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Evolution of computing: Breaking walls

A single-core Use multi-core % lgEoM B L Barersy
. . ogic conventlonals 6%?%5,15 ‘é
architectures architectures it ‘ngng%g%m@u:’@g‘ s
l specialize I cmos PR £ el
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J. Castrillon, et al. "A Hardware /Software Sta erogeneous Systems”, In IEEE Transactions on Multi-Scale
Computing Systems, vol. 4, no. -259, Jul 2018.
O Massive parallel and heterogeneous systems
O Specialization: TPUs, Al engines, Bio-inf, ...
O Novel interconnects & distributed computing
0 Emerging memories & in-memory computing
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Evolution of computing: Breaking walls

A

single-core

Use multi-core

J. Castrillon, et al. "A Hardware /Software Stack for Heterogeneous Systems”, In IEEE Transactions on Multi-Sca et

Computing Systems, vol. 4, no. 3, pp. 243-259, Jul 2018.
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Massive parallel and heterogeneous systems
Specialization: TPUs, Al engines, Bio-inf, ...

Novel interconnects & distributed computing
Emerging memories & in-memory computing
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Evolution of computing: Software ?

single-core ele Use multi-core % \
architecti-- teeo o -

J— The golden era in computer architecture requires major changes in
programming (toll-free abstractions) to democratize
heterogeneous and emerging computing across domains
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Need for higher-level programming abstractions and next-gen -
compilers as well as novel computational and costs models for

0 e emerging accelerators ML
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Why new abstractions?

v void cfd_kernel(

2 double Alrestrict 7][7],

3 double ulrestrict 2161[71(71(7],
. double v[restrict 216][71(71(7])
s
&

P PP
Vijke = D Y Y Ak Ajjr Aittirjinee

i'=0j'=0 k'=0

{
f* element loop: #/
tht we ant 7 for(int e = @; e < 216; e++) {
for(int i@ = @; i@ < 7; i@++) {
9 for(int j@ = @; j@ < 7; jo++) {
0 for(int k@ = @; k@ < 7; k@++) {
n vlellia]l[jellke] = & .a;
2 for(int i1 = 2; 11 < 7; i1++) {
for(int j1 = 2; j1 < 7; ji++) {
Wh . I d for(int k1 = 2; K1 < 7; k1++) {
at we (naively) code v{el(i0](jeI[ke] += ACiel[i1]
* aljelrjt]
a7 * Alkellk1]
*® * ulel[i1]031]0k1];
" }YYrly}
0 } /* end of element loop */
n }
What compilers see
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v void cfd_kernel(
double A[restrict 7][7],
double ulrestrict 2161[(71(71[7],

Semantic gap = performance gap S 00

/* element loop: =/

? #pragma omp for
P P ¢ R sy
V;:is = Z Z Z A IA"/A"/‘U,-/ S Rt 1 void Cfd_kernel( : /* 1st cc"tractzon: */
ijk,e kk' 4335 Far%ij'kle double Alrestrict 7][7], < R S
i'=03"=0 k'=0 s double ulrestrict 216](71(71(7], u for (int i@ = 8; 10 < 7; i0++) (
: double v[restrict 2161[71(7]1(7]) 1 for (int i1 = 8; i1 < 7; i14+) (
$ { “ /* #pragma simd =/
Wh . /% element 1oop: »/ " fo;o(:rl\t :: z g;esz < 7; i2++)
" ubie = ’
at we want v for(int e = 2; e < 216; e++) { o for (int i3 = 0; i3 < 7; i3++)
5 for(int i@ = @; i@ < 7; i@++) { " t8 += A[10][i3] * ulel[i1]012][i3];
o for(int j@ = @; jo < 7; jo++) { ' t6[i01[11][i2] = t8;
o forCint kb - o) k0 < 71 Koro) { s o T
K V[G][i@][j@][k@] - B.‘E; : /* 2nd cc.".tr.acl:cm: */
tH for(int il =8; i1 < 7; i]") ( n Spragma simd

A

for(int j1 = @; 31 < 7; ji++) { for (int i4 = 0; i4 < 7; i4++) {
for(int k1 = 2; k1 < 7; ki++) { for (int iS5 = @; i5 < 7; i5++) {

What we (naively) code Vel[101(01(K0] += ALIOIC1] s 7w sind o

for (int i6 = 9; i6 < 7; i6++) (

* AEJG][J]J = double t9 = 0.9;
a7 * Alk@llk1] n for (int i7 = 9; i7 < 7; i7++)
" * ulel[i1101[k1]; » t9 += A[i4)(i7) » t6(i5](i6](i7);
) n t7(i4][i5]1(i6] = t9;
" } )} ) } } o ) ; n } } )} /» end of 2nd contraction */
0 } /* end of element loop =/ z R i LI PR
2 } " fpragma simd
1 for (int i8 = 0; i8 < 7; i8++) {
» for (int i9 = 8; 19 < 7; 19++) {
/* Bpragma simd =/
for (int 110 = 9; 110 < 7; 110++) {
What performance experts code double t10 - 0.0;
for (int i11 = @; 111 < 7; i11++)
W t10 += A[i8](i11] = t7[i9](i10][iNn];
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v void cfd_kernel(
double A[restrict 7][7],

. ) double ulrestrict 2161[7]1C7][7],
. double v(restrict 216](7](7](7]
Semantic gap = performance gap e >
. /* element loop: =/
? #pragma omp for
P p P s for (int e = 2; e < 216; e++) {
V;:is = A IA : 'IA"Iu'I S Qat 1 void Cfd_kernel( ' ‘/k:l‘],i: EZEZEFZE‘[;:' */
ijk,e = E , E : z : kk' 4355 ar il j'k'e double A[restrict 7][7], . doragne sind
i'=03"=0 k"=0 3 double ulrestrict 216J[(71071(7], for (int i@ = 8; i@ < 7; i0++)
. double v[restrict 2161[71(71(7]) & for (int i1 = 9; i1 < 7; i14+) (
s | “ /* #pragma simd =/
Wh 6 f« element loop: #/ . for (int 12 = @; 12 < 7; {2++) {
f 7 BAERCnR JOURs RS double t8 = 0.0;
at we want r for(int e = 2; e < 216; e++) { o for (int i3 = 9; i3 < 7; i3++)
for(int i@ = @; i@ < 7; i@++) { " t8 += A[10][i3] * ulel[i1]012][i3];
for(int j@ = @; jo < 7; jo++) { ; te[101(11](12] = t8; _
for(int ke = o; ko < 7; ke++) { R < A e Bt
vle]Jlio][je](ke] = @.¢@;
for(int i1 —gmail < 7;

for( w j144
for(int K1 ; K14 4
vle][ie] += Alie]li1]

* ALjelli1]

Al accelerator @& TR N s .
(A e o BRI (S o |0 B gori Arvay J : ;

. mm — ) . - o
https://www.hpcwire.com/2017/04/10/n w : t;;._:_';,,"[‘,_.;';g--u TiE y ¥ ! HBM-FPGA
vidia-responds-google-tpu-benchmarking / L)y gt i

Lee, Sukhan, et al. "Hardware Architecture and ! " TSVs & Peﬂphery
Software Stack for PIM Based on Commercial ey i ovane a1w v, aiw s o, arwrry |
g double t1@ = 0.0;
DRAM Technology: Industrial Product." ISCA 2021. Wh rts COde fo: (:nt 111 = 0; 11 < 7; i11+4)
W t10 += A[i8](i11] = t7[i9](i10][iNn];

vlel(i8][i9](i10] = t10;
} } } /* end of third contraction =/
} /* end of element loop */

accelerator
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. Cfaed &=
Example for tensors expressions (CFD, ML) ,

O Expression-language for tensor operations and optimizations

2 Originally for spectral element methods in computational fluid dynamics

Ve = (A®A®A)u, o0rcc - - | auto A = Matrix(m, n), B = Matrix(m, n),
var llnput A : matrix & C = Matrix(m, n);
var 1nput u : tensorIN &
In’rerpola’rion kernel var input output v : tensorOUT & auto u = Tensor<3>(n, n, n);
var input alpha : [] & auto v = (A*BxC)(u);
var input beta : [] &

v =alpha * (A #A#A#u. Fortran and C++ integration
[[5 8] [3 7] [1 6]]) + beta * v

e OO0
- vl - . .
» ‘::3:; ;_..-:g s _1.9;‘ . public domain

f::..".:-.-‘-.... -".‘g_'_;.-
i'&f:_- B R S O Ve
» .‘-.’.-.’ l-:.. : ‘-- --- I-I}.
o " g Ok Nm Wy TR R L -
~ é';‘--! .‘l}‘.‘ l'.“ l.;'
N. A. Rink, et al. “CFDlang: High-level code generation for high- -:"_-;.':' - ":'_?_':: :: " __;;'-'
order methods in fluid dynamics”. RWDSL’18. ioiRads” -':'- \ "‘_f
N.A. Rink, N. A. and J. Castrillon. “Tell: a type-safe imperative * -'12.3"
Tensor Intermediate Language”, ARRAY'19, pp. 57-68 .
. - CHAIR R
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Closing the performance gap
%
. . . . +-+ CFDlang(outer i\ Interpolation
O Not really optimization magic glouter) ) i\ P X
*-=x  CFDlang(inner) E % A P e o i ey
0 Leverage expert knowledge &< hand-optimized 2 15 - A e -,;{,bf\;‘: 7.0
%=-v DGEMM 3 182N ¥z NS, ¥ _g,;g\.i
. . e, 0 74 b Q‘,. ."'.’ - ...' S
. . L!.. - * S, s N, By f .
d Algebraic identities s—a specialized & 104 ~,_f e N - - (S
o » .
X '_V .... ’." L
5 7 KBy
g8 N
Vijk = ), (Akn - (Ajm - (Air - timn))
I m.n 0 1 I 1 1 I 1
ek 2 4 6 8 10 12
p+1
Vijk = E (Akn - Ajm) - (Al - timn) :
F i 90 Inverse Helmholtz
Py .
PN R 4
Viil = (A . ((A .A. ) : )) w 15 :'§>‘ “x S, g """ e * ;9‘\
k= kn jm * 4il) " Ulmn & AN ISR N
e ,", '.l:.w AN 3- <>\ /, \\\\\ ] ',,‘ :\\\
l,m,n ~ 10 - 3 MANEN RN 3' X\
O ',,;Q‘ }X’-:..)(" ,.": SR i
N. A. Rink, et al. “CFDlang: High-level code generation for 5 ?‘- .;'}‘X:":'Ki—-ﬂ. _____ o e
S5
e
0 I I I I I I
2 4 6 8 10 12

high-order methods in fluid dynamics”. RWDSL’18.
A. Susungi, et al., "Meta-programming for Cross-Domain
Tensor Optimizations", GPCE’'18 pp. 79-92.
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Closing the performance gap

O Not really optimization magic
O Leverage expert knowledge

O Algebraic identities

Vijk = Z (Akn - (Ajm - (Ail - Uimn)) Easy to generate,
L mn hard to transform

Vijk = Z (Akn * Ajm) - (Ail - Uimn)

I,m,n

Vik = ) (Akn - (Ajm - Ait) - Uimn))

I,m,n

N. A. Rink, et al. “CFDlang: High-level code generation for
high-order methods in fluid dynamics”. RWDSL’18.
A. Susungi, et al., "Meta-programming for Cross-Domain

Tensor Optimizations”, GPCE’18 pp. 79-92. FEy A ACTUGI COde vad rianS
10 © Prof. J. Casi : £ :




11

TeML: Meta-programming for tensor optimizations =

O Generalize for cross-domain tensor expressions

{program) = (stmt) (program)
| €
{stmt) == (id) = (expression)
| (id) = @(id): (expression)

O Formal semantics and composition of transformations | codegen ((ids)
| init(...)
£,lstripnine(l.r. vl = {expression) | (Zc.rprrssmn)
: . (Lexpression)
Ac.let (iy,...{ir,xs)...)=o(l) Y e

(b,e,1) =i,

i, =(0,(e-b)/v-1,1)

.
’r+l

B Qe OGS K s 2D ]) i)
E;linterchange(l,ry,r2)] =

Ac.let (i]....(irl....(l-r_,.XS)...)...
iy XS)...)...)

in (i].... <ir:.. .

Formally defined
transformation primitives

=(b+v-ib+v-ii +(v-1),1)

Pumell’ = tile(l.v)] =
Iy =stripmine_n(l.d,v)

| tensor ([{ints)])
| eq ((id), {iters)? — (iters))
I " p | wvop ({id), {id), [(iters)?, (iters)?])
2 = ;::::::::::::g‘l’ i ;3 5 i; | op ((id), (id), [{iters)?, (iters)?] — (iters))
'ppwg {Lexpression) := build ({id))
y | stripmine ((id), (int), (int))
| interchange ({id), {int), {int))
| fuse_outer ({id), {id), (int))
| fuse_inner ({id), {int))
| unroll ({id), (int))

I, = interchange_n(l;_,.d,d))
I’ =interchange_n(l;_,.d + 1,d - 1)

{iters) wm [(ids)]
. . {ids) == (id) (, (id))*
Higher-level transformations (ints) c (int) (. (int))"

via composition

A. Susungi, et al. "Meta-programming for cross-
domain tensor optimizations" GPCE’'18, 79-92

--. =CuAlev'k‘
© Prof. J. Castrillon. Keynote, LCTES 2022 CONSTRUCTION



Cross-domain tensor optimization *

(a) mttkrp (b) bmm (c) sddmm
: b [nn'l'emorFlow"Plulo"TeML] ’ ~
3 B, . - Performance of Pluto
g - 4] -

’ | -3 could be reproduced

o 3}

| ~
s ‘ s 2 ‘ . Higher abstraction 2
Cores Cores
, more optimization
(e) interp (f) helm .
1 ar 1 ' : potential
8 “ 2
r;; 3 ~ ~
o - -
s 3 > 1 == .
. o “ . - £ a A. Susungi, et al. "Meta-programming
. :- - ! '35—' o o for cross-domain tensor optimizations”,
|2 = = = GPCE'18, 79-92
- = CHAIRFOR
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Cfaed &=
Tell: Formal language — added value 7

O Core common to multiple tensor languages A = placeholder((m,h), ”ame:'A: )
0 Index-free notation and strong type system E - P ! k?
O Provably no out-of-bound accesses ; _ : Gy = ; AriBrj N )
sum(A[k, i] * B[k, j], axis=k))

| : Context — Memory — (list of Nat) — L [transpigiy eyl plj,..., Jigs =+ s Jiys oo osJk) =

IX|Tpi=pxi te]Tuli,. .., Jiyseens Jigs < « -+ Ji]

[(e)]T ui=[e]T i [diagio iy e] T i, .., [T, N WD Ju=tsdty - - J] =

laddeyey | Tpi= e Tpi+ e, T pi [.e]]r“[j"'_'”j"°'."j‘°jj"°.*' """ jf""j‘°‘j“ oo Jikl

nul ey e, T e = leo] T l_l - [ei] Fy_l'. if tyPe,.Fe(.) =] [[expa[te'l; :‘]]:11[111,.:‘_11,;.‘]‘”1‘] s

: leg) Tpi-[e]T i, otherwise

lprodeg e, ] T p(ip#1y) = [eg] Tpip - [er] T pty, [projime] I"p Ui ’ji_l’}_.i N ”j.k] -

if rankr(ey) = length(iy) and ranky(e,) = length(i,) elTulin- - sdictomajin i
‘redsiel Tplin....jicradiveooodi) =20 Tl T pliv,...jiciom jis. .., ir] . if typer(e) = [ny,. .., My M Mite e e s N
N.A. Rink, N. A. and J. Castrillon. “Tell: a type-safe imperative Tensor Intermediate Language”, ARRAY’19, pp. 57-68
13 © Prof. J. Castrillon. Keynote, LCTES 2022 “tn =§8“;“co
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Tell in MLIR =

lowers to

o _ese . . linal
O Primitive ops instead of index maps sy 1 )
ClaSSslily to_ -~
O Easier to express identities (big-O trfs) e Tiensor AR
. . [e . . cfdlang teil /’
O Uses symbolic math, infinite precision T i
extract
O Scalar types fosa
O Scll provides scalar operators ' [oae ]
2 SclL provides Rationals, Neutrals, ... lowers to 1 |
e,
0 BGS€2 prOVideS p(:lrame’rric T S implements

teil | == » scil

binary number types

0 Based2 models (custom) hardware “““““ > Scatarinterface

__________

© Prof. J. Castrillon. Keynote, LCTES 2022




Multi-level lowering with MLIR

O Encoding transformations

Fissi o . . oo
%y = teil.contr 6 9 %x : e %l = te}l.dlag 69 %x ..
%y = teil.red "add" 6 %1 :

%1 = teil.prod %S %S : ... ;; j Eg;i’g;gd gsséglz-

%2 = teil.prod %1 %S : ... Commutativity pe = Tero.Odag Lo AL s

%3 = teil.prod %2 %u : BDiorribtio %3 = teil.red "add" 2 %2 :

5 L SO e Istributivity % = teil.prod %S %3 :

%y = teil.red "add" 6 %3 )

%y = teil.prod %S %4 :

%1 = teil.prod %A, %B : %b = l%nélg.ten§or_rgshape %B.
tensor<?x?xf64>, Fusion [(1:J)k)_>(1)1 (l)J)k)_>(JJk)]
tensor<?x?x?xf64> oo

%2 = teil.diag 2 3 %1 : ... linalg.matmul

% = teil.red 2 %2 : ... ins(%A, %b : ...)

outs(ky : ...)

15 © Prof. J. Castrillon. Keynote, LCTES 2022 T CONSTRUCTION
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Domain-specific optimization

O Encode algebraic transformations (Interpolation as example)
O Direct feedback to expert via DSL export

t=(s® (@ ®WL"),, ™)

t=CQRSRS® u)axbyczxyz @ @ kernel @
@ @ @ kernel @
—9%

L4
©

© Prof. J. Castrillon. Keynote, LCTES 2022
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Cfaed &=
FPGA code generation: Bus-attached FPGAs ?

0 H2020 EU Project: Convergence HPC, Big Data and ML .)//I\"\\'

C. Pilato, et al. "EVEREST: A design environment for extreme-scale big data analytics on heterogeneous

platforms”, DATE 2021

3 Inverse Helmholtz Kernel s/ / 19090
ttps:/ /everest- .eu
Lifetime analysis Menos
: 14T o T o T yne
ve = (S®S®S)D; (S’ ®S" ®S) u, (polyhedral analysis) mem-subsystem gen (buffer sharing)
t =S #S # S # u .
r=D xt B
v S B FSFETE PLM, |e=—>| acc,
Bram
| cen — -
| i —

Sl PLM, , [&=—>| AcCC, ,

K. F. A. Friebel, S. Soldavini, G. Hempel, C. Pilato, J. Castrillon, "From Domain-Specific Languages to Memory-Optimized Accelerators for Fluid
Dynamics", Proceedings of the FPGA for HPC Workshop, held in conjunction with IEEE Cluster 2021, Sep 2021 .
CHAIRFOR
WMaN W compier

CONSTRUCTION
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https://everest-h2020.eu/

FPGA code generation: Bus-attached FPGAs qud

(.
0 H2020 EU Project: Convergence HPC, Big Data and ML /./l :\
O Exploring configurations on small FPGAs EVERES-i.

O Example on Inverse Helmholtz kernel
https://everest-h2020.eu

10
8 =02 . 10 No Sharing 496
E 400 Y/ BlNo Sharing (Theory)
s 6 ; 00  Sharin Max
4.86 o £
g 4 - A e e 288
’ £ 200 124 144
] — : 31 36 H
5- A PR % \6
« %@ v % “ \ “ e 1 2 4 8 16

K. F. A. Friebel, S. Soldavini, G. Hempel, C. Pilato, J. Castrillon, "From Domain-Specific Languages to Memory-Optimized Accelerators for Fluid

Dynamics", Proceedings of the FPGA for HPC Workshop, held in conjunction with IEEE Cluster 2021, Sep 2021 .
CHAIRFOR
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FPGA code generation: HBM FPGA claeg=

0 H2020 EU Project: Convergence HPC, Big Data and ML .;AI\:\\'

O HBM-FPGA and Cloud FPGA (ongoing) EVEREST

O 0‘3 0$

150
An CU § ) https://everest-h2020.eu
00 System e §
Intel 7/ -
o 100 7
B . %
@) ~eo &2 %
= 5% 85 [
v+ 2% &3 2 R - = % z /
2 832 838 g8 S Al Al | 9
28 B8 23 8¢ 80 on N8 P 7 %
of--38-28-8%-SSos o= AR-BR- M-
== 22 << pm VM VR L Al Al | 7
e o e N 5 5 1) A& 5 o> kL
‘6‘3"&\‘9 §° & o g £ X o o o8 x P P P R
W » S ' o¥ ¢, o > o¥ ¢ o¥ > o¥ ; Q"*& o
o° A 0’5\& QS\\Q‘\ 0\& \'Is\ \?&

W
S. Soldavini, K. F. A. Friebel, et al. “Automatic Creation of High-Bandwidth Memory Architectures from Domain-Specific Languages: The Case of
Computational Fluid Dynamics”. In: ArXiv, arXiv:2203.10850 (Mar. 2022)
. = CHAIRFOR

19 © Prof. J. Castrillon. Keynote, LCTES 2022 s ron


https://everest-h2020.eu/

CENTER PO

FPGA code generation: HBM FPGA Claed ==

0 H2020 EU Project: Convergence HPC, Big Data and ML M’\‘\

O HBM-FPGA and Cloud FPGA (ongoing) EVEREST

S. Soldavini, K. F. A. Friebel, et al. “Autom¢ \00 q‘\Co : g 4 ;
Computational Fluid Dynamics”. In: ArXiv, ¢ » & * & i3 i z ¥
o] Y X ¥ R b‘.? 0;"? : R °h\ ‘? \\V\ A bh‘? R\ "I;L‘? Qoq,.v

150
An CU § ) ‘ https://everest-h2020.eu
y O
00 System g = 5
s Totel 60 w GFLOPS/W - GOPS/W S
100 =
e [0 Average o BB g
= o z 4]
: : : :
8 =
© 5 s 3 = g2 3 '
s E°T g 8§ o B 33 2 g 3 s B
© ;00 o & - g Yyxe SHEZ2<E m 2 8 ¢ L
o v o & S = ) T o W H & P S =
T S 0 . - = ] 8 & = SH ef N P - Q
L e ss SN & IEEWIER Ik * &
3 $ RN A\ 20 o ” E 2 E v i =
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https://everest-h2020.eu/

Emerging data-centric architectures

O Compute (almost) in-place, avoid data
movement, transformations to match primitives

O Novel architectures for near-memory and in-
memory computing

CENTER PO

cfaed i

=

20mm
256p) 160 W pron

“""2‘0‘: —h/| 26 pJ

/-
256-bit buses
Eff
N ‘ 5007 o":m(lnu
256-bit access "
8 kB SRAM 50 pJ
Communication
dominates
. . in)
arithmetic

PIM Chip

Bank Array

IZ".IIZI D] racll
: . T DRAM die

Bartolini, S., and Biagio P. "Parallel

i
|
i Execution Unit

ETEECT | T
:
e

DRAM die
DRAM die

PIM DRAM die

PIM DRAM die

Bank Array

e TERWPEE

TSVs & Penphery it

DMA Engine

' PIM DRAM die H

1
' {PIM DRAM die |

| _Bufferdie J

(

Programming in Cyber-Physical
Systems." Cyber-Physical Systems
Security. Springer 2018

Samsung, Lee, Sukhan, et al. "Hardware Architecture and UPMEM by Gémez-Luna, Juan, et al. "Benchmarking a new paradigm: An
Software Stack for PIM Based on Commercial DRAM experimental analysis of a real processing-in-memory architecture." arXiv
Technology: Industrial Product." ISCA 2021. preprint arXiv:2105.03814 (2021).
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Emerging memories and in-memory computing =
O Compute in-place, avoid data movement, transformations to match primitives

In-PCM Computin
. Crossbar of memristive devices

—> 3 N : EYEY P - ===
‘+ y — y : l -f- o
G 21 G 21 " surz ,L.;I}‘ RO { wnz—{[:: surz
a4 NES LY NS s v T o i R s
\7 \7’ \7 Y. Wang et al., "An Energy-Efficient Nonvolatile In-
Memory Computing Architecture for Extreme Learning
I Machine by Domain-Wall Nanowire Devices," in IEEE
1 ,2 ' I28 Transactions on Nanotechnology, 2015.
=l I e

Joshi, Vinay, et al. "Accurate deep neural network inference

using computational phase-change memory." Nature Parkin, Stuart SP, Masamitsu Hayashi, and Luc Thomas. "Magnetic domain-wall

Communications 11.1 (2020): 1-13. racetrack memory." Science 320.5873 (2008): 190-194.
- = CHAIRFOR
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Emerging memories and in-memory computing — '

O Compute in-place, avoid data movement, transformations to match primitives

In-PCM Computing
Crossbar of memristive devices ] [

In-RTM Computing

d, ——F
a,

What are primitives in in-memory computing?
a@i.s 1 In-PCM dot-products, non-linear functions, ...

O In-RTM bulk logic and majority operations, efficient counting, ...

ri
2!

In-

O Others: (approx.) content-addressable memories (FeFETs, ...) s

=l s

—_ L 4 '; r'

Joshi, Vinay, et al. "Accurate deep neural network inference v

using computational phase-change memory." Nature Parkin, Stuart SP, Masamitsu Hayashi, and Luc Thomas. "Magnetic domain-wall
Communications 11.1 (2020): 1-13 racetrack memory." Science 320.5873 (2008): 190-194.
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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)

0 High-level transformations and lowering to CIM dialect

. _ CIM Runtime
Progressive lowering > Library "
, = LI =
1c The Open CIM Compiler (OCC) = IEPEI =
v LILLIL
ML Frontend - o v=tow @ @ () +[= @ Host-backend
—> Linalg > CIM o () SCF > = standard —>» Assembler

Teckyl X

Linker
- J L J L J a %
T T T
GEMM-centric hardware-specific Generic Opt. @ Z ;}

hardware-agnostic passes DCE, CSE
passes INST-CMB MLIR

A. Siemieniuk, L. Chelini, A. A. Khan, J. Castrillon, A. Drebes, H. Corporaal, T. Grosser, M. Kong, "OCC: An Automated End-to-End Machine Learning
Optimizing Compiler for Computing-In-Memory", In IEEE TCAD 2021
L} B cuareor
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Claed &=
Lowering examples ?

def contr(intl6(K,L,M) A, intlé6(L,K,N) B) linalg.matmul (%A, %B, %C)

-> (intlé6é(M,N) C) ,U, lowers to
{ // tiled GEMM in the CIM dialect
cC(m,n) += A(k,l,m) >~ B(l,k,n) %$c0 = constant 0 : 132
} %$cl = constant 1 : 132

$id = constant 0 : i32 // tile id
1}) scf.for %i = %c0 to %tiledRows step %cl {
scf.for %] = %c0 to %tiledCols step %cl {

| lowers to
$0 = linalg.transpose (%A, {2, O,

s j e, 8 2 OISR
%3 = linalg.reshape($1, {{0, 1}, 2}) —> stempTile = cim.allocDuplicate (%tileC)
// eligible for offloading to CIM scf.for ¥tk = %c) to 3numTiles step ¥cl {
liiles - cimsmmasay B 3

// loop interchanged GEMM cim.write(%ié, $tileB) ! !

scf.for %k = %c0 to %numTiles step %cl { : . . .
scf.for % = %c0 to $tiledCols step %cl { Sim.Matwul (sic, Stileh, Stevpiile)

$tileB = cim.copyTile (%B, %k, %3) cim.barrier (%1d)

cim.write(%id, %tileB) @ // tileC +; EemgT.'lieC . Til
scf.for %i = %c0 to %tiledRows step %cl { : cim.accumulate (3tileC, 3%tempTile)

$tileC = cim.copvyTile (%C, %1i, %]
PY \We. ke I cim.storeTile (3tileC, %C, %i, %7)
}

cim.storeTile (%tileC, %C, %i, %3j)

} }
} ! B cyareon
Keynote, LCTES 2022 e o
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Cfaed &&=
Optimization results: Beyond Matmult 7

Bnarm ile ! ttilesinterchange | B tile+parallel I ¥ tile+interchange+parallel

1
8 10
g,-\
=3
g @
S 107
g
DT
2
m -~
10° !
&6‘
Bnarm  tileln tilc+inlcrchange ! I tile+parallel # B tile+interchange+parallel

.gg 10
e8| I
Sew (0 | lu M.
g2 :f i
EAL 1 |‘| | I 10
- .41 |
Bl |
88 '
== 0,01

& & & & > P o nd 3 : ©
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Racetrack memories and shifts

O Latency highly depends on allocation and address traces
O System-level simulators (interoperable w/ e.g. gemb5)
O Compiler optimizations for scalars, arrays and instructions

[ nsiuction memory |
ey

Off-chip memory Scratch-pad
interface memory (RTM)
6 —— e,
Off-chip memory (DRAM)

— Data
s Control signals

Address space

| Sense amplifier |
| Output driver |

Khan, et al. "RTSim: A Cycle-accurate Simulator for Racetrack Memories", In IEEE Computer Architecture Letters, 2019
Khan, et al. "Generalized Data Placement Strategies for Racetrack Memories", DATE 2020

Khan, et al. “ShiftsReduce: Minimizing Shifts in Racetrack Memory 4.0”, ACM TACO 2019

Multanen, et al. “Energy-Efficient Instruction Delivery in Embedded Systems with Domain Wall Memory”, IEEE ToC 2021
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Tensor expressions on RTMs

O Consecutive accesses can be pre-shifted
O Avoid “rewinding the tape”

compulsory shifts

NN T

compulsory shifts

7’
-

overhead shifts

A (Bank-0)

overhead shifts

28

DBC:n DBC:n+1
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DBC:2n-1

B (Bank-1) C (Bank-2) _
o
& RO I ROl © 0 ee° z
(o) COO COI IS)
= R1 >
B RI| Ay o . A, >< . &
S 3
an_l ® e ® An-lnl Ro-1 8
¢ 7
z I co_Ci1 Cn-1 -
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. Cfaed &=
Latency comparison vs SRAM ,

O Un-optimized and naive mapping: Even worse latency than SRAM
O 24% average improvement (even with very conservative circuit simulation)

w

OSRAM ORTM-naive @ERTM-opt ORTM-opt-ps N _ — — —
2.5 M
o _
=
= L5
S
=
1
g
S
0
4 8 16 32 64 128 256 512 1024 2048 Avg
Tensor size
A. A. Khan, et al, "Optimizing Tensor Contractions for Embedded Devices with Racetrack Memory Scratch-Pads”, LCTES’19, pp. 5-18, 2019
A. A. Khan, et al. “Optimizing Tensor Contractions for Embedded Devices with Racetrack and DRAM Memories”. ACM TECS 2020
. - CHAIR R
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Energy comparison vs SRAM

O Higher savings due to less leakage power
O 74% average improvement (in addition to savings due to DRAM placement)

1.2
OLeakage Energy ORead/Write Energy O Shift Energy
1 — — — — — — — — — —
0.8 B T — - - - || L] L
& 0.6
5
5 04
N
<
£ 02 ﬂ H
]
z ]
0
= 2 & 4|2 2 & &4l 2 & &= £ & &Al=2 2 & A= 2 5T A2 2 2 4|2 2 g8 &= 2 &8 &= g2 B &
I I R R E R R R R R R R R
P EEL|"TEE IV EELI|CTEEZVEEZ T EEZCEE LT EEETEL "B £
= B = B 2B 2 Bl = EF & E| 2 E =2 E = £ & £
4 8 16 32 64 128 256 512 1024 2048
Tensor size
A. A. Khan, et al, "Optimizing Tensor Contractions for Embedded Devices with Racetrack Memory Scratch-Pads”, LCTES'19, pp. 5-18, 2019
A. A. Khan, et al. “Optimizing Tensor Contractions for Embedded Devices with Racetrack and DRAM Memories”. ACM TECS 2020
L} B cuareor
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. L c e . . clfaed &
Generalization: RTM optimizing compiler

O Jointly optimize layout and operation scheduling
O Interplay with other (polyhedral) loop optimizations: Tiling, fusion, ...

[ access port
DBC DBC in20 — in21 — in22 3> o o ian_l i=1
Matrix a ................................... 0 00 401 a0 ~{ Ao azg 60 |0 ln ; overhead |
a a, a, a a a . . . . . . g y )
00 01 02 .. 1.1 |Ro 1 10 11 12 N\ |, @o1 az; A1 |1 DBC, iny, ingy, in, .o ing; R, / My = 1My | 1Myy - o ¢ >0y =2
a | apy | ap oo |ay, Ry 2| @0 | 421 | A2 . S| @2 | @2 [ Q2 |2 i ¢
) | A 4 DBCI 11’110 11112 L) 11’1”_1 Rl in20 — in21 - in22 - o & — inZJ_l 1 = 3
Ao | A | A e | ayy |[Re 3| @0 | @ | 43 |\ aj9 A0 [ 370 |3 R [y [ N '
. o o \ a DBC i ; 3 3 R original schedule (accesses to DBC-2)
I . o o .o N 41 a4 | A4 | A \ 11 A [ an |4 2 11y 1y, 1n,, oo 1, IRy
a a a .. R, 5| @0 | 85 | 3s Nl an | an | an |s 'S .
80 81 82 gy |Rs \ . . . N . 1%2=1 .
\\ i=
N s w | p | ¢ [RTea e S | an | aso | ag |6 - - T
- 5 DBC, .| in in in ee in R, i%2=0
a a a access 1-1 1-10 1-11 1-12 1-1J-1 J-10
apio au an .. aI-l\_Ti‘i»\ R, 7 70 71 72 P ports\ A asy agy 7 ‘ q—‘ <+ ‘ G o o J— 1 = 2

L 7 o8| 980 y/ ----- ag, 922 as; | A 8 J 1%2=1
N N .
T K 06 @
offset  '0x0  OxI 0x2 0x0 Ox1 0x2

transformed schedule (DBC-2)

Khan, et al. "Polyhedral Compilation for Racetrack Memories”. IEEE TCAD 2020

L} B cuareor
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Example: Optimizations for strencils for RTM

O Average improvements in performance (~20%) and energy consumption (~40%)

rtmst ®rtm-slt ©isl ®wisl-rtmst © isl-rtm-slt

X

150% - -

120% -

90% -

60% -

RTM Shifts (normalized)

30% -

0% -~

lu
mvt |

YR N E NN R
I %83 “zpgEceituglGE i3 OBt iEgg
g S o =4 S .
w 2  Kemel cosmo

Khan, et al. "Polyhedral Compilation for Racetrack Memories”. IEEE TCAD 2020
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Random forests

root

O Popular way for decision making @ edge

. left subtree
Example of less-predictable access N T aeen
O Use training statistics for tree placement

30% right subtree

U

10% B<15? 90% 50

e DT] = DT4 DTS we— DT10 —
2 2 H 2
32 18 38 3 Z
i gyl B o :
EEEEREL 2 §=fég-3§§.§§‘é§ £25: 252
R2ZEF 9537 £5 355322 3 355 RaE 67 355 953
‘ ol o C. Hakert, “BLOwing Trees to the Ground: Layout
- ‘ ‘ ‘ Optimization of Decision Trees on Racetrack
o | | B o ‘ Memory”, DAC 2021
* N » |
0.8% w L] ] e
» A . >4 Y
| " PR L
0.6x = | X < e | X i &l 1 o "
e | ©® | [« [ * X obd || _‘,* PR * we  Naive placement
Rl | || % | ||| ko | IX < ; X |o 5
0.4 = 0;33. ;3..’ * ok’ ‘ * ‘ D bl P b Ix ¢ B.L.O.
| o 18l Betol for || lofd | X | b X Mol | *¥ ok *  ShiftsReduce
® | e o ol oM | L[Te| 8] [* * o o MIP
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In-RTM computing

d Transverse reads

0 Pass current through nanowire (not for shifting)

0 Sensed resistance correlates with the amount of ones (group XOR)

lead=>{ 4 + (Bt * @)+ 4 ()t ¢ o
——————— Barrier
1\ Fixed layer

AV o I lread

K. Roxy, IEEE T Nano 2020

O Studying how to generalize from this through hand-crafted designs...
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Example: Hyper dimensional computing (HDC)

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

O Leverage bulk-wise binary operations

@ Inference Training
I 10 1
Input e Bj i e Ri H
It:ms Item . Eé?gqlggation . Eér;?r:r&?ation Item
Mapping to Memory Memory

) HD-Space * Bundling Query Class . Bundllng
\> Hypervector Similart Hypervector /
- ¥ % o o B+ e
Base Vectors ! |\
: ./ 4-gram * s
Query S N RN Tralnlng Data

~

I e Result: Tt~ (Text Corpus)
- \\ Ea nic Closest Similarity ~ "7==-____ P

t[foo0101lsevs010]—» t [LOOLOLLess010 R
N(1101000eee110]— p(A)[01T0T00eee011 1111110eee1001
0 0111011---001—>p2(6)0101110'00100 11010/10eee110 @ (0111010eee101]
» d[01ooo01tecec001]— p’(d)[TT00T00cee110 0101110eee010 (T101010eee110
Base Hypervectors '\\\\\\‘\\ \\\\ 4-gram Hypervectors Language  Text Hypervector
( oo Hypervector
@ HD Vector Rotation @ @ Result
L I L I L |
Permutation and Binding Bundling Similarity Check

Khan, A. A., Ollivier, S., Longofono, S., Hempel, G., Castrillon, J., & Jones, A. K. (2022). Brain-inspired Cognition in Next

Generation Racetrack Memories. In ACM TECS 2022 UL
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Example: Hyper dimensional computing (HDC) ?

{1HDCR ! ' FPGA
2 10° o
: ralnlng . |
’élO"s : E(Iar:'(rjr::?ation M:atr?\rgry
2 ¢ Bundling - ——
10*

P E T & é& & & &&\&0 AN &b Qo\ < F g &
3 ~6x faster and 5.3x less
g " Encoder " Sim CI energy over FPGA accelerator
2. 10'°
: i
§ 10' | ‘ s 01---103@'\
&5 : \ ] l | = l Text Hypervector  |Population
z BRI e Rt

|
Bench afr bul ces dandeu ell eng est fin fra hun ita lav lit nld pol porron slk slv spaswe Similarity Check

Khan, A. A., Ollivier, S., Longofono, S., Hempel, G., Castrillon, J., & Jones, A. K. (2022). “Brain-inspired Cognition in Next
Generation Racetrack Memories” In ACM TECS 2022
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Summary

bex

t=(s®(s® ®w."),,~)

ax

O Tame ever-increasing system complexity

f % Tl (a . o x

kernel

O Domain-specific abstractions, compilation flows, ...
0 Example for tensor expressions

O Optimization for CPU, in-memory, RTM placement, ...

O Challenges

0 Understanding and modeling primitives from down below

0 Simulators, prototypes in interdisciplinary research efforts

0 Optimization/DSE: ML2 simpler heuristics useful again?

0 Joint work across stack layers will be key!

J. Castrillon, et al. "A Hardware /Software Stack for Heterogeneous Systems", In IEEE

Transactions on Multi-Scale Computing Systems, 2018
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