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The LM Compiler infrastructure Project

The LLVM Compiler Infrastructure

Latest LLVM

i LLVM Overview
VEVIEY
Featutes oy 1 |y Projectis & collection of
: mochlar and reusable comypiler and
W toolchein teclnologles. D espite its name,
Publi‘c — LLV M has httle to do with traditional virtual
o machines, though it does provide helpful
L:LVMEP_I - ectls libraries that can be used to build them. The
LiVIMUsepe  DAme"LLVM" itselfisnot an acronym; it is
m the full name of the project
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bgelang (LLVMIclang on the BGIQ)

For usage information, and information specific to using bgclang on ALCFs BG/Q machines
(Vesta, Mira and Cetus), please visit: hitp://w wu .alcf.anl. gov/user-guides/bgclang-compil er

Other BG/Q systems

Iumebgq

IF your system administrators have nct been kind enough to install badlang on your system, you
can either direct them to this page, or install the distribution yourself, RPMs are provided (see
below), and these are *relocatable* RPMs, meaning that they can be installed by a non-roct user
in any directory.

Please note that, if you wish to use dynamic linking (v hich you must do w hen certain features,
like address sanitizer, are enabled), you must install bgclang in a directory that is mounted from
the compute nodes (read-only is sufficient).

Mailing List

If you're using baclang, please subscribe to the mailing list:
httpi//lists. alcf. anl, gov/mailmanlistinfo/ Ilvm-bgqrdiscuss.

bgclang downloads (forinstalling on your own)
For those managing their ow n installs, note that the MPI w rappers are install ed in the
PREFIX/ mpi/ {bgclang,bgclang.legacy} /bin directories. The non-MPI compiler wrappers are
located in the PREFIX/w bin directory.

RPMs, etc.

r209570-20140527

hittp://ww v, mes.anl gov.
1ppced.rpm

/~ hfinkel /b gclang/RPMS/ ppc 64/ bgelang-binutils -+ 209570-20140527-1-

ww v mes. anl.gov/~ hfinkel /bgclang/RPMS/ ppcé4/bclang-1 203570-20140527 -1 -

1,ppced.rpm
w.mas.anl.gov/~ hfinkel /b gcl ang/RPMS/ppc64,/ bael ang-sleef-r209570- 2014052 7-1-
1.ppcbd.rpm

hittp:

w mes.anl.gav/ ~ hfinkel /b aclana/RPMS/ppcé4/ baclang-libe xs-r 2095 70-201 405 27-1-

VI began as a research project at the
(sl ingis with the goal of

ling a modern, SSA-based compilation

7y capable of mipporting both static
ynamic compilation of arbitrary
amming languages. Since then, LLVIM
‘own to be anumbrella project

sing of a mber of subprojects, marny
ich are being used in producion by a
variety of commercial and open souwce
s aswell as being widely used in
miciegearch Code inthe LLVM

t ig licensed under the "UIUC" BED-
licenss.

rimary sub-projects of LLVIM ae:

The LLVM Coxe libraries provide a
modem sowece- mdtarget
independent optimizer, slong with
code generation suppot for maty
populer CPUs (aswell as some less
common onesd) Thess libraties ae
budlt arownd &+ ifizd cods
repre sentati on known ag the LLV M
intermechate representation ("LLV M
[R"). The LLVMC ore litwaies are
well documented, anditis paticularly
easy toimvent yow own language (or
port an exiging compiler) to use

Release!

Jan6,2014 LLVM3 4 iznow
availble for downlad! LLVM
15 publicly available wider an
open sowrce License. Also, you
mightwantto check out the new
features in 3V that will appear
i the next LLV M release. If you
want them ealy, dowiload

LLV M through anotrym ous
BVN.

ACM Software
System Award!

LLV M has been aw arded the
2012 ACM Software System
Awanl! This award s grven by
ACM to one software system
waoildwide every year. LLV M is
in i ghly distinguished comparry
Click on any of the incivicdual
recipients’ names on that page for
the detailed citation describing
the aweard.

Upcoming Releases

Omweard to 3.5/

Developer Meetings

Proceedings from past meetings

Apil 7-8,2014

.
3 -7 2l
.

LLV M a5 an optimizer and cods Apeil 2930, 2013
w.mes. anl.gov/ hfinkel fbgelang/RPMS/ ppc 64/ bgclang-libomp-r209570-20140527-1- generator o November7-8. 2012
rpm . 417 7012
w.mes. anl.gov/ hfinkel fbgclang/RPMS/ ppc 64/ baclang-compiler -rt-1 2095 70-20140527- Chng izan"LLV M native" o November 13,2011
LLpacohrpm CC+0bjectveC compiler, which + Segtember 2011
w.mcs. anl, gov/~ hfinkel/bgclang/RPMS/ ppcéd/ baclang-stagel-2.4-1. ppcé4, rpm
hitp:/fuw v .mes. anl. gov/ ~ hfinkel /bgelang/RPMS/ ppc4/ bgelang-staget-libox: -3, 4- 2. pped.rpm
http:/fuw w . mes. anl. gov/ ~ hfinkel /b gclang/RPMS/ ppc6#/vpk g-bin-sh-1-1,ppcéé4.rpm
A nen-roct (reqular) user can install these RPMs (bacauss they are relocatabls), but in addition
to specifying the installation prefix (uith the --prefix argument), an alternate REM database
directary needs to be specified (in a directory to which you actually have write permission), For
example, to install bgclang into the /tmp/bgelang directory using /tmp/bgcl ang/rpm as the RPM
hitps.ftrac. akcf anl govlprojects/ lvmebgg/nikiW ikiStart uw S
’ \\
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Clang, LLVM, etc.
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For usage information, and information specific to using bgclang on ALCF's BG/Q machines
(Vesta, Mira and Cetus), please visit: http://w wu . ald. anl. gov/user-guides/bgclang-compil er
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If your system administrators have not been kind enough te install bgelang on your system, you
can sither direct them to this page, or install the distribution yoursslf. RPMs are provided (ses
below), and these are *relocatable® RPMSs, meaning that they can be installed by a non-roct user
in any directary,

Please note that, if you wish to use dynamic linking (w hich you must do v hen certain features,

like address sanitizer, are snabled), you must install byclang in a directory that is mounted from
the compute nodes (read-anly is sufficient).

http:/fwww .mcs.anl, gov/~ hfinkel /bgclana/RPMS/ ppeéd/bgclang-binutils-r209570-20140527-1-

1.ppcbd.rpm

it/ omcs, anl, gov/ ~ hfinkel /b gelan g/ RPMS/ ppe64/ baelang- compiler +t-1209570- 20140527
1-1.ppced.rpm

http:/fuww w .mcs. anl. gov/ w finkel /b gl ang/ RPMS/ ppe64/bgelang-stagel-3. 4-1.ppebé.rpm
http://ww v umcs., anl. gov/ ~ hfinkel /bgclang/ RPMS/ ppe64/ bgelang- stagel-libci-3,4-2,ppe6d. rpm
http://www .mcs. anl. gov/ w hfinkel /ool ang/ RPMS/ ppc6d/ vpk g-bin-sh-1-1 ppcéd.rpm
A non-roct (regular) user can install these RPMs (because they are relocatable), but in addition
to specifying the installation prefix (with the --prefix argument), an alternate RPM database

directory needs to be specified (in a directory to which you actually have v rite permission). For
example, to install bgclang into the /tmp/bgclang directory using /tmp/bgd ang/rpm as the RPM
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What is LLVM:

LLVM is a multi-architecture infrastructure for
constructing compilers and other toolchain
components.
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What is Clang:

* For basic compilation, Clang
works just like gcc — using
clang instead of gcc, or
clang++ instead of g++, in
your makefile will likely “just

work.”

* Clang has a scalable LTO,

check out:

https://clang.llvm.org/docs/ThinLTO.html

Clang is a C++ frontend for LLVM...

Sy2my 2014
LLVM Home
Clang Info

About
Beatures.

Comparsors
Related P rojects
Users Manual

Language Compatibility.
Ot Status

Clang Deselapment

Get Started

Open Projects
Clang Intemals
Haeking on Clang

Clang Tools
a o Bug Fi
Wiiting Clang Tools

Commun cati

deusers Lst

efecommits List
Bug Reports
Planet Clang
IRE ire. ofte.netélhm
The Cade
Cheds Out SVN.
Brense SUN
Browse ViewV/C
Hoxygen

Quick Links
Testing Coverage

Clang Events

Hovember 2010
LLVM everts

Fitplelang lm.orgl

“dang" € Language Family frontand for LIVAL

clang: a C language family frontend
for LLVM

The goal of the Clang project i 1o oreate a new G, C++, Objective C and
Objective G4+ front-end for the LLVM compiler. You can get and build the
source today.

Features and Goals

Some of the goals for the project inelude the following:
End-User Festures

+ Fastoompies and low memory use

+ Expressive diagnostics (examples)

+ 60O compatibilty

Utility snd Applications;

+ Modular library based architecture

+ Suppart diverse clients (efactaring, static analysis, code generation,
ete)

Allow tight inte gration with IDEs

Use the LLVM 'BS D' License.

Internal Design and Implementation:
+ Ateabworld, production gquality compiler

+ Asimple and hack able code base

+ Asingle inffied parser for , Objective C, G+ +, and Objective 0++

+ Conformance wh C/G++/0bJC and their variants

Of course this s only arough outine of the goals and features of Glang. To

get atiue sens e of what it is al about, s ee the Features section, nhich
breaks each of thes & dawn and explains them in mare detail

Why?

Development of the new front-end was started out of a need for a compiler

sties, better integration with IDEs.  licers e that i
compatible with comme cial products, and & nimble compllr that is easy to
develop and maintain. All of these were motivations for starting werk on a
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https://clang.llvm.org/docs/ThinLTO.html

The primary sub-projects of LLVM are:

1. The LLVM Core libraries provide a modern source- and tar get 1ndependent optimizer, along with code generation support for many popular CPUs (as well
as some less common ones!) These libraries are built around a well specified cude representauun known as the LLVM intermediate representation ("LLVM
IR"). The LLVM Core libraries are well documented, and it is particularly easy to invent your own language (or port an existing compiler) to use LLVM as
an optimizer and code generator.

2. Clang is an "LLVM native" C/C++/Objective-C compiler, which aims to deliver amazingly fast compiles (e. % about 3x faster than GCC when compili

Objective-C code in a debug cunfi?uratiun], extremely useful error and warning messages and to provide a platform for building great source level

The Clang Static Analyzer is a tool that aummaﬁcally finds bugs in your code, and is a great example of the sort of tool that can be built using
frontend as a library to parse C/C++ code.

3. The LLDB project builds on libraries provided by LLVM and Clang to provide a great native debugger. It uses the Clang ASTs and ex

LLVM JIT, LLVM disassembler, etc so that it provides an experience that "just works". It is also blazing fast and much more memo
loading symbols.

4, The libc++ and libe++ ABI projects provide a standard conformant and high-performance implementation of the C++ Stand
support for C++11.

5. The m‘gﬂer-lt project provides highly tuned implementations of the low-level code generator support routines lik
F,enerate when a target doesn't have a short sequence of native instructions to implement a core IR operation. It
ibraries for dynamic testing tools such as AddressSanitizer, ThreadSanitizer, MemorySanitizer, and DataFlo

6. The OpenMP subproject provides an OpenMP runtime for use with the OpenMP implementation in Cla
7. The polly project implements a suite of cache-locality optimizations as well as auto-parallelism an

8. The libele project aims to implement the OpenCL standard library.

11. The lld project aims to be the built-in linker for clang/Ilvm. Currently, clang must invoke the system linker to produce executables.

\\ EXASCALE
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What About Flang?

| https:/github.com/flang-compiler/flang

» Started as a collaboration between DOE and README.md
NVIDIA/PGI. Now also involves ARM and
other vendors.
* Flang (f18+runtimes) has been accepted to
become a part of the LLVM project. Flang
* Two development paths:

Flang is a Fortran compiler targeting LLVM.
Visit the flang wiki for more information:

https://github.com/flang-compiler/flang/wiki

o"-—, ~
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What About MLIR?

tensorflow / mlir
» Started as a part of Google’s TensorFlow

prOjeCt. ¢»Code  (Dlssues 42 [ Pullrequests 16 @ Actions 1] Prc
* MLIR will become part of the LLVM project.
 MLIR is built around the simultaneous "Multi-Level Intermediate Representation" Compiler Infrastructure

support of multiple dialects.

—
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Clang Can Compile CUDA!

* CUDA is the language used to compile code for NVIDIA GPUs.
* Support now also developed by AMD as part of their HIP project.

$ clang++ axpy.cu -0 axpy --cuda-gpu-arch=<GPU arch>

When compiling, you may also need to pass --cuda-path=/path/to/cuda if you didn’t install the CUDA
SDK into /usr/local/cuda (or a few other “standard” locations).

For more information, see: http://llvm.org/docs/CompileCudaWithLLVM.html

Clang's CUDA aims to provide better support for modern C++ than NVIDIA's nvcc. ~A

N/

- —
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http://llvm.org/docs/CompileCudaWithLLVM.html

Existing LLVM Capabilities

* Clang Static Analysis (including now integration with the Z3 SMT solver)

* Clang Warnings and Provided-by-Default Analysis (e.g., MPI-specific warning messages)
* LLVM-based static analysis (using, e.g., optimization remarks)

* LLVM instrumentation-based checking (e.g., UBSan)

* LLVM instrumentation-based checking using Sanitizer libraries (e.g., AddressSanitizer)

* Lightweight instrumentation for performance collection (e.g., Xray)

* Low-level performance analysis (e.g., llvm-mca)

T —
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http://clang.llvm.org/docs/AttributeReference.html#type-safety-checking

MPI-specific warning messages

mpit2.c:18:17: ng: argument type 'char *' doesn't match specified 'MPI' type tag that requires 'double *' [-Wtype-safety]
rc = MPI Send(&outmsg, 1, MPI DOUBLE, dest, tag, MPI COMM WORLD);

These are not really MPI specific, but uses the “type safety” attributes inspired by this use case:

int MP1_Send(void *buf, int count, MPI_Datatype datatype)
__attribute__ (( pointer_with_type tag(mpi,1,3) ));

#define MPI_DATATYPE_NULL ((MPI1_Datatype) 0xa0000000)
#define MPI_FLOAT ((MPI1_Datatype) 0xa0000001)

static const MPI_Datatype mpich_mpi_datatype null __ attribute  (( type_tag_for_ datatype(mpi,void,must_be null) )) = 0xa0000000;
static const MPI_Datatype mpich_mpi_float __attribute__ (( type_tag_for_datatype(mpi,float) )) = 0xa0000001;

See Clang's test/Sema/warn-type-safety-mpi-hdf5.c, test/Sema/warn-type-safety.c and
test/Sema/warn-type-safety.cpp for more examples,

and: http://clang.llvm.org/docs/AttributeReference.html#type-safety-checking FPROJECT

’-;\\\ _) EXAsSCALE
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Optimization Reporting - Design Goals

To get information from the backend (LLVM) to the frontend (Clang, etc.)

AN

AN

AN

AN

To enable the backend to generate diagnostics and informational messages for display to users.
To enable these messages to carry additional “metadata” for use by knowledgeable frontends/tools
To enable the programmatic use of these messages by tools (auto-tuners, etc.)

To enable plugins to generate their own unique messages

sqlite3.c:60198:7: remark: sqlite3StrICmp inlined into sqlite3Pragma [-Rpass=inline]
1f( sqlite35triCmp(zleft, "case_sensitive_like")==0 ){

sqlite3.c:60200:40: remark: getBoolean inlined into sqlite3Pragma [-Rpass=inline]
sqlite3RegisterLikeFunctions(db, getBoolean(zRight));

sqlite3.c:60213:7: remark: sqlite3StrICmp inlined into sqlite3Pragma [-Rpass=inline]
if( sgqlite3StrICmp(zLeft, "integrity check")==0

sqlite3.c:60214:7: remark: sqlite3StrICmp inlined into sqglite3Pragma [-Rpass=inline]
|| sglite3StriCmp(zLeft, "quick check")==

sqlite3.c:44776:8: remark: sqlite3VdbeMemFinalize inlined into sqlite3VdbeExec [-Rpass=inline]
rc = sqlite3VdbeMemFinalize(pMem, pOp->p4.pFunc);

PROJECT
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Sanitizers

The sanitizers (some now also supported by GCC) — Instrumentation-based debugging

* Checks get compiled in (and optimized along with the rest of the code) — Execution speed an order of
magnitude or more faster than Valgrind

* You need to choose which checks to run at compile time:

Address sanitizer: -fsanitize=address — Checks for out-of-bounds memory access, use after free, etc.:
http://clang.llvm.org/docs/AddressSanitizer.html

Leak sanitizer: Checks for memory leaks; really part of the address sanitizer, but can be enabled in a
mode just to detect leaks with -fsanitize=leak: http://clang.llvm.org/docs/LeakSanitizer.htmi

Memory sanitizer: -fsanitize=memory — Checks for use of uninitialized memory:
http://clang.llvm.org/docs/MemorySanitizer.html

Thread sanitizer: -fsanitize=thread — Checks for race conditions:
http://clang.llvm.org/docs/ThreadSanitizer.html

Undefined-behavior sanitizer: -fsanitize=undefined — Checks for the execution of undefined behavior:
http://clang.llvm.org/docs/UndefinedBehaviorSanitizer.html

Efficiency sanitizer [Recent development]. -fsanitize=efficiency-cache-frag, -fsanitize=efficiency-working-
set (-fsanitize=efficiency-all to get both)

And there's more, check out http://clang.llvm.org/docs/ and Clang's
include/clang/Basic/Sanitizers.def for more information.

PROJECT
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http://clang.llvm.org/docs/AddressSanitizer.html
http://clang.llvm.org/docs/LeakSanitizer.html
http://clang.llvm.org/docs/MemorySanitizer.html
http://clang.llvm.org/docs/ThreadSanitizer.html
http://clang.llvm.org/docs/UndefinedBehaviorSanitizer.html
http://clang.llvm.org/docs/

Address Sanitizer

int main(int argc, char **argv) ({
int *array = new int[100];
delete [] array:
return arrayl[argec]l; } // BOOM
% clang++ -01 -fsanitize=address a.cc && ./a.out
=30226== ERROR: AddressSanitizer heap-use-after-free
READ of size 4 at 0x7faal07fce084 thread TO
#0 0x40433c in main a.cc:4
O0x7faal07fce084 is located 4 bytes inside of 400-byte region
freed by thread TO here:
#0 0x4058fd in operator delete[] (void*) asan rtl
#1 0x404303 in main a.cc:3
previously allocated by thread TO here:

#0 0x405579 in operator new[] (unsigned long) asan rtl
#1 0x4042f3 in main a.cc:2

http://www.llvm.org/devmtg/2012-11/Serebryany TSan-MSan.pdf

. (=
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Address Sanitizer

ASan shadow memory

Virtual address space

Oxffffffff
0x20000000

Ox1ff£f££fff
C 0x04000000
OxO03ffffff
0x00000000

Application
Shadow
mprotect-ed

http://mwww.llvm.org/devmtg/2012-11/Serebryany TSan-MSan.pdf
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Instrumentation

*a = ...

char *shadow
= addr >> 3;
1f (*shadow)

ReportError (a) ;

*a = ...

=P
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Thread Sanitizer

#include <thread>

intg_i=0;
std::mutex g_i_mutex; // protects g_i

void safe_increment()

{
Il std::lock guard<std::mutex> lock(g_i mutex);
++0_I;

}

int main()

{

std::thread t1(safe_increment);
std::thread t2(safe_increment);

t1.join();
t2.join();

=)

EXAsSCALE
COMPUTING
FPROJECT



Thread Sanitizer

$ clang++ -std=c++11 -stdlib=libc++ -fsanitize=thread -O1 -o /tmp/rl /tmp/rl.cpp

$ tmp/rl

WARNING: ThreadSanitizer: data race (pid=486)
Write of size 4 at 0x000001521ch8 by thread T2:
#0 safe increment() <null> (rl+0x00000049d2ac)

#1 void* std:: 1:: thread proxy<std:: 1::tuple<std::

ct> >, void (*)()> >(void*) <null> (rl+0x00000049d455)

Previous write of size 4 at 0x000001521ch8 by thread T1:

#0 safe increment() <null> (rl+0x00000049d2ac)

#1 void* std:: 1:: thread proxy<std:: 1::tuple<std::

ct> >, void (*)()> >(void*) <null> (rl+0x00000049d455)

__1::unique ptr<std:: 1:: thread struct, std:: 1::default delete<std::

__1::unique ptr<std:: 1:: thread struct, std:: 1::default delete<std::

#0 pthread create /home/hfinkel/public/src/1lvm/projects/compiler-rt/lib/tsan/rtl/tsan_interceptors.cc:902 (rl+0x000000420aa5)
#1 std: 1l::thread: :thread<void (&)(), , void>(void (&)()) <null> (rl+0x00000049d3bb)

#2 main <null> (rl1+0x00000049d2ea)

#0 pthread create /home/hfinkel/public/src/1llvm/projects/compiler-rt/lib/tsan/rtl/tsan interceptors.cc:902 (rl+0x000000420aa5)
#1 std: 1l::thread: :thread<void (&)(), , void>(void (&)()) <null> (rl+0x00000049d3bb)

#2 main <null> (rl+0x00000049d2dd)

SUMMARY: ThreadSanitizer: data race (/tmp/rl+0x49d2ac) in safe increment()

ThreadSanitizer: reported 1 warnings

16

1::  thread stru

_1:: thread stri
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LLVM XRay

Lightweight instrumentation library, add places to patch in instrumentation (generally to functions larger than
some threshold):

local block sled @:

jmp . + Ox089

(9 bytes worth of nops)

. # function prologue starts, followed by the body.
... # function epilogue starts, just before ret...
local block _sled 1:

retq

(16 bytes worth of nops)

Can be extended to do many things, but comes with an “Flight Data-Recorder” Mode:

I -+

// Patch the ﬁTﬂwﬁ. if we haven't yet.
auto patch status =  xray patch();
‘be handle the patch status errors.
) , S https://llvm.org/docs/XRay.html
vhen we want to flush the log, we need to finalize it first, to give

/ threads a chance rl_ return hy """'-_'n_-':'I to the queue. B
autu flnallze status = xray lug finalize();
1f {flnallze status != KRAY _LOG_FINALIZED) {

De '-".'-"x'_. or bail out.
}
'/ At r“'ﬁ point, we are sure that the log is finalized, so we may t

F Flus .,-_,"..,.
LOg.

autu flush status =  xray log flushLog();
1f {flush status I= KRAY LﬂG FLUSHED] {

e retry
i ¥

\
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LLVM MCA

Using LLVM’s instruction-scheduling infrastructure to analyze programs...

Below is an example of -bottleneck-analysis output generated by llvm-mca for 500 iterations of the dot-product example on btver2.

Cycles with backend pressure increase [ 48.87% ]
Throughput Bottlenecks:

Resource Pressure [ 47.77% ]

- JFPA [ 47.77% |

- JFPUG [ 47.77% |

Data Dependencies: [ ©.36% ]

- Register Dependencies [ 0.30% ]

- Memory Dependencies [ B.00% ]

Critical sequence based on the simulation:

Instruction Dependency Information
+----x 2, vhaddps %xmm3, %xmm3, Sxmmd
< loop carried =
B. vmulps %xmm@, %xmml, %xmm2
+----> 1, vhaddps %xmm2, %xmm2, %xmm3 ## RESOURCE interference: JFPA [ probability: 74% ]
+----> 2., vhaddps %xmm3, %xmm3, %xmmd ## REGISTER dependency: %xmm3
< loop carried =

+----> 1, vhaddps %xmm2, %xmm2, %xmm3 ## RESOURCE interference: JFPA [ probability: 74% ]

https://llvm.org/docs/CommandGuide/llvm-mca.html
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Profile-Guided Optimization

Instrumentation vs. Sampling PGO; for instrumentation:

CompoundStmt

/

11Stmt

Then / \_Else

Stmt Stmt

https://livm.org/devmtg/2013-11/slides/Carruth-PGO.pdf

N
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PGO

Instrumentation vs. Sampling PGO; for sampling:

Base

Optimized
Source Code Binary

Feak -02 -fprofile-sample-use -gline-tables-onl Profile
Optimized

Binary

https://llvm.org/devmtg/2013-11/slides/Carruth-PGO.pdf

Execute under
profiler
(low overhead)
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PGO

Early Results

LLVM (-02) GCC 4.8-googie (-02) [ LLVM (-02,PGO) GCC 4.8-google (-02,PGO)

445.gobmk 458 sjeng 464 h264ref 473.astar Geo Mean
401 bzip2 429.mct 456.hmmer 462.libquantum 471.omnetpp 483 xalancbmk

NOT 0-BASED! Benchmark

EeXAsSCALE
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PGO

define void @f(il %a) {
entry:

br il %a, label %t, label %f, !prof !0

B;IIabel %sexit

B}IIabel %sexit

exit:
ret void

}
10 = metadata !{metadata !"branch_weights", 132 64, 132 4}

https://llvm.org/devmtg/2013-11/slides/Carruth-PGO.pdf \
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Link-Time Optimization

¢+ main.cpp » No Selection

int test1l(int a);

int main() {
return testl(42);
}

clang -cc1

main.o

ELF / MachQ / COFF
1010110101010101110101101011
0101010101110101101011010101
0101110101101011010101010111
0101101011010101010111010110
1011010101010111101101011011
1011010101010111101101011011

http://livm.org/devmtg/2016-11/Slides/Amini-Johnson-ThinLTO.pdf

o testl.cpp » No Selection

int test2(int);
int testi(int a) {
/f{ Do stuff
o
return test2(a+l);
}
int testl_foo(int bar) {
return bar-1;
}

clang -cc1

test1.0

ELF / MachO / COFF
1010110101010101110101101011
0101010101110101101011010101
01011101011010110101010101 11
0101101011010101010111010110
1011010101010111101101011011
1011010101010111101101011011

o test2.cpp ) No Selection

int testl_foo(int);

int test2(int b) {

/f Do stuff

return testl_fool(b + 1);
}

clang -cc1

test?.0

ELF / MachO / COFF
1010110101010101110101101011
0101010101110101101011010101
0101110101101011010101010111
0101101011010101010111010110
1011010101010111101101011011
1011010101010111101101011011

ASCALE
COMPUTING
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LTO

¢) main.cpp ) No Selection og < o testl.cpp ) No Selection o8 g o test2.cpp ) No Selection

int test2(int); int testl_fool(int);
int tastl(int a); int testi(int a) {
// Do stuff int test2(int b) {
int main() { Ioee /f Do stuff
return testl(42); return test2(a+l); return testl foolb + 1);
} } }
int testl_foo(int bar) {
return bar-1;
}

clang -cc1-flto clang -cc1-flto

main.o est1. test?.o

| source_filename = "main.cpp' 1 source_filename = " source_filename = "testZ.cpp’

define 132

iy define 132 @main() #8 { 3w define 132

By define i32 @_79tes [ {

9

declare 132

http://livm.org/devmtg/2016-11/Slides/Amini-Johnson-ThinLTO.pdf \( /
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LTO

Highly parallel
frontend processing

LLVM + initial optimizations
10) .0 .0 -0 -0 .0 .0 -0 .
Bitcode

Frontend
Linker

LLVM as a linker-plugin (libLTO.dylib or LLVMgold.so) Llnk a” bitCOde in
one single Module

be Monolithic LTO Implementation

usual optimizations

g g a ; CodeGen g g 2* g Potentially threaded

CodeGen
Traditional Linking
EXASCALE
COMPUTING
25 http://livm.org/devmtg/2016-11/Slides/Amini-Johnson-ThinLTO.pdf \ / PROJECT



Phase 1:
Compile

Thin Link

Phase 3:
Backends

.bec

Fully-parallel frontend processing
+ initial optimizations

T Extra per-function summary information
— 7T are generated “on the side”

Link only the summary info
in a giant index: thin-link.
No need to parse the IR
Fully-parallel cross-module function
Importing based on summary.

Imported functions are dropped after inlining.

Fully-parallel (very boring) usual

optimizations and CodeGen

Traditional Linking

EeXAsSCALE
COMPUTING
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LTO

Improvement over -O2 (all with PGO)

Bl Monolithic LTO + PGO M ThinLTO + PGO

http://livm.org/devmtg/2016-11/Slides/Amini-Johnson-ThinLTO.pdf \
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A role in exascale? Current/Future HPC vendors are already involved (plus many others).

-
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Pre-Exascale Systems [Aggregate Linpack (Rmax) = 323 PF!]
First U.S. Exascale Systems

2012 2016 2018 2020 2021-2023

FRONTIER

ORNL
ORNL ORNL Cray/AMD/AMD

Cray/AMD/NVIDIA IBM/NVIDIA

ANL

Intel/Cray
IBM BG/Q
L1 L1
LBNL
Cray/AMD/NVIDIA
T CROSS( ‘ROADS

IBM BG/Q LANL/SNL lBM"/,';I:fll'm i LANL/SNL
Cray/Intel Xeon/KNL TBD LLNL
TBD

(https://science.osti.gov/-/media/ascr/ascac/pdf/meetings/201909/20190923 ASCAC-Helland-Barbara-Helland.pdf)
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ECP ST Projects Developing LLVM-Based Technology

SOLLVE: OpenMP (WBS 2.3.1.13)

0 Enhancing the implementation of OpenMP in LLVM:
* Developing support for unified memory (e.g., from NVIDIA),

kernel decomposition and pipelining, automated use of Iocal/

memory, and other enhancements for accelerators.

* Developing optimizations of OpenMP constructs to reduce
overheads (e.g., from thread startup and barriers).

* Building on LLVM parallel-IR work in collaboration with Intel.

0 Using LLVM, Clang, and Flang to prototype new OpenMP features for
standardization.

0 Developing an OpenMP test suite, and as a result, testing and
improving the quality of OpenMP in LLVM, Clang, and Flang.

Y-Tune: Autotuning (WBS 2.3.2.07)

0 Enhancing LLVM to better interface with autotuning tools.

0 Enhancing LLVM's polyhedral loop optimizations and the ability to drive
them using autotuning.

/

0 Using Clang, and potentially Flang, for parsing and semantic analysis. \

Kitsune: LANL ATDM Dev. Tools (WBS 2.3.2.02)

O Using parallel IR to replace template expansion in FleCSI, Kokkos, RAJA, etc.

O Enhanced parallel-IR optimizations and targeting of various
runtimes/architectures.

PROTEAS: Parallel IR & More (WBS 2.3.2.09)

0 Developing extensions to LLVM's intermediate representation (IR) to
represent parallelism.

* Strong collaboration with Intel and several academic groups.
* Parallel IR can target OpenMP's runtime library among others.

 Parallel IR can be targeted by OpenMP, OpenACC, and other
programming models in Clang, Flang, and other frontends.

* Building optimizations on parallel IR to reduce overheads (e.g.,
merging parallel regions and removing redundant barriers).

0 Developing support for OpenACC in Clang, prototyping non-volatile

30 memory features, and integration with Tau performance tools.

O Flang evaluation, testing, and Legion integration, plus other programming-model
enhancements.

O ByFl: Instrumentation-based performance counters using LLVM. \

Flang: LLVM Fortran Frontend (WBS 2.3.5.06)

O Working with NVIDIA (PGI), ARM, and others to develop an open-
source, production-quality LLVM Fortran frontend.

* Can target parallel IR to support OpenMP (including OpenMP

/

B
—p

offloading) and OpenACC.

Note: The proxy-apps project (WBS 2.2.6.01) is also enhancing LLVM's test suite.
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Composition of Transformations

Order is Important

Loop-Optimization Pragmas and Infrastructure (POC: Michael Kruse, ANL)

#pragma omp unroll factor(2)
#pragma omp reverse
for (int 1 = 0; 1 < 128; i+=1)

Stmt (1) ;

#pragma omp unroll factor(2)
for (int 1 = 127; 1 >= 0; i-=1)

Stmt (i) ;

for (int 1 = 127; 1 >= 0; i-=1) {
Stmt (i) ;
Stmt (i-1);

+

#pragma omp Teverse
#pragma omp unroll factor(2)
for (int i = 0; i < 128; i+=1)

Stmt (i) ;
#pragma omp reverse

for (int i = 0; i < 128; i+=2) {
Stmt (1) ;
Stmt (i+1);

}

e

for (int i = 126; 1 >= 0; i-=2) {
Stmt (i) ;
Stmt (i+1);

+

=P
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Loop-Optimization Pragmas and Infrastructure (POC: Michael Kruse, ANL)

Matrix-Matrix Multiplication

void matmul (int M, int N, int K,
double C[const restrict static M] [N],
double A[const restrict static M] [K],
double B[const restrict static K][N]) {
#pragma clang loop(j2) pack array(4)
#pragma clang loop(i1) pack array(B)
#pragma clang loop(tl, j1,k1,42,72) interchange |\
permutation(j1,ki, 1,452, 12)
#pragma clang loop(i,7,k) tile sizes(96,2048,256) \
pit_ids(il,51,k1) tile_ids(i2, j2,k2)
#pragma clang loop td(7)
for (int i = 0; i < M; i += 1)
#pragma clang loop <d(7)
for (int j = 0; j < N; j += 1)
#pragma clang loop td(k)
for (int ¥k = 0; k < K; k += 1)
C[il[j] += A[i][x] = B[k][j];

B \N
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Loop-Optimization Pragmas and Infrastructure (POC: Michael Kruse, ANL)

Matrix-Matrix Multiplication

After Transformation

double Packed_B[256]) [2048];
double Packed_A[96] [256];
if (runtime check) {
if (M »>= 1)
for (int c0 = 0; c0 <= floord(N - 1, 2048); cO += 1) /7 Loop 41
for (int ¢l = 0; ¢l <= floord(K - 1, 256); cl += 1) { // Loop kI

A4 Copy—in: B -> Packed_ B
for (int c4 = 0; cd <= min(2047, N - 2048 # c0 - 1); cd4 += 1)
for (int c5 = 0; c5 <= min(285, K - 256 # cl - 1);: c& += 1)
Packed Bl[cd4]l [c5] = B[256 = cl + cB5]1[2048 # c0 + c4];

for (int ¢2 = 0; c2 <= floord(M - 1, 96); 2 += 1) { // Loop il

A4 Copy-in: A -> Packed_d
for (int c6 = 0; cB <= min(9&, M - 96 #* c2 - 1); cB += 1)
for (int 7 = 0; c7 <= min(285, K - 256 # cl - 1}; <7 += 1)
Packed_A[cB] [c7] = A[96 * c2 4+ cB][266 = cl 4 c7];

for (int ¢3 = 0; ¢3 <= min(2047, N - 2048 # c0 - 1); 3 += 1)  // Loop 72

for (int c4 = 0; c4 <= min(96, M - 96 = c2 - 1); cd += 1) S/ Loep 42

for (int ¢5 = 0; ¢b <= min(255, K - 256 * ¢l - 1); cb += 1) // Loop k2
C[96 #= c2 + c4][2048 *= c0 + 3] += Packed_A[c4] [c5] * Packed B[c3] [c5];

}
} else {
J* original code #/

}
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Loop-Optimization Pragmas and Infrastructure (POC: Michael Kruse, ANL)

Matrix-Matrix Multiplication

Execution Speed

theoretical peak — 0.53s

Intel MKL 2018.3 - 10.59s (89%)
OpenBLAS - | 0.64s (83%)
ATLAS - 10.9s (60%)
Polly MatMul - 1.25s (42%)
OpenBLAS* | | 1.27s (42%)
#pragma clang loop NG 2 2s (24%)
ATLAS* | | 2.2s (24%)
manual replication | 3.9s (14%)
Netlib CBLAS* {] 33.5s (1.6%)
-O3 -march=native F 74.9s (0.7%)

0 10 20 30 40 50 60 70 80 90 100
Double precsion FP operations per time unit

* Pre-compiled from Ubuntu repository

—
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What To Do With OpenACC Code?

Clacc: OpenACC Support for Clang and LLVM

Who
e Joel E. Denny (ORNL)
e Seyong Lee (ORNL)
e Jeffrey S. Vetter (ORNL)

Where
e Clacc: Translating OpenACC to OpenMP in Clang, Joel E. Denny, Seyong Lee, and
Jeffrey S. Vetter, 2018 IEEE/ACM 5th Workshop on the LLVM Compiler Infrastructure in
HPC (LLVM-HPC), Dallas, TX, USA, (2018).
e htips://ft.ornl.gov/research/clacc
e Clacc Poster (Wed at ECP AHM)

What
e Develop production-quality, standard-conforming traditional OpenACC compiler and
runtime support by extending Clang and LLVM

e Enable research and development of source-level OpenACC tools
o  Design compiler to leverage Clang/LLVM ecosystem extensibility
o E.g., Pretty printers, analyzers, lint tools, and debugger and editor extensions

e As matures, contribute OpenACC support to upstream Clang and LLVM

e Throughout development
o Actively contribute upstream all mutually beneficial Clang and LLVM improvements
o  Actively contribute to the OpenACC specification

35

OpenACC source

l

parser

}

‘ OpenACC AST

/. \achump

OpenMP AST ‘

/

codegen codegen

LLVM IR

LLVM

}

executable

OpenACC runtime

OpenMP runtime ‘

\
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Optimization of Parallel Programs (OpenMP and Similar) (POC: Johannes Doerfert, ANL)

Optimizing Parallel Programs with LLVM

v
©
=
o
L
7]
0
=
v
£
5

Jsrad_v2 2048 2048 0127 01271 0.520 ./pathfinder 40000 40000

1242.085 1178.4027 1100.8303 1109.2209 1218.0285 1134.7849 1036.8596 1025.9927
1.077 2.626

million cycles
= — —
= [} (V)
o 9 o
S o O

, 55| Penalty caused by
! (seq. execution of) an

2.00{ OpenMP parallel loop.

1.7’5J . . .

‘ Performance is recovered by RCUE-RESTor-|ETul oo o Il New “parallel” optimizations
barrier elimination
parallel region expansion
parallelism aware code motion

1.501 native compiler optimizations constant propagation
argument promotion

1.257 attribute deduction

1.004 v , i ,
base.s base.p attr_argp.p

See our IWOMP'18 & LCPC’18 papers, as well as the LLVMDev’'18 talk/video!
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Opportunities for the Future

Race-Detection Tools and other Sanitizers in HPC

* Scalable Data Collection

* Integration with MPI or other inter-node communication frameworks

* Support on GPUs and other accelerators

More static analysis, both frontend and optimizer, for HPC

e Support for MPI

* Support for Fortran

* Support for GPUs and other accelerators

* Support for advanced loop optimizations and other user-directed optimizations
FDR-like capabilities for large-scale HPC applications

* Debugging crashes at scale is hard.

Integrated dynamic and static performance analysis (e.g., using MCA-like capabilities)
* Better understanding of performance counters

* Understanding of working sets and cache populations

» Support for GPUs and other accelerators

Better support for LTO and PGO in HPC environments

» Scalabale data collection (for PGO)

* Build-system integration, LTO-enabled libraries, etc.

« Support for GPUs and other accelerators

=P
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