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HUAWEI TECHNOLOGIES CO., LTD.

High-performance compiler for Linux targeting
Kunpeng 920 processor

Based on open-source LLVM 10 and PGI Fortran
frontend ("Flang") with in-house enhancements
Compilation Technology: Enhanced
vectorization, loop optimizations, instruction
selection, etc.

Hardware Exploitation: Leverage NEON/SVE
instructions to optimize the throughput of
generated code as well as runtime libraries.
ML-based Autotuning: Search for the optimal
combination of compilation parameters on fine-
grained code regions and achieve the best
possible performance.
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EL B 33288 A7 . LLVM’J" IR
-I-;I-ﬁ‘:l: J1=A- *w& B |LLVM's Code Representation: LLVM IR.
m A low-level RISC-like virtual instruction set.

LLVM's Implementation of Three-Phase Design. B Three address form, strongly typed.

A front end is responsible for parsing, validating and

unsigned addl (unsigned a, unsigned b} {

return atb;

diagnosing errors in the input code, then translating the

parsed COde intO LLVM IR. // Perhaps not the most efficient way to add two numbers.
unsigned addZ (unsigned a, unsigned b) {
LLVM IR is optionally fed through a series of analysis and if (a == 0) return by

return add2(a-1, b+l);

optimization passes which improve the code, then is sent

into a code generator to produce native machine code. ==
define 132 Baddl (132 %a, 132 %b) |
entry:
%tmpl = add i32 %a, %b
ret i32 %tmpl
Clang C/Ca+/0bjC LLWVM
Siae Frontend X386 Backend - X286
—— —— define i32 Badd2(i32 %a, i32 %b) {
entry
LB LLWM %tmpl = icmp =g 132 %a, 0
Fortran —=| llvm-gce Frontend Optimizer PowerPC Backend | ™ FowerPC br il %tmpl, label %done, label $recurse
- R
LLVM $tmp2 i sub _33 %a, _
Haskell - GHC Frontend ARM Backend - ARM tmp3 = add 132 %b, 1
LLVM IR LLVM IR Ytmpd = call i32 @add2(i32 %tmp2, 132 %tmp3)
S —— e —— ret 132 Ftmpé
done
ret 132 %b

HUAWEI TECHNOLOGIES CO., LTD. Page 4 s@ HUAWEI



Autotuner (Optional)

fine-grained code regions
» Supports multiple optimizations

* Machine learning-based search for

> BiSheng Compiler Architecture optimal compilation parameters of

Performance

Feedback

libflang, libpgmath,
libmathlib, libcompiler-rt

Autotuned
Configuration * Optimized Fortran Runtime
and Math Libraries
v .a, .S0
Classic Flang LLVM Y
Linker (gold/lld)
£ * Industrial Fortran frontend LLVM IR | ¢© Tuned for Huawei CPUs .0 : :
{90 » -« Supports new Fortran » -« ISA-specific peephole optimizations » * Enhanced Link-Time
) 2003/2008 features + Enhanced loop optimizations and Optimization
* Enhanced Fortran vectorization
optimizations * Enhanced for Autotuner ’
A
Clang OpenMP
.c .| * Industrial C/C++ frontend LLVM IR * Industry standard for .
.cpp | » Arm C Language Extensions HPC applications .a, .SO
(NEON, SVE) » Parallelization and .
SIMD-ization

libjemalloc

High-performance
memory allocator
Custom tuning for
CentOS/openEuler

HUAWEI TECHNOLOGIES CO., LTD.
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EERmiEssuitizAR : An interesting example

static const unsigned long long magic = @x@3f@Sc5392F756cdULL; myctz: [ @myctz
f/ Ebb.o: /I %entry
static const imt table[64] = ] mow x93, #22221
1 3 5
@, 1, 1z, 2, 13, 22, 17, 3, mowvk 9, #37623, 1lsl #16
14, 33, 23, 36, 18, 58, 28, 4, neg X8, %0
and ¥8, xB, w0

2, 15, 34, 26, 24, 48, 58, 37,

19, 55, 59, 52, 29, 44, 39, 5,
63, 11, 21, 16, 32, 35, 57, 27, movk ®9, #1888, 1sl #48
mul w8, xB, w9

61, 25, 47, 43, 54, 51, 43, 38,
1@, 28, 31, 56, 6@, 46, 53, 42, :,1) adrp x3, table

movk w9, #35923, ls1 #32

0 ' '
o, 30, 45, 41, 8, 48, 7, 6, e %, Hedzianie
. l=r ®8, xB, #56
¥
and w8, w8, #0xfc
- ldr we, [x9, x8]
myctz (unsigned long long b) { ret
unsigned long long lsb = b & -b;
return table[(1lsb * magic) »» 58]; myctz:
T .LFE®:

.cfi_startproc

Deepsjeng -- an Atrtificial Intelligence: alpha-beta tree search (Chess). bit o %

clz Wi, @
i - . . W " 3
CUeelialul  Count number of trailing zeros using a de Bruijn cycle and 8, we, &
ret
, . . .cfi_endproc RBIT
{Hacker’ s Delight) (Second Edition)
CLZ Reverse Bits reverses the bit order in a register.

Count Leading Zeros returns the number of binary zero bits before the first binary one bit in a value.

HUAWEI TECHNOLOGIES CO., LTD. Page 7 %7HUAWE|
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SmiEss{ftibizAR: Structure reorganization

Whole-program optimizations to improve cache utilization

Transform an array of structures into a structure of arrays

Structures can either be explicit or they can be inferred by inspecting array

usage inside loops

Cache Memory

B 1]
B datal [ data2 @ next

typedef struct cand struct {
int datal;
int data2;
struct cand_struct *next;
} cand_struct_t;

cand_struct_t *array =
(cand_struct_t*)calloc(N,

cand_struct_t *tmp = array;
while (tmp) {

sum += tmp->datal;
\\\\\¥ tmp = tmp->next;
}

)

~

HUAWEI TECHNOLOGIES CO., LTD.

////, Memory \\\\\

void *array = calloc(N, ..);

int *datal_arr = (int*)array;

int *data2_arr = datal_arr + N;

unsigned *next_idx_arr = data2_arr + N;
memset (next_idx_arr, -1, N*sizeof(unsigned));

unsigned idx = 0;

while (idx != -1) {
sum += datal_arr[idx];
idx = next_idx_arr[idx];

N /

Page 8
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EER iR iitizAR: Array Restructuring

Programs access arrays in fixed patterns which have poor cache locality

In the LBM hotspot, each iteration reads 20 consecutive elements from srcGrid,

and computes 20 non-consecutive elements in dstGrid

B Analyze array access pattern to find an index re-mapping formula that allows

compiler to re-arrange the array to look like a structure of arrays
»y e.g. orig[i] = tran[ (i % m) *n+ (i / m) ]

Profit from reduced cache misses vs. overhead from more complicated index

computation

orig I:eg

Lattice Boltzmann Method, LBM

HUAWEI TECHNOLOGIES CO., LTD.

Rewrite all accesses to use the new indexing

0 ial
" €m-1: €0

tran [e% egeepti

Before
Stride 1 for srcGrid reads: good locality
Stride 20 for dstGrid writes: bad locality

Cniesi  i=0 i e

srcGrid 0,1, 2,.. 20, 21,22,... 40, 41, 42,...
dstGrid 0, -198, 202,... 20, -178, 222,... 40, -158, 242,...
After

Stride 1 for all arrays: good locality
Hardware prefetcher can handle 20 streams

indexi [i=0  Ji=1  Ji=2
srcGrid.g0 0 1 2
srcGrid.g1 0 1 2
srcGrid.g19 0 1 2
dstGrid.g0 0 1 2
dstGrid.g1 -10 -9 -8
dstGrid.g2 10 11 12
1972
2000
HBase Opt
= 1500
CIEJ 1085
iz 1000 840
8 368 371 381 558 494
& 500 326 325 348 I394
, I m i
1 4 16 32 64 128
Copies

Page 9 g% H UAWEI



EERmFERSRMIEA: Loop Optimization

®m A broad category of optimizations. Improves the performance

of the loops through different measures.
« Improve cache utilization
-  Reduce register pressure
«  Reduce dynamic instruction count
« Reuse loaded/computed values.
«  Expose opportunities for other optimizations e.g.
> Vectorization

> Instruction scheduling LOOp Unroll and jam

Unrolling the outer loop. Then jamming (fusing) bodies of
Unroll-and-Jammable loop the inner loops.

Ej * Helps better cache utilization
Header

Residue loop not displayed in the example below

for (int i = 0; < ny i++) |
Y int j 0: 7 m; j++) |
Inner loop ﬁ

A 4

for (int i
for (int j

exit

Loop Fusion/Distribution

These two optimization are opposite of each other. Loop
fusion will merge bodies of two loops to create one, if
possible. Distribution divides body of one loop to two
separate loops.

How fusion can help:

* Reuse values

* Expose instruction scheduling opportunities.
How distribution can help:

* Reducing register pressure inside the loop.

* Expose vectorization opportunities.

* Expose opportunities for other loop optimizations.

In the example below, we would like to keep the first two statements together to reuse
loaded values, but distribute the third statement which is not vectorizable. (Note that
compiler might be able to partially vectorize the first loop, before distribution)

for (int 1 = m; 1 < n; i++) {
alil = bl[i-1] + b[i]l:
c[i] = b[i-1] - blil:
d[i-1] = d[i-2] + 1:

for (int 1 = m; i1 < n; i++)
a[i] = b[i-1]1 + bI[il:
cl[i] = bl[i-11 - bl[i]l;

}

for (int i = m; i < n; 1i++)
d[i-1]1 = d[i-2] + 1:




EERmiFERiibIEA: Loop Optimization

Loop Unrolling

Replicating body of the loop, so fewer iterations are
needed.

Loop Unswitching

Hoisting invariant conditions out of loop and versioning the
loop.

* Reduces dynamic instruction count. .
* Helps to expose other opportunities

* Exposes opportunities for values reuse and better

scheduling. ¢ Reduces the number of branches executed.

-~ (int 1
for (int i 0y i < np i++) | i] = 1;

= bl[i

(int i
ali] = 2;

ivoid f (std::map<int, int> m)

{

1
1
"void f (std <int, t> ! I ] i
:¥01 (s map<int, int> m) : : for (auto it = m.begin (); it |- m.end (); ++it) { | | ¥o1d f (std::map<int, int> m)
. 1 1
: for (auto it = m.begin (); it != m.end (); ++it) { : : if (b) { ] ! I for (auto it = m.begin (); it != m.end (); ++it);,
i if (b) is semi-invariant. */ ! i b = do_something(); : !
| if (b) { . Loop split | }oelse { I it el
| b = do_something(); /* Has effect on b */ ! | ++it; :
: } else { : : : statements; ! E:::::::>
I /* No effect on b */ : | break; : LOOp delete
: ¥ I | 1 I
1
! statements; Also no effect on b | ! statements; !
L e e m e mm e ———— e ————n
'} 3 | o} I | void f (std: :imap<int, int> m)
e : | for (; it l=m.end (); ++it) { | 4 !
I statements; 1 '} |
1 \ L e
1 } 1
1 1



EE R miges{ititiEAN: Auto Vectorization

127 112111 96 95 80 79 64 63 48 47 3z 3 16 15 0
Vn
= 128-bit vector of 64-bit elements (.2D) .D .D
VF =4 0 1 2 3
1] [0]
VR1 ‘ a b | ¢ l d ‘ OpS OpS 128-bit vector of 32-bit elements (.4S) S ] .S S
VR2 OP(a) 3] 2 M 0]
. 128-bit vector of 16-bit elements (.8H) H H H H H H H H
VR3 OP(b) M B B @ @ @ 0 o
128-bit vector of 8-bit elements (168) | B [ B|B|B|B|B|B|B|B|B|B|B|B|B|B|B
VR4 OP(c) - — Vector operation [15] [14] [13] (12 (1] (10] (9] (8] (7] 18] (8] (4 (3 @ (1 (0]
vectorization
VRS OP(d) 63 48 47 3231 16 15 0
Vn
VECtor ReQISterS 64-bit vector of 32-bit elements (.2S) S S
: . 1] (0]
Data in Memory:
. . 64-bit vector of 16-bit elements (.4H) H H H H
abcde‘f g’hi‘j‘kl‘n‘n u’p‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ B 2] ] [0]
64-bit vector of 8-bitelements (8B) | B| B|.B|.B|.B|.B|.B|.B

int a[N], b[N], c[N];
int a[N], b[N], c[N]; For (1..N/4, is=4) {
a[i+0] = b[i+8] + c[i+0];
a[i#1] = b[i#1] + c[i#1];
a[i+2] = b[i#2] + c[i2];
a[1+3] = b[1#3] + c[i+3];
}

for (1..N, i#+) {
a[i] = b[i] + c[i];
}

-

HUAWEI TECHNOLOGIES CO., LTD.

[71 [6] [5] [4] [3] [2 [1] [0]
int a[N], b[N], c[N];

- for (1.4, i+=4) {

a[8..3] = b[B..3] + c[0..3];
}

SIMD (Neon) vectors in AArch64

2 Huawe
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EERmiFERS it : Exploitation of NEON/SVE instructions

B Sum of absolute differences

int sum = 0; // pix1 and pix2 are uint8_t
for (int x = 0; X < 16; X++)
sum += abs(pix1[x] - pix2[x]);

movi vl.16b, #1

ldr a3, [x12, x0]

ldr g2, [x13, x1]

uabd v2.16b, v2.16b, v3.1l6b
udot v0.4s, v2.16b, vl1.16b
add x8, x10, x0

add x9, x11, x1

8o/ 8b|8b|[8pb|ao|8p|8p|8p]|8p|8p|8b|8b]|8p]8b]|ap]sp]|

X x bad x X x x X x X x X X x X x
8o | 8b(8b|8b|8b|8b|8b|8b]|8b|8b|8b|8b]|8b|8b|8b| &b

| 32b [ 32b | 32b | 32b |

HUAWEI TECHNOLOGIES CO., LTD.

B Rounded halving add

for (int x

s

0; x < i width; x++)

dst[x] rcl[x] + src2[x] + 1) >> 1;
ldr do, [x2, x16]
ldr dl, [x4, x16]
ushll v0.8h, v0.8b, #0
ushll vl.8h, v1.8b, #0
mvn v0.1l6b, v0.1l6b
sub v0.8h, v1.8h, v0.8h
shrn v0.8b, v0.8h, #1
str do, [x0, x16]
1dr do, [x2, x16]
1dr dl, [x4, x16]
urhadd v0.8b, vl1.8b, v0.8b
str d0, [x0, x106]
Page 13

V2 Huawer



B EIERMLIEAR: Pipelinetif, (SBRENITHE
@ Vi=V2+ V3ﬁﬁE:OK1— K2 + K3
A $v1-v2 A §K1-K2
S— <~
| V5 =Vorv2 B K5= KO *K2
l o Al [miel Al m mm
N v P/ . 1=
o A m
e, %kég{,;
@ A Il ZE;
%giﬁwﬁ %Egsx.\
o Al
Tl fal m
6 5 4 I3 2 1 0

V2 HUAWEI



EeRdmiEssiiibizAR: Autotuner

Customize optimization strategy to fine-grained code regions
(loops/functions); not restricted to global command-line
options!

B Build search space by identifying code regions and profitable
optimization passes, and use machine learning algorithms with

feedback to find the best optimization parameters

y e.g. loop unroll factor, inlining threshold, instruction scheduling

Initialization

ML-based Search Final Optimization Program
Knowledge

Source

Code

\

parameters, optimizer pipeline

clang -03 -fautotune-generate

B Leverage profile feedback to speed up autotuning

B Store insight about software, compiler configurations, and
performance effects in databases for better tuning results

B Employ data mining and machine learning to predict
performance, prune iterative search space, optimize initial
compilation, etc.

B Up to 8% speedup achieved in real-world applications

HUAWEI TECHNOLOGIES CO., LTD.

A

Code
Regions

’ 11lvm-autotune minimize

I

L configurations
clang -03 -fautotune [*

Autotuner
Database

‘ 1lvm-autotune finalize
Binary

perf record time ./binary l 4.{ clang -03 -fautotune -
optimal

configuration

M Optimized
Binary

l rewards
1lvm-autotune feedback |

features and optimization goal

|

Page 15 g% HUAWEI



EERmiERS: SPEC2017 L¥gei I RimiFz=F19515%LA L

R RIFER SRS H1IE, BEmESNAT D LAECHRAMESE, IRAERMSEEGFE b SAUERERIS., BF RIS EdmiFssiitit,
SPEC201714gEtbgccEITz15%LA L.

Bisheng Compiler Boosts Application Performance on Linux Platform
Relative geomean performance(Rate Base and Speed Base, higher is better)

1.6
1.35
1.4
1.12 1.15 1.15

1.2
. T 098 T 099 1 1 1 096

0.8

0.6

0.4

0.2

0
Floating Point SpecFP Rate Integer Specint Rate Floating Point SpecFP Speed Integer Specint Speed

B Bisheng M gcc9.3 llvm 10.0

*SPECIEANLR S HIERETARE, SPECRIS BT LABTRAYSI iAo 1ERE
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EER9mi¥sS: Fortran Frontend and Runtime Improvements

Syntax:

B Inline MINLOC/MAXLOC reduction intrinsics when profitable

»  +10% on 548.exchange?_r
Inline NINT intrinsic

»  Hotspot in GRAPES; minor improvement

More efficient memory allocation, heap-to-stack allocation
y +3% on WRF

Pow/() call simplification

Better interprocedural optimizations

»  Function specialization for PRIVATE procedures
»  VALUE promotion of INTENT(IN) arguments

Directives: added on top of what Flang provided
> OMP PARALLEL, OMP SIMD, UNROLL, VECTOR, PREFETCH, etc.

Quad-precision floating-point math, higher array ranks

HUAWEI TECHNOLOGIES CO., LTD.

RESULT = MINLOC(ARRAY, DIM [, MASK] [,KIND] [,BACK])

RESULT = MINLOC(ARRAY [, MASK], [,KIND] [,BACK])

Arguments:

F2008 Features

ARRAY Shall be an array of type INTEGER, REAL Or CHARACTER.

(Optional) Shall be a scalar of type INTEGER. with a value between one and
DIM - . - .

the rank of ARRAY, inclusive. It may not be an optional dummy argument.
MASK Shall be an array of type LocIcAL, and conformable with 4RRAY.

- (Optional) An INTEGER initialization expression indicating the kind parameter

KIND g

of the result.
BACK (Optional) A scalar of type LOGICAL.
Coarrays

Data Declaration

Maximum rank + corank = 15

Quad-precision floating-point math

Allocatable components of recursive type

Implied-shape array

Data statement restrictions lifted

Type statement for intrinsic types

Declaring type-bound procedures

Value attribute is permitted for any nonallocatable nonpointer noncoarray
In a pure procedure the intent of an argument need not be specified if it
has the value attribute

Accessing data objects

Omitting an ALLOCATABLE component in a structure constructor
Pointer function reference is a variable

Intrinsic procedures and modules

Bit manipulation

Optional argument RADIX added to SELECTED REAL KIND
Euclidean vector norms

Parity

Programs and procedures

Null pointer or unallocated allocatable as absent dummy arg.
Non pointer actual for pointer dummy argument

Generic resolution by procedureness

Generic resolution by pointer vs. allocatable

Page 17 g@ HUAWEI
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! PRI . fHELIRE 24 X 10 5 > H
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Thank you.

BHFHATAETA. BIHRE.
BNMER, MEDYIEIKRIEREHA,
Bring digital to every person, home and

organization for a fully connected,
intelligent world.

Copyright©2018 Huawei Technologies Co., Ltd.
All Rights Reserved.

The information in this document may contain predictive
statements including, without limitation, statements regarding

the future financial and operating results, future product

portfolio, new technology, etc. There are a number of factors that
could cause actual results and developments to differ materially
from those expressed or implied in the predictive statements.
Therefore, such information is provided for reference purpose
only and constitutes neither an offer nor an acceptance. Huawei
may change the information at any time without notice.
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