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The golden era in computer architecture: Requires next-gen

programming methodologies to democratize heterogeneous and AL
CIMA

emerging computing across domains

In this talk: Examples for energy-efficiency & (a bit of) life-time
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void cfd_kernel(
double A[restrict 71[7],
double ul[restrict 2161[7]1[7]1[7],

Semantic gap =2 performance gap s hla SIS eI

/* element loop: */

#pragma omp for

for (int e = 0; e < 216; e++) {
double t6[71[71[7];

1 void cfd_kernel( :
Vijk,e = Z Z Z Akk’AJJ,A i/ Ui k' e 2 double Alrestrict 71[71, . é;rlz;aczr;;;actlon; *
1'=035'=0 k'= 3 double ulrestrict 216][7]1[71[7], for (int i@ = 0; i0 < 7; i0++) {
4 double v[restrict 216]1[71[71[71) for (int i1 = 0; i1 < 7; i1++) {
> :'* #?faimézsimg *{2 7; i2++) {
6 /* element loop: */ °;°u;;e is : 0;0? < e
What we want 7 for(int e = 0; e < 216; e++) { for (int i3 = 0; i3 < 7; i3+)
8 for(int i@ = 0; i@ < 7; i0++) { t8 += A[i01[i3] * u[el[i11[i2][i3];
5 for(int jo = 0; jo < 7; jo++) { t6[101[i11[i2] = t8;

} } } /* end of 1st contraction */

10 for(int k0 = 0; ko < 7; ko++) {
. . double t7[7][71[71];
n V[G][lO][JO][k@] =0.0; 22 /* 2nd coEtizEciEor]n */
12 for(int i1 = 0; i1 < 7; i1++) { 5 #pragma simd
for(int j1 = 0; j1 < 7; ji++) { 2 for (int i4 = 0; i4 < 7; i4++) {
What we (naively) code /{08 ok < k0 BN < TR ERLERT
. . _ . . 26 * #pragma simd *
Y vlellie]Cjellke] += ALi0][i1] # for (int i6 = 0; i6 < 7; i6++) {
* ALjol[j1] 28 double t9 = 0.0;
17 * ALkQ][k1] 2 for (int i7 = 0; i7 < 7; i7++)
18 * ulel[i1103110k1]; i t9 += A[i41[i7] * t6[i5]1[i61[i7];
31 t7[i4]1[i5]1[i6] = t9;
? Yrryrd 32 } } } /*x end of 2nd contraction x/
20 } /* end of element loop */ “ 5 Bl e e tons &
a7} 34 #pragma simd
35 for (int i8 = 0; i8 < 7; i8++) {
36 for (int i9 = 0; i9 < 7; i9++) {
/* #pragma simd */
for (int i10 = 0; i10 < 7; il10++) {
What performance experts code double 110 = 0.0;
for (int i11 = 0; i11 < 7; i11++)
i t10 += A[i8][i11] * t7[i9]1[i10][i11];
. 42 vlel[i8][i9]1[i10] = t10;
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void cfd_kernel(

double A[restrict 7][7],

double ulrestrict 2161[71[71L[71,
double v[restrict 216]1[7][71[7]1)

/* element loop: */

#pragma omp for

for (int e = 0; e < 216; et++) {
double t6[7]1[71[71;

° -]
Semantic gap = performance gap .
N E : E : } : 1 void cfd_kernel( ’ ¥ i
’U‘LJk,e AkklAJJ/A iit Uqt j'k’e , double A[restrict 71[71, 1(: ipr;;ac::;gactlon. /

1'=035'=0k'= 3 double ulrestrict 216][7]1[71[7], " for (int i@ = 0; i0 < 7; i0++) {
4 double v[restrict 216]1[71[71[71) 13 for (int i1 = 0; i1 < 7; i1++) {
s { 14 é* #?ragmézsim: *{2 i )
6 /* element loop: */ i: OZou;;: 18 ; 0’0? R R
What we want 7 for(int e = 0; e < 216; e++) { . for (int i3 = 0; 13 < 7; 13+
8 for(int i@ = 0; iQ < 7; iQ++) { 18 t8 += A[i0][i3] * ulel[i1][i21[i3];
for(int jO = 0; jo < 7; jo++) { 19 t6[i01[i11[i2] = t8;
for(int ko = 0; ko < 7; ko++) { 20 z }L? /qurj:ﬂrgfrlft contraction x/
v[e][10][30][k0]
for(int i1
for (i

for(int ki

+= A[i0][i1]
* ALje1[j1]

Al accelerqter

rk/-_ . N\ s 7];
" o - =
https: //www hpcwire. com/2017/04/10/n 0 d ATH y = HBM-FPGA
vidia-responds-google-tpu-benchmarking / 21 o N Exeaytion Unit
Bank Array
Lee, Sukhan, et al. "Hardware Architecture and
LA \41IL L1V — W, LIU T, 1Y) {

Software Stack for PIM Based on Commercial Wh -
DRAM Technology: Industrial Product." ISCA 2021.

double t10 = 0.0;
for (int i11 = 0; i11 < 7; i11++)
t10 += A[i8][i11] * t7[i9][i10]1[i11];
vlel[i8][i9][i10] = t10;
} } } /* end of third contraction */
} /* end of element loop */
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Example 1: 5G baseband processing >

O E4C collaborative project: Extreme energy-efficient h}{ M M

v

cloud radio access network

20 Domain-specific modeling of comm. workload !

2 Novel server architecture (links, PCB, ...)
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Domain-specific knowledge to scale up

O Dynamic dataflow model of computation
O Domain-specific global optimization
O Traffic models for different scenarios
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Domain-specific knowledge to scale up

d Dynamic dataflow model of computation ,
O Domain-specific global optimization .
O Traffic models for different scenarios

BS Traffic model
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Example 2: HPC physics simulation 7

O Domain-specific languages (DSLs) Vijke = Z Z Z Apir Ajjr AgiUir jrire
i'=035'=0k'=
1 Code closer to what we want

O Suitable abstractions = powerful optimization What we want

O MLIR-based compilation

cx bcx -
= (S ® (S RE® u)czxyZ)by Y) sour(.:e

ax var input A : matrix
xyz var input u : tensorIN
— u i
ESIGIRSESe )axbycz @ @ kernel @ var 1nput output v : tensorOUT

22 &2 2 &2 2

var input alpha : []
@ o c kernel i beta [

var 1nput
v =alpha * (A # A # A # u .
[[5 8] [3 7] [1 6]]) + beta * v

3
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FPGA code generation: HBM FPGA

0 H2020 EU Project: Convergence HPC, Big Data and ML
O Transformations for a 17x speedup (same precision)
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FPGA code generation: HBM FPGA

0 H2020 EU Project: Convergence HPC, Big Data and ML /7.?1\%\

O Variants with up to 24x better energy efficiency EVEREST
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Example 3: Emerging data-centric architectures 7

O Compute in-place, avoid data movement, transformations to match primitives
O Novel architectures for near-memory and in-memory computing

Samsung, Lee, Sukhan, et al. ISCA 2021
UPMEM by Gdémez-Luna, Juan, et al. arXiv:2105.03814 (2021)

In-PCM Computing: Joshi, Vinay, et al. Nature Communications 11.1 (2020): 1-13. o .
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End-to-end compiler for PCM acceleration

O MLIR frontend for general tensor expressions

O Reuse GEMM transformations from linalg (in MLIR)

2 Transformations for performance and wear-leveling

Progressive lowering

CIM Runtime

> Library

.ic

Y ; ®

The Open CIM Compiler (OCC)

©) ;

®

Host-backend
Standard —>» Assembler
Linker
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GEMM-centric hardware-specific Generic Opt. @
hardware-agnostic passes DCE, CSE
passes INST-CMB MLIR

A. Siemieniuk, IEEE TCAD 2021
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Optimization results: Beyond Matmult 7
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Generalized MLIR infrastructure

O Entry: linear algebra abstraction (common to ML frameworks and beyond)

O Intermediate languages for in and near memory computing
O Target-specific models and optimizations

7
Device specific Target device
optimizations v ] T

( Canonicalization - Tile :
< passes - Vectorize
+ O R cemem QR
allocate / transfer - Loop unroll /

Algorith = N . Host backend

Languages Description
( Generic optimizations &
Domain-specific ~ Abstraction conversion to LLVM IR T
abstraction over CINM ) ‘
devices Device aware Device APIs
abstractions
~ 7/

A. Khan, Arxiv, 2023
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Hyper dimensional computing (HDC)

O HDC: Embed data in 10 k-dimensions — Von-Neuman Bottleneck!

O Leverage bulk-wise binary operations

@ Inference Training
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Hyper dimensional computing (HDC)
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Summary 7

O Challenging & exciting computing landscape!
O Tools automation: Need better understanding of full-life-cycle sustainability
aspects, beyond energy-efficiency

s for (int e = 0; e < 216; e++) {
double t6[71(71(7];

1 void cfd_kernel( 2 :
.. 10 /* 3
Vijk,e = E E E Agpe JJ'An’uz I5'kle: double A[restrict 7][7], ; ”le:‘acz;};;acm" 4
/=035'=0k'= 3 double ulrestrict 2161[71[7]1[7], 1 for (int i0 = 0; 10 < 7; i0++) {
4 double v[restrict 216][71[71(7]) 3 for (int i1 = 0; i1 < 7; i1++) {
5 ( n /* #pragma simd */
for (int i2 = 0; i2 < 7; i2++) {
6 /* element loop: */ £
\A’ o 16 double t8 = 0.0;
hat we want 7 for(int e = 0; e < 216; e++) { " for (int i3 = 0; i3 < 7; i3++)
s for(int i0 = 0; i@ < 7; i0++) { 1 t8 += A[i0][i3] * ulel(i1](i2][i3];
for(int jo = 0; jo jo++) { 1 t6[i01[i11[i2] = t8;
k) } } } /* end of 1st contraction */

B LA L]

vlel[ie][jel[ke]
for(int i1
for (i
for(int k1
vlellie]

7;
< 7

for(int ko = 0; ko < 7; k0++) {
= 0.
i1 <

+= A[i@][i1]
* ALjI1[31]

B 2 : 1
[(5 A S~ - Bank Array
19
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