Tapir

Embedding Fork-Join Parallelism into LLVM's Intermediate Representation



What is Tapir?

A set of modifications to the Clang/LLVM compiler to better support parallel

fork-join C code
- Modifications to compiler front-end
- Additions and modifications to LLVM intermediate representation (IR)
- Additional LLVM optimizations specialized for parallel code
6010 additional/modified lines of code to the ~4 million+ LOC LLVM codebase



Front-End (Clang)

#include <stdio.h> 0000030 8008 1600 3560 8b0 1060 1c06 1680

e BRI 000 0400 0060 4000 000 GO0G 0000
#include <stdlib.h> ao00050; 4000 4000 G000 000G 4000 4000 G000 000

s oA Go000050; 5502 000 0000 0000 6392 0090 G000 6000
cilk/cilk.h>
#include <cilk/cilk.h> ac000070: 0300 0200 @000 0000 0300 0020 0420 00GD
; ib(i 90000080; 2502 000D G000 G000 2502 4000 G000 000
int fib(int n){ Gooo00%. 302 4500 6000 0000 1600 0000 0008 2000
(n<2) 90000040 1c00 @00 G000 000G 0100 00D G0 008
o aco 4200 aoo

000
o660

0s: avon00b0: 01

- . aoo0a0co: 0000
AnEx - avonoodo: dsas
x = cilk_spawn fib(n-1); e e
fib(n-2); 60060100 0010

s (0:2); acoa110: bso7
cilk_sync; 60000120:

o100
0020 4900 oo
x +y; 6000100 a0e1

} e
contoire. 405

int main(int argc, char** argv){ 0000120:
int num = atoi(argv[1]); o0001c0: 0800
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LLVM Intermediate Representation (IR)

. 5 ModuleID = "add.c’
. Unnamed RegISter: %<number> by “ :a('j'::::le‘p279:32:32-p271:32:32-p272:64:64»i64:64-f89:128-n8:16:32:6445128"
. le = "x86_64-unknown-linux-gnu"
- Named ReQISter: %<name> ; Function Attrs: norecurse nounwind readnone uwtable
Types d f 1 —..i32 @add(i32 %x, i32 %y) loca ame #0 {
%add = ad 132 Xy, %x
. t 132 %¥add
- Functions )
- Labels

- Converting from higher level languages to LLVM IR is simplified by the IR’s
ability to represent high level concepts



w]J\]Jﬂr <cilk/cilk.h>

int fib(int n){

Tapir LLVM IR additions -

= cilk_spawn fib(n-1);
y = fib(n-2);
cilk_sync;

lf end:
x + y; %2 = call token @lIvm.taskframe.create()
’ oad i3 6n.addr, align 4
} %sul 1b nsw i32 %3, 1
detach within %syncreg, label %det.achd, label %det.cont
- detach label b, label c int main(int arge, chart® angu){
int num = atoi(argv[1]); - det.achd:
. y call void @llvm.taskframe.use(token %2)
- Terminates a block o : S6call = call 132 @b(32 Fsub)

printf("%d\n", fib(num)); store 132 eall 4

reattach within %syncreg, label %det.cont

Detaches b and allows it to run in parallel
Continues execution on current processor at label ¢
Every detach has a corresponding reattach

- reattach label c T
- Terminates a spawned block
- ldentifies the code under label ¢ as being capable of being
executed in parallel with label b CFG o fncien
- Destroys the spawned context
- Sync
- Blocks execution until all parallel tasks in the same context as
this task reattaches

det.cont:

Detach: “Fork”
Reattach: “Join”
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How these additions are employed

. lasldrame.craate()
nadds, align 4
1

- Asymmetry (cilk_spawn
- Tapir IR can be converted back into serial code by
replacing detach with a branch to the child function and
replacing the reattach with a branch to the continuation
function
- Parallel loops (cilk for
- Tapir turns cilk_for loops into parallel loops that still
resemble serial for loops

- Tapir IR can be interpreted as serial code

CFG for ‘b’ function Tunction

iv = phi i64 [ 0, %pfor.cond.preheader J, [ %indvars.ivn
2l

noxt — add muw now 164 %
, label %pfor:] J.od, ontry, 131;»1'”,,:(,1 ine

’ plorbody -

b label S4forbody rreyids ~ getelementptr inbounds (32, 1324 s, 164 Sindvarsiv
“(:add ad %0, 1
E badd3, 32+ Sarrayid, align 4, tthaa 12
Yeotsach it eg, label %pf

phi i64 [ 0, %for.body.preheader ], [ %indvars.ivnex

"’nax‘ravl( x ~ getelemontptr inbounds 132, {32+ %, 164 Shindvars.iv
%0 =

Toad 132, 132+ Soartayids, align 4, itbaa 12 Shexitcond = icmp oq 164 Sindvars funext, Ywide.trip.count
Shadd = 2 %0, 1 D1 Soonticond, Taoa soptonsond claamap, label Siptoccond: v loop 16

n d nuw
lcmp eq 164 Jeindvars.ivnext, dwids,trip.count
tcond, label %forcond.cleanup, label %forbody

CFG for ‘inc' function



How Tapir works with existing LLVM code

- Alias analysis

- Prevents optimizations that would cause reordering of instructions that access the same
memory

- Tapir extends alias analysis to include detach and sync instructions

- Tapir won't allow instruction reordering if a load or store instruction is being moved into a
region that can be executed in parallel and the other parallel segment contains a load or store
instruction that accesses the same memory location.

- Tapir checks the latter by serializing the fork into two pseudo function calls which can
then be analyzed by LLVM’s alias analysis



How Tapir works with existing LLVM code

- Dominator analysis

Used to understand if a register value is available at a certain
point in the control flow graph

This can be a problem for parallel code if the compiler assumes
one segment will always execute before another

The detach/reattach nature of Tapir means a fork in Tapir code
resembles a traditional if construct

LLVM’s Dominator analysis correctly determines behaviour with
no modification!




How Tapir works with existing LLVM code

- Data-Flow analysis
- Knowing what values are present at any given point in a program
- In a serial program it is the union of all predecessor states

- In a parallel program, the continuation block doesn’t have access -
to the spawned child block’s variables
- Tapir solves this by simply excluding the spawned child’s states o || T S

from the union




How Tapir works with existing LLVM code

Common-subexpression elimination

LLVM built-in optimization
Redundant calculations are moved removed and

replaced with the originally calculated value
Just works with Tapir code

void search(int low, int high) {

if (low == high) search_base(low);

else {
cilk_spawn search(low, (lowthigh)/2);
search((lowthigh)/2 + 1, high);
cilk_sync;

}

41 void search(int w, int high) {

42 if (low == high) search_base(low);
43 else {

44 int mid = (low+high)/2;

45 cilk_spawn search(low, mid);

6 search(mid + 1, high);

47 cilk_sync;

48




How Tapir works with existing LLVM code

- Loop-invariant code motion

_attribute__((const)) double norm(const double %A
- Tapir simply analyzes the serial elision P SO e LOWRE S el U »
const e *restrict in, int
- Remove the continue path cilk_for (int i = @; i < n; ++i)
. out[i] = in[i] / norm(in, n);
- Then, look for blocks in the loop body that [

dominate the exit block of the loop

- 25 L0OC change to LLVM Corresponding CFG

entry: fhr (@ < n), head, exit

T
(ie = ¢([0,entry],[i1,inc]))
head: 3
inc

in[i0] / norm@

\reattach inc

reattach ™\
[i1 = i@ + 1
{br (i1 < n), head, exit|
-

exit: | )
return

inc:




How Tapir works with existing LLVM code

*All the begin’s are supposed to be start’s

- Tail-recursion elimination void pasort(ints start, intx end) {
< if (begin == end) return;
- Replace recursive calls at the end of a function il i A v
with a branch to the start of the function LS pasort (Degt, )
54 pgsort(mid+1, end);

cilk_sync;
return;

- Works like normal but remove all original sync’s
and place a new sync before each return of the

resulting code void pasort(ints
- sync is only important in ensuring all if (begin == end) {
spawned children are finished il
- Only 68 lines e e mdi= parbibiontetie; e

swap(end, mid);

cilk_spawn pgsort(begin, mid);
start = mid+1;
goto pqsort_start;




How Tapir works with existing LLVM code

- Parallel-loop scheduling
- For parallel loops with enough iterations, a
divide and conquer strategy of spawning tasks
is more efficient than the previously shown
methods

- Unnecessary-synchronization elimination

- Removes sync instructions that have nothing to
wait on

- Puny-task elimination
- Serializes child tasks if they do not contain
enough work
- Task spawn overhead likely more
expensive than operation
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Useful Commands

- clang -S --emit-llvm <file.c>
- Produces .l LLVM IR from Cilk code
- Playing around with -O0, -O1, ... ,-O3 can give
various levels of readability to resulting LLVM IR
- opt --dot-cfg <ir.lI>
- Produces a .dot file for visualizing the CFG with
graphviz
- dot -Tpng <dot.dot>

- Produces a png of the given .dot file

-03

inc.c

#include<cilk/cilk.Fk
void inc(int *a, int n){
cilk_for(int i = @;
afi] *= 1;

i<n; i++){

3

Using -O3 on inc.c resulted in LLVM producing
SIMD SSE2/MMX/AVX2 code



