
c

w 1

0.1

1 2 3

4 5 6 7 8 9 10 11 12 13 14

Markovic, EE292 Class, Stanford, 2013

15 16 17 18 19 20
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How about Memory?

100X A A T SR T : 2002
v 85-90 ; ' ' L '
90-95 : : : : :
: : ; ' : 2000
50x | 95 OO .............. '
= 00-05 :
' C I § 1998
S "
D DOX e e
> - 11996
= N
Q . . . 6 T Y
Ll 10x b S . - e ¢ o 0‘ _____________ N
— X 5 3 : e 6w : 1994
> : : : ; :
N
g - 11992
15 5X ............................................................................................
=
v 1990
\ 4
v . . : : : :
DX Vg g N NRRRE R RIEE z
| 5 | | N B
1x 2X 5x 10x 20x 50x 100x

© Horowitz, DAC 2016 Normalized Performance
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Processor Energy with Corrected Cache Sizes

100X GRAALAALEEELEEE R FEEEn s R e BoRsre s : 2002
v 85-90 : : - : :
90-95 § g 2000
50x O5-00|......i S I
" 00_05 : ;
o \ : : (I : 1998
(@) 5 5 "u 1
N OOOXE e L A S L '.' ..... .
> X : 6 ¢
fe)) P : 411996
= : : . @*t
0 R
5 10X g g e G g O Ry 41994
Q
N
@© v ~41992
g SxF-e e
()
Z 1990
Dxfoo T Lo et TR |
: : : : : : 1988
1X I | | | | | 1986
1X 2X 5x 10x 20X 50x 100x
© Horowitz, DAC 2016 Normalized Performance
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Processor Energy Breakdown

M 8 cores
L1/reg/TLB
mL2
L3

© Horowitz, DAC 2016
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Data Center Energy Specs

ECPU  EDRAM Disk  mOther

7 14 21 29 36 43 50 67 64 " 79 86

Idle

Compute load (%)

© Malladi, ISCA 2012

technische universitat = fakultat fur © j. chen, informatik 12, 2020 . 35.
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ITRS Power Consumption Projection
-Station Systems -

200
450
400 ]
= 350 B
=
S 300 —
o
E f—
7 290
= —
: 5]
© 200 ——
@ —
g — B
a 150 ﬁ
100 H H
50 -
0 -
La)] L=} -— o (AN} - o L=} - 00 o L= - L] o -
= -— -— — — — -— -— -— — — od d o od d
(o=} o [ [} o o (o=} o o o [} [} o o o o
(&) (8] ™~ ™~ N (8] (&) (8] ™~ ™~ 0N N ™~ (8] ™~ ™~
B Switching Power, Logic B Switching Power, Memory
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What Is Going On Here?

Dedicated

GP DSPs

CPUs+GPUs

o

-l -
Wl ———— -
ol ——— -

10000

1000
=
E
~.
wv
[«

o 100
3
>
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| -
@

L 10

b CPUs

>
80
Q
c

w 1

0.1

1 2 3

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Markovic, EE292 Class, Stanford, 2013
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Energy Consumption (Approximate, 45nm)

m- FP___| N Memory |

FAdd Cache (64bit)
8 bit 0.03pJ 16 bit 0.4pJ 8KB 10pJ
32 bit 0.1pJ 32 bit  0.9pJ 32KB 20pJ
Mult FMult 1MB 100pJ
8 bit 0.2pJ 16 bit 1pJ DRAM 1.3-2.6nJ
32 bit 3 pJ 32 bit  4pJ

Instruction Energy Breakdown

25pJ | 6pJ ‘ Control ’ 70 pJ
|-Cache Access Register File Add
© Horowitz, DAC 2016 Access
technische universitat = fakultat fur © j. chen, informatik 12, 2020
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True Story

It's more about the algorithm than the hardware
The efficiency cannot be achieved unless the algorithm is
right!!
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Locality, Locality, and Locality!!!

input //ogd\ store output

o ;
stencil
stencil function

line buffer load

© Hegarty et al. , SIGGraph 2014
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Darkroom program

Darkroom |
(Stanford/MIT) [ Front-end ]

47|y (ardware only)

ILP
LB pipeline LB pipeline
© Hegarty et al. , SIGGraph 2014
CPU Verilog
Code Gen. Code Gen.
¥ Verilog — ¢ \ Verilog
x86 ASIC FPGA
toolchain toolchain
bx = im(x,y)
(I(x-1,y) +
I(x,y) +
I(x+1,y))/3
end

by = im(x,y)
bx(x,y-1
(b:g,z) ,)L ¥ Darkroom
bx(x,y+1))/3

end

sharpened = im(x,y)
I(x,y) + 0.1* | .

(T(x,y) - by(x,y)) P! ":".;E F o=

d
= Stencil Language|

Line-buffered pipeline

technische universitat = fakultat fur © j. chen, informatik 12, 2020 41
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Locality versus Parallelism

Halide Programming Language:

Performance needs a lot of tradeoffs
Locality
Parallelism
Redundant recomputation

technische universitat = fakultat fur © j. chen, informatik 12, 2020
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High-Level Optimization
= [ oop transformation
= [oop tiling/blocking
= [oop (nest) splitting

Heterogeneous System Architecture (HSA)
= |ntegrated CPU/GPU platforms
= Recent movement in chip designs

Architecture-aware software designs
= Energy-efficiency issues
= Darkroom
= Halide

Muilticore revolutions
= Impact on the “safety-critical” industry sector
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Automotive Software

Task

L /Extended / Basic Tasm
* Activation Pattern: Task .

* Periodic: 1 to 1000 ms wait L\ YNNG it

» Angle synchronous

 Sporadic

pregempt suspended

» Scheduled by the OS

+ Fixed Pri.orities release ™h activate

* Preemptively or

cooperatively \ J

OSEK task states

© Hamann, Kramer, Ziegenbein, Lukasiewycz (Bosch), 2016
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Assessment of Multi-Core Worst-Case Execution
Behavior

\ A ~ N/
|' | \\ "',."
'I I .\ "",
i'| / ~|. / \'. v."

Communication between runnables is realized with reading and writing of

Labels

labels
| Communication | Share | Size | Share ]| Accesstype | Share |
Forward 25 % Atomic (1-4 bytes) 97 % Read-only 40 %
Backward 35 % Structs / Arrays 3 % Write-only 10 %
InterTask 40 % Read-Write 50 %

© Hamann, Kramer, Ziegenbein, Lukasiewycz (Bosch), 2016
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Multi-Core Memory Access Models

» Acce:zs time to data in different memories (local & global)

COREO CORE 1 CORE2 CORE3
1 cycle
LRAM LRAM LRAM LRAM
0 1 2 3
9 cycles 9 cycles
CROSSBAR

\

GRAM

© Hamann, Kramer, Ziegenbein, Lukasiewycz (Bosch), 2016
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An Industrial Challenge (FMTV 2017)

Precise analysis of worst-case end-to-end latencies

mainly due to different involved periods and time
domains

What is the effect on memory layout and interconnect on
the execution times?

Automatic optimized application and data
mapping

Evaluation of digital (multi-core) execution platforms
Evaluation of software growth scenarios

© Hamann, Kramer, Ziegenbein, Lukasiewycz (Bosch), 2016
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MPPA-256 Processor Architecture (Kalray)

\-

() ven ) _oon )]

nEEEd() | =
| GRS | g | =
| D - =5

66156661/ 56 S T .
HEI — |

Manycore Processor

-

Q. ..
- ___3_‘_t_;_______________‘_3_‘_‘_—_
-

..-Olllllllllllll
0‘ >

Compute Cluster

-

.
-
.

Y

CLLLLLLLLL LD L LLLLLL P
.
- *e

'.o‘
p)
=

-
.
EmEEEEEEEEEEEst®

VLIW Core

-

= 16 compute clusters

= 2 /O clusters each with quad-core
CPUs, DDR3, 4 Ethernet 10G and 8
PCle Gen3

= Data and control networks-on-chip
= Distributed memory architecture

= 16 user cores + 1 system core

* NoC Tx and Rx interfaces

= Debug & Support Unit (DSU)

= 2 MB multi-banked shared memory
= 77GB/s Shared Memory BW

= 32-bit or 64-bit addresses
= 5-issue VLIW architecture
= MMU + I&D cache (8KB+8KB)

= 32-bit/64-bit IEEE 754-2008 FMA
FPU

=16 cores SMP System = Tightly coupled crypto co-processor
* 634/317 GFLOPS SP/DP @ 600Mhz = 2.4 GFLOPS SP per core @600Mhz
- Kalray, 2016
technische universitat = fakultat fur © j. chen, informatik 12, 2020

dortmund i

nformatik

- 48 -



MPPA-256 NoC

Dual 2D-torus NoC
* D-NoC: high-bandwidth RDMA
* C-NoC: low-latency mailboxes
= 4B/cycle per link direction per NoC

" Nx10Gb/s NoC extensions for
connection to FPGA or other
MPPA®

Predictability

= Data NoC is configured by selecting
routes and injection parameters

* Injection parameters are the (o,p)
or (burst, rate) of Cruz network
calculus

* Guaranteed services rely on same
methods as in AFDX Ethernet
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Safety-Critical Systems with Multicore Platforms

Goal: deploy multi-core processors for safety-critical real-
time applications (avionics, automotive,...)

Problem: concurrent use of shared resources (e.g.
interconnect, main memory)
unknown access latency for a concrete resource access
complicated timing analysis
hardware platforms may not be predictable
Many features are designed by computer architects for
average cases only

Solution?
Maybe it is up to you.
Did you see the above challenges?
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