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Research Opportunities
L General-purpase applications:

© Make Python run like C with compiler + Hwy
o Deja vu: make HLLs fast on RISC

o Advanced compilation technigues for optimizing the matching:

® MNew territory: net extraction of high level structure from C/Fortran but
matchingmptimizalinn

* Challenge: not to Compromise DSLs with short-term ISA-
specific or microarchitecty ral-specific CoOmpromises
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r
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WHAT IS A DOMAIN SPECIFIC LANGUAGE?

A Domain Specific Language capture expert knowledge about an
application domain

 DSLs provide a high-level programming model for domain scientists
o Capture the programmer intent at a higher level of abstraction

 DSLs provide the compiler more opportunities for optimization
e Can encode domain expert knowledge of specific optimizations
 Better view of the intended computation without heroic analysis
» Less low-level decisions by the programmer that has to be undone
* Able to generate high-performance code for multiple hardware platforms
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HALIDE

A DSL for Image Processing

Image from the Smithsonian
DISTRIBUTION STATEMENT A. Approved for public release National Museum of Natural History



A SIMPLE EXAMPLE: 3X3 BLUR

void (const Image &in, Image &blury) {
Image (in. (), in. ()); // allocate blurx array
for (int y = 9; y < in. ()5 y++)
for (int x = 9; x < in. ()5 X++)

(X: y) = ( (X'lJ y) + (X) y) + (X+1J Y))/3;

for (int x = 9; x < in. (); X++)
for (int y = 9; y < in. (); y++)
(X: y) = ( (X) y'l) + (XJ y) + (X) y+1))/3;

DISTRIBUTION STATEMENT A. Approved for public release



HAND-OPTIMIZED C++

void (const Image &in, Image &blury) {
one third = mm_setl epil6(21846);
#pragma omp parallel for
for (int yTile = @; yTile < in.
a, b, c, sum, avg;
[(256/8)*(32+2)]; // allocate tile blurx array
for (int xTile = 0; xTile < in. (); xTile += 256) {
*blurxPtr = ;
for (int y = -1; y < 32+1; y++) {
const uintl6e_t *inPtr = &(in[yTile+y][xTile]);
for (int x = 9; x < 256; x += 8) {
a = _mm_loadu_si128(( *)(inPtr-1));
b = _mm_loadu_sil28(( *)(inPtr+1));
C mm_load_si128(( *)(inPtr));
sum = mm_add epil6é(_mm_add epil6é(a, b), c);
avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(blurxPtr++, avg);
inPtr += 8;
1}
blurxPtr = blurx;
for (int'y = 0; y < 32; y++) {
*outPtr = ( *) (&(
for (int x = 9; x < 256; x += 8) {

(); yTile += 32) {

[yTile+y][xTile]));

a = _mm_load_sil28(blurxPtr+(2*256)/8);
b = _mm_load_sil128(blurxPtr+256/8);
¢ = _mm_load_sil28(blurxPtr++);

sum = _mm_add_epil6(_mm_add_epil6(a, b), c);
avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(outPtr++, avg);

P333}

9.9 — 0.9 ms/megapixel

11x faster

(quad core x86)

Tiled, fused
Vectorized
Multithreaded

Redundant
computation

Near roof-line
optimum
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HALIDE DECOUPLES ALGORITHM FROM SCHEDULE

e Algorithm: what is computed
e The algorithm defines pipelines as pure functions
e Pipeline stages are functions from coordinates to values
e Execution order and storage are unspecified

blurx(x, y)
blury(x, y)

(in(x-1, y) + in(x, y) + in(x+1, y))/3;
(blurx(x, y-1) + blurx(x, y) + blurx(x, y+1))/3;

DISTRIBUTION STATEMENT A. Approved for public release



HALIDE DECOUPLES ALGORITHM FROM SCHEDULE

o Algorithm: what is computed
 The algorithm defines pipelines as pure functions

* Pipeline stages are functions from coordinates to values
 Execution order and storage are unspecified

Schedule: where and when it’'s computed

» Architecture Specific
* Single, unified model for all schedules

« Simple enough to search, expose to user
Powerful enough to beat expert-tuned code

DISTRIBUTION STATEMENT A. Approved for public release



DSAS FOR IMAGE PROCESSING

Google Pixel Qualcomm

Visual Core Snapdragon
Hexagon 682 DSP

~IPU.IO Block "

R PU IPU
(e Core2 Core 1

IPU IPU

3 ]II ¥ Core4 @ Core3

» Halide Is the DSL for programming these DSAs

* Programmers able to find the best hardware utilization using the
scheduling language

* Thus, the DSAs are more general purpose and easy to use o
mage rrom Anan ec
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TACO

A DSL for Sparse Tensor Algebra
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TENSORS ARE EVERYWHERE

Data Analytics

Machine Learning

- - -

g A Product Reviews

Social Networks

Amazon
Product
Reviews

Sparse Networks

Great preduct. Large enough for all spoons and fits nicely on my stevetop. Would definitely buy it again.

This is a great product for your bay wha loves sports! It was a good value as well. Other stores sell for 2x
the cost. | bought one for a basketball and football and my 9 year old loves it in his room. Solid item too,
ot flimsy. Will hold items nicely.

Lisa|
Ll I was really disappointed. The spoon holder it self was great and .
December 31, 2016
Color: Black ~ Verified Puschase
This product came with a manufacture’s chips in it. It is not the sellers fault but | do not know how many in

this batch this seller may have. | was really disappointed, The spoon holder it self was great and larger then
| expected.

Sarah

Malfunctioned within a month. Waste of 5.
ecember 5, 2017
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Computational Biology

Extremely sparse
Dense storage: 107 Exabytes
Sparse storage: 13 Gigabytes
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COMPLEXITY OF SPARSE CODE

ijk —

(¥}

CSF

e

¥

COO

k

intiB=0;
int CO_pos = CO_pos[0];
while (CO_pos < CO_pos[1]) {

intiC = CO_crd[CO_pos];

int CO_end = CO_pos +1;

if iC ==iB)

while ((CO_end < CO_pos[1]) && (CO_crd[CO_end] ==iB)) {
CO_end++;

}
if (ic ==iB) {
int B1_pos = B1_pos[iB];
int C1_pos = CO_pos;
while ((B1_pos < B1_pos][iB + 1]) && (C1_pos < CO_end)) {
intjB =B1_crd[B1_pos];
intjC = C1_crd[C1_pos];
intj =min(B, jC);
int A1_pos = (iB * Al_size) +j;
intCl_end = C1_pos +1;
ifGc==j)
while ((C1_end < CO_end) && (C1_crd[C1_end] ==j)) {
C1_end++;

}
if (B ==)) && (C==]){
int B2_pos = B2_pos[B1_pos];
int C2_pos = C1_pos;
while ((B2_pos < B2_pos[B1_pos + 1]) && (C2_pos < C1_end)) {
int kB = B2_crd[B2_pos];
intkC = C2_crd[C2_pos];
intk = min(kB, kC);
int A2_pos = (Al_pos * A2_size) +k;
if (kB == k) && (KC == k)) {
A[A2_pos] = B[B2_pos] + C[C2_pos];
}elseif (kB ==Kk) {
A[A2_pos] = B[B2_pos];
}else
A[A2_pos] = C[C2_pos];
}

if (kB == k) B2_pos++;
if (KC == k) C2_pos++;

}

while (B2_pos < B2_pos[B1_pos + 1]) {
int kBO = B2_crd[B2_pos];
int A2_pos0 = (A1_pos * A2_size) + kBO;
A[A2_pos0] = B[B2_pos];
B2_pos++;

}
while (C2_pos < C1_end) {
int kCO = C2_crd[C2_pos];
int A2_posl = (Al_pos * A2_size) + kCO;
A[A2_posl] = C[C2_pos];
C2_pos++;

}
Yelseif (iB==j){
for (int B2_pos0 = B2_pos[B1_pos];
B2_pos0 < B2_pos[B1_pos + 1]; B2_pos0++) {
int kB1 = B2_crd[B2_pos0];
int A2_pos2 = (A1_pos * A2_size) + kB1;
A[A2_pos?] = B[B2_pos0];
}
}else{
for (int C2_pos0 = C1_pos; C2_pos0 < C1_end; C2_pos0++) {
intkC1 = C2_crd[C2_pos0];
int A2_pos3 = (Al_pos * A2_size) + kC1;
A[A2_pos3] = C[C2_pos0];

) B1_pos++;
) C1_pos = C1_end;

DISTRIBUTION STATEMENT A. Approved for public release

while (B1_pos < B1_pos][iB + 1]) {

intjB0 = B1_crd[B1_pos];

int Al_pos0 = (iB * Al_size) + jBO;

for (int B2_posl = B2_pos[B1_pos];

B2_posl < B2_pos[B1_pos + 1]; B2_posl++) {

int kB2 = B2_crd[B2_pos1];
int A2_pos4 = (Al_pos0 * A2_size) + kB2;
A[A2_pos4] = B[B2_pos1];

B1_pos++;

}
while (C1_pos < CO_end) {
intjCO = C1_crd[C1_pos];
int A1_posl = (iB * Al_size) +jCO;
int C1_end0 = C1_pos + 1;
while ((C1_end0 < CO_end) && (C1_crd[C1_end0] == jC0)) {
C1_endO++;

}

for (int C2_pos1 = C1_pos; C2_posl < C1_end0; C2_posl++){
intkC2 = C2_crd[C2_pos1];
int A2_pos5 = (A1_posl * A2_size) + kC2;
A[A2_pos5] = C[C2_pos1];

}

C1_pos = C1_end0;

}else{
for (int B1_pos0 = B1_pos[iB];
B1_pos0 < B1_pos[iB + 1]; B1_pos0++) {

intjB1 = B1_crd[B1_pos0];

int A1_pos2 = (iB * A1_size) + jB1;

for (int B2_pos2 = B2_pos[B1_pos0];

B2_pos2 < B2_pos[B1_pos0 + 1]; B2_pos2++) {

int kB3 = B2_crd[B2_pos2];
int A2_pos6 = (A1_pos2 * A2_size) + kB3;
A[A2_pos6] = B[B2_pos2];

}

}
if iC ==iB) CO_pos = C0O_end;
iB++;

}
while (iB < BO_size) {
for (int B1_posl = B1_pos[iB];
B1_posl < B1_pos[iB + 1]; B1_posl++) {
intjB2 =B1_crd[B1_posl];
int A1_pos3 = (iB * Al_size) +B2;
for (int B2_pos3 = B2_pos[B1_posl];
B2_pos3 < B2_pos[B1_posl + 1]; B2_pos3++) {
int kB4 = B2_crd[B2_pos3];
int A2_pos7 = (A1_pos3 * A2_size) + kB4;
A[A2_pos7] = B[B2_pos3];
}
}
iB++;

}



TOO MANY TENSOR KERNELS FOR A FIXED-FUNCTION LIBRARY

Eigen (SpMV)

CSparse
a = Be
a=Bc+a OSKI OSKI has 282 specialized variants of this expression
A=B+C / -
a=Bc+b a = aBc+ Ba Dense Matrix
A = aB . Finite Elements Method,
PETSc a= B'c a = B(c+d) Linear Algebra CSR pesrR BCESR - gk sparse NN Weights [GRK 2017]
a=BTc+d A=B+C+D A=BC COO ELLPACK CSB Data Analytics CPU ]
A=BoC “Zb@CAjO A=Bo(CD) Blocked COO  CSC GPUS  Tpus
_ _ _ pT
0 —b +f _AB_CdB A= BATG’; B" Be >< DIA Blocked DIA DCSC Cor%tions, Image Iﬁ%c%’g%ing
o — K=40C s oo AV Sparse Tensor Hardware
o . D, ash Maps
Aij = Z BiriCijDrj  Agj = Z BikiCi; Dy . Cloud Computers
Agj. = Z BixiCijDrj Ay — ZBkaCk . CSF Dense Tensors Supercomputers
izl Gl Blocked Tensors
Aijk = ZnggCgJ AL = Z szkcj (tensor factorization)
Linked Lists Database
ik = ) Bijkci Aiji= ) BirCy;
4 Z ’ ! Z ’ Compression Schemes
i Yz,,, Y Zj w)(z 2k 0ik) Cloud Storage
C = Z M’LJ ijMk Ra! ¢
ijkl Quantum Chromodynamics
a = Z kMkIR!mMnmPnoMpo Pz'p

ijklmmnop DISTRIBUTION STATEMENT A. Approved for public release



MANY NON-BINARY EXPRESSIONS MUST BE COMPUTED IN A SINGLE KERNEL

Sampled Dense-Dense Matrix Multiplication (SDDMM)
B C D

|

A=B®(CD) © n o ' ]

Element-wise multiplication 64-innerproduct

This dot product need not be computed 10 inner produ?t
mtaco

= Eigen
We will generate fused operations m UBLAS

2412x

rmai0
cop20k
scircuit

mac-..

pwitk
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MANY NON-BINARY EXPRESSIONS MUST BE COMPUTED IN A SINGLE KERNEL

a = Be
a = Bc+a

a=Bc+b A=B+C a = aBc+ Ba
o= BTc A=aB 4=PB(c+d
a—BTc1d A=B+C+D A= BC
A—BoC a=bocA=0 A=Boe(CD)
A=BCd A=B"Y a=BTBec
a=b+c A=B K=ATCA

Ay = %:Béklcljij A = ZB;M(E;‘DU

41@ Bz.krf(-z.}DL} ” = Bz;!(k
1k k
Aijk = E BikiCij A = E Biikc;
}k — E Bz}f C; 4’13}3 — E BinC kg

T = sz Zz} ii) ZZ,&;_Q-;‘_,&L-_)

C=> M;PjMyP,; k

17kl
a — Z JI@ 7 P ik ﬂ'{fﬂﬁ}j{?n ﬂ'{nm Prm ﬂ'{po P ip

rmal0
cop20k =taco
scircuit = MKL
= OSKI|
rencagr; = Eigen
m UBLAS
pwik Gmm++
m SPLATT
u[TB
Faceb.. l'l"a'CU_MX_
NELL-1 Eigen—
NELL-2 s UBLAS

rmal10
cop20k

scircuit

24835x

59496x

73405x

mac-..

22400x

pwtk
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PERFORMANCE COST OF LIBRARY ABSTRACTION IS HIGH

Fixed-function Libraries Hand-Optimized Code

Elmul

\

Throwaway Work Costly instantiation
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ABSTRACTION WITHOUT FRICTION

Language and Compiler Abstractions Generated Code

Domain
Specific === Compiler
Languages

DISTRIBUTION STATEMENT A. Approved for public release



THE TENSOR ALGEBRA COMPILER (TACO)

Expressions

A=Bec+a a= Be
A=BoC A=B+C a=aBc+ fa
A=aB A=0 A=BC
A= BCd . _
a=b@c A=B®(CD)
Aij =Y BwC;iDi; A=BT a=BTBc

Kl

Ak =Y BiniCy ' ~
! 2# ' Aij = (Y BijxCiji:) + Dy

- !
“ 2? MiFeMuFa 7 =37 23 205) (3 2}
ijkl =

i 3 k
a= Y M;PjxMPimMomProMyo Py

ijklmnop

Formats

Dense Matrix CSR BCSR
DCSR
CcoO ELLPACK CSB
DIA Blocked COO CSC
Blocked DIA DCSC

Sparse vector Hash Maps
CSE Dense Tensors
Blocked Tensors

A= Bine; Akj =) _BiuCi;Di
i il

Tensor Algebra Compiler
(taco)
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THE

PROGRAMMING
LANGUAGE

<A NVIDIA.

DARPA SDH
Nvidia Symphony DSA

gE e,
s
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AVOID WASTED WORK AND ITERATIONS

int pbl = bl_pos[0];
int pcl = cl_pos|O0];

I — I I while (pbl < bl_pos[1] && pcl < cl_pos[1]){
a’ ,z' — ,z' c,z' intib =bl_crd[pbl];

intic =cl_crd[pcl];

1 int i = min(ib, ic);
if (ib == i && ic == i) {
a[i] = b[pb1] * c[pcd];
Multiplication requires intersection g (ib == i) pb1++:
if (ic ==1) pcl++;
}
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AVOID WASTED WORK AND ITERATIONS

int pbl = bl_pos[0];

int pcl =cl_pos[0];
. — . F, while (pbl < bl_pos[1] && pcl < cl_pos[1]){
'z' — 'Z ,z' intib =bl_crd[pbl];

intic = c1_crd[pcl];

inti = min(ib, ic);
if ib==1i&&ic==1i){
afi] = b[pb1] + c[pc1];

" : : }
Addition requires union else if (ib == i) {
ali] = bipb1];

else {
afi] = c[pcl];

}
b C if (ib == i) pbl++;

if (ic ==1) pcl++;

}

while (pb1 < bl_pos[1]) {
inti=bl_crd[pbi];
afi] = b[pb1++];

}

while (pcl < c1_pos[1]) {
inti=cl_crd[pcl];
a[i] = c[pcl++];

DISTRIBUTION STATEMENT A. Approved for public release



AVOID WASTED WORK AND ITERATIONS

DISTRIBUTION STATEMENT A. Approved for public release

int pb1 = b1_pos[0];
int pc1 = ¢1_pos[0];
intid = 0;
while (pbl < bl_pos[1] && pel < c1_pos[1]) {
int ib = b1_crd[pb1];
int ic = c1_crd[pcl];
int pd1 = id;
int pal = id;
if (ib == id && ic == id) {
alpal] = blpb1] + clpc1] + d[pd1];

else if (ib == id
alpal] = blpbl] + d[pd1];

else if (ic == id
alpa1] = cfpcl] + dpdy];
}

else {
}a[pal] = d[pd1);

while (pel < ¢1_pos{1] && pd1 < d1_pos(1]) {
intic = c1_crd[pcl];
int i 1_crd[pd1];
int i = mi
if (ic == i & {
ali] = cfpc1] + d[pda];

else if (ic == i) {
}a[\] = clpel];

else {
ali] = d[pd1];

if (d == i) pd1++;

}

while (pb1 < b1_pos[1] && pel < c1_pos[]) {
int ib = bi_crd[pba];
int ic = c1_crd[ped];

if (ib == i & ic == i) {
afi] = blpb1] + c[pcl];
}
else if (ib == i) {
afi] = blpb1];
}
else {
ali] = c[pell;
}
if (ib == i) pb1++;

if (ic == i) pel++;

}

while (pel < ¢1_pos(1]) {
intic = c1_crd[pc];

o (
alpad] = clpe1] + dfpdl;
)

else {
alpa1] = d[pd1];
}

while (pb1 < b1_pos[1]) {
intib = b1_crd[pb1];
int pd1
int pal
if (ib == id) {
alpal] = blpb1] + d[pd1];
}

else {
alpal] = d[pdi];

if (ib == id) pbi++;
id+;

}

while (pd1 < d1_pos{1]) {
int id = d1_crd[pd1];
afid] = d[pd1];
pdL++;

}

while (pel < c1_pos[1]) {
intic = c1_crd[pcl];
alic] = cfpcl];
pel++;

}

while (pb < b1_pos[1]) {
intib = b1_crd[pb1];
afib] = b[pb1];
pbi++;

while (id < d1_dimension) {
int pd1 =
int pal =
alpal] = d[pd1];
id++;

}




AVOID WASTED WORK AND ITERATIONS

int pbl = b1_pos[0];

int pcl = c1_pos|[0];
a . — pe c - a int pd1 = d1_pos[0];
—— while (pbl < bl_pos[1] && pcl < c1_pos[1] && pdl < d1_pos[1]) {
'2’ '2’ z 'Z’ intib =b1_crd[pbl];

intic = cl_crd[pcl];
intid = d1_crd[pd1];
inti=min(ib, ic, id);
if (b==1i&&ic==i&&id ==1i) {

}a[i] = (b[pb1] + c[pcl]) * d[pd1];

else if (ib == i && id == i) {
C ali] = b[pb1] * d[pd1];

}

else if (ic ==i && id == i) {
a[i] = c[pc1] * d[pd1];

}

if (ib==1i) pb1++;
if (ic == i) pcl++;
if (id == i) pd1++;

while (pcl < c1_pos[1] && pd1 < d1_pos[1]) {
intic = c1_crd[pcl];
intid = d1_crd[pd1];
inti=min(ic, id);
if (ic == i && id == i) {
afi] = c[pcl] * d[pd1];
}

if (ic == i) pcl++;

! if (id == i) pd1++;
}

while (pbl < bl_pos[1] && pdl < d1_pos[1]) {
intib =b1_crd[pbl];
intid = d1_crd[pd1];
inti=min(ib, id);
if (b==1i&&id ==1) {
a[i] = b[pb1] * d[pd1];
}

if (b ==1i) pb1++;
if (id == i) pd1++;
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DSAS FOR ALL SPARSE TENSOR ALGEBRA

* Fixed-function Domain-Specific Architectures

Google TPU MIT Eyeriss Stanford EIE
-@&vgéﬂ Ec::u":;': w:-IL:;Ih Wight | pag) wm_
[ - Lmimamw || iz mm L] P'P':"‘“'
ey CEE = F T o .
Nl N e B
Ell e Easmiem|
 Domain-Specific Architecture for all Sparse Tensor Algebra
Scanner
- (Tensor a)
Buffet a
Buffetb oan
Scanner Nvidia Symphony Architecture (DARPA SDH)
(Tensor b)
| Output
Buffet

] Images from anandtech and Stanford
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DSAS FOR ALL SPARSE TENSOR ALGEBRA

Avoid
wasted work
& iterations d

N

Scanner
(Tensor a)

Buffet a

Buffet b

Scanner
(Tensor b)

e —
| Output

Buffet
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DSAS FOR ALL SPARSE TENSOR ALGEBRA

« TACO generates code for the Symphony Architecture y=Ax+z
 Buffets, Scanners & Merge units provide acceleration

while (pAl < A1_end) {

» Imperative C code for more complex outer loops e case 2 lnti
intersection . ,xA
in hardware 2
. D
With TACO, Symphony can accelerate all .
sroeeon Az x union case #3 e gz <21_ena)(

I I in hardware '
tensor algebra expressions in any data format Y i

Scanner

(Tensor a) E @

Buffet a intersection i

Off Ch'p in hardware r A2 x
Buffet b P10 += (n)(x0== o,

Scanner ;
(Tensor b) L ey
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CHALLENGES TO A HARMONIOUS FUTURE WITH DSLS

e Proliferation of DSLs m
 Each DSL is Costly to Build and Maintain : :
e Common tools for building DSL
* Delite from Stanford

« Common backend from DSLs to DSAs
 MIT Tiramisu compiler middle-end, similar to

LLVM compiler backend for unicores

* Interoperability between DSLs
e Many programs will require multiple DSLs to implement
« EX: Multi-physics
« A Unified Programming Interface: Abstraction without Friction
e Python glue with common C data structures (NumPYy)

e Quality of Life of Programmers
 Debuggers, package managers, IDE support, Foreign Function Interfaces
 Documentation, libraries, examples and a community
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A LOT MORE PERFORMANCE LEFT TO MINE

o Current software practices are not performance efficient
 Moore’s Law era mindset of excess resources
o Case of Matrix Multiply

Implementation Time (s) GFLOPS Speedup

1 Python 25,552.48 0.005 1
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CONCLUSION

 Domain Specific Architectures are the future of performance

 Domain Specific Languages are essential to DSAs
« Make DSAs generally available for the entire domain
e Provide high performance

e Symphony Project is building multiple DSLs
« TACO: Sparse Tensor Algebra
o Graphlt: Graph Analytics
e Condensa: Neural Networks

* Looking for other DSL opportunities
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