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Mastering the PULP GCC toolchain

The PULP GQGablchain

A Available on GitHub:
https://qithub.com/gletform/puhscvgnutoolchain

A Thetoolchaimcludesthesecomponents
o GCC7.1.1

Binutils2.28

Newlib2.5.0

Glib2.26

DejaGNUW.5.3

© O O O

A Integration with the PULP Shkebagof arenvironmentriable
o0 Setthe PULP_RISCV_GCC_TOOLgabo thanstalfolder (i.e., tiparenof the bin folder)
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Mastering the PULP GCC toolchain

Downloading and building tioelchain

A Instructions are availablettds://github.com/galktform/puliscvgnutoolchain
A Steps to build the toolchain:

1. Install required packages for Ubuntu or Centos

2. Clone the repository and all submodules:
git clone-+ecursiventtps://github.com/puplatform/pulgiscw-gnutoolchain

3. Configure
Jconfigureprefix=<INSTALL DIRwith-arch=rv32imc-with-cmodetmedlow--enablemultilib

4. Addthe bin directory to pla¢hvariable:
export PATH=<INSTALL_DIR>/bin:$PATH

5. Buildhetoolchain
make
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Mastering the PULP GCC toolchain

Libraries

A GCC lovevel runtime librdiygco
o Handle arithmetic operations that the target processor cannot perform direcihpife. @ Mildetion)

o Location:
<INSTALL_DIR>dddriscv32inknowself/7.1.1¥32imfcxpulph2

A Newlilis a C standard library implementation intended for use on embedded systems
0 Includes several componébtsliiom, € )

o Location:
<INSTALL_DIR>/risenuBRnowself/lio/32imfexpul g

A The building two described in the previous slide generates several variants of these libra
corresponding to diffeseciitecturend
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Mastering the PULP GCC toolchain

RISGV compiler options

A -march=1SAtring
Generate code fverRISCV ISA

A -mabFABIstring
Specifyntegeandfloatingpointcallingonvention

A -mtune=processostring
Optimize the output for the given microarchitecture name

’

A -mcmodetmedlow
Generate code for the methuncode model (default). The program and its statically definec
must lie within a single 2 GiB address range and must lie between absolRt6igdanels«2:.
Programs can be statically or dynamically linked

’

A -mcmodetmedany
Generate code for the medmyntode model. The program and its statically defined symbolg
within any single 2 GiB address range.
Programs can be statically or dynamically linked
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Mastering the PULP GCC toolchain

PULP compiler options (1/2)

A -mPEnum
Set theaumbeof Pes in the PULP cluster

A -mFG0/1
0: without FC, 1: with FC

A -mL2=size
Set L2 size

A -mL1Clsize
Set cluster L1 size

A -mnopostmod
Disablgost modification support for paitkenetic

A -mnoindregreg
Disabldoadstorawithregisteoffset for pointathmetic

A -mnovect
Disabl¢he support packeeSIMD instructions
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Mastering the PULP GCC toolchain

PULP compiler options (2/2)

A -mnohwloop
Disabléhe hardware loop support

A -mhwloopmisnum
Minimumumbwefinstructiona hardware loops (defaglt

A -mhwloopalign
Forcanemorglignmerdf hardware loops

A Other options to disable specific instructions:
-mnomacmnopartmaannominmaxmnoabsmnobitapmnosextmnoclipmnoaddsubnormroun
-mnomulmacnormrgunthoshufflepack
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Mastering the PULP GCC toolchain

Case study: Matmrultiplicatiorv1.0

void matmul (int * restrict A, int * restrict B, int * restrict  C){

for( int 1=0;i<M;i++){
for( int j=0;j<N; )4

C[i* N+j]=0;
for( int k=0;k<K;k++){
C[i* N+j]+=A[i* K+k] * B[k*  N+j];
Ik
Y]
M

Elementarpperation A multiplyandaccumulate (MAC)
Spacecomplexity A weidl gl
Timecomplexity B,
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Mastering the PULP GCC toolchain

Derivinganidealmodel

A Howmanymachineperationarerequiredo complete afementary
operatigh

A Toanswethisquestionweneedodefineamachine model

A Ourreferencenachine: RI5CY core

A Differentdeamodels:

A 1 elementamyperatios= 2w+ 1 MAC +sWA M*N*K *4
A 1 elementamgperatios= 2w+ 1 MAC @/KswA M*N*K *3 + N*M

ATo derive the best modekneeda goodunderstandingtassembly
level
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Mastering the PULP GCC toolchain

Assembly v1.0narch=rv32imcXpulpv2)

A Kernel parameters of v1.0 are NOT function parameters

#define M50

#define N 50

#define K 30
é - - -
1c0086ea:  0168407b Ip.setup x0,a6,1c008716 hardware loops (id, iterations , end) to
1c0086ee: 41ce87b3 _sub ab,t4,t3 remove branch overhead
1c0086f2: 171 addi ab,ab5, -4
1c0086f4: 8389 srli ab,ab,0x2
1c0086f6:  0008a22b imi

Imiz
1c0086fa: 861la mv  az2tl ) to Opt €
1c0086fc:  86f2 mv  a3.3 memory access with regular patterns
1c0086fe: 4701 i a4,0
1c008700: 0785 addi ab,a5,1
1c008702: 0067c0fb Ip.setup x1,a5,1c00870e
1c008706:  0046a50b
1c00870a:  0c86258b
1c00870e: 42b50733 p.mac a4,a0,al
1c008712: fee8ae23 sw a4, - 4(a7)
0311 addi t1,t1,4

1c008716 :

e
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Mastering the PULP GCC toolchain

Performance Counters

A Performance countessset of specjalirpose registers built into a co

to count hardwaedated events whilgh precisi@andlow overhead
0 Executiorcycles

o Instructions

0 Activecycles

o Externdbads

o TCDMontentions

0 Loadstalls

o I-cache misses

0 FPUcontentiodependenciggitebackstalls
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Mastering the PULP GCC toolchain

Using the performance counters

INIT_STATS();  1.Declareariables
for( int i=0; i<M*K; i++) A[i] = 1;
for( int i=0; i<K*N; i++) B[i] = 1;

BEGIN_STATS_LOOP(); 2.Repeameasurem a loop

2b.Addcode to rnitdataateachmeasuringeratioiif needet)

START_STATS(); 3. Starineasuring
matmul (A, B, C, M, N, K);
STOP_STATS(); 4. Pauseneasurin(accumulafatovariablés

END_STATS_LOOP(); 5. End aheasurinipop
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Mastering the PULP GCC toolchain

RealvaluesvVSidealmodel

A Algorithreetup: M=50, N=50, K=10..50
A TargeplatformPULFOpen on FPGA target

600000
500000
400000
300000

200000 anomalies
100000

Execution Cycles

0
10 20 30 40 50

K dimension

-—Real value -—|deal model
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Mastering the PULP GCC toolchain

Anomaly#l

A Comparind=10 to K=20
A Thenumbeofinstructiorsxecutedherk=10s lessthanhalf Thisis good butwhy?
A Andwhatbouthe {cache misses?

V1.0, M=50, N=50, K=10 V1.0, M=50, N=50, K=20
[0] cycles = 80778 [0] cycles = 227970

[0] instr = 53326 [0] instr = 177869

[0] active cycles = 80778 [0] active cycles = 227970
[0] ext load =0 [0] ext load = 0O

[0] TCDM cont =0 [O] TCDM cont=0

[0] Id stall = 25000 [0] Id stall = 50000

[0] imiss = 2449 [0] imiss =0
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Mastering the PULP GCC toolchain

Assembly (v1.0 M=50 N=50 K=10)

é

1c0080f6 :

1c0080fa:
1c0080fe:

1c008102:
1c008106:
1c00810a:
1c00810e:
1c008112:
1c008116:
1c00811a:
1c00811le:
1c008122:
1c008126:
1c00812a:
1c00812e:
1c008132:
1c008136:
1c00813a:
1c00813e:
1c008142:
1c008146:
1c00814a :

e

02a6¢0fb
0047278b
02f287b3
0c472983
433f87b3
18c72983
433f07b3
25472983
433e87b3
31c72983
433e07b3
3e472983
433307b3
4ac72983
433887b3
57472983
433807b3
63c72983
433507b3
70472983
433587b3
00f6222b

Ip.setup

p.Iw
mul
[w

p.mac a5,t6,s3

[w

p.mac a5,t5,s3

p.mac

p.mac

p.mac

p.mac

p.mac

p.mac

p.mac

x1,a3, 1c00814a
ab,4(a4!)
ab5,t0,ab
s3,196(a4)

The loop start is not aligned A
We have a cache penalty in the
RISCY core

s3,396(a4)
s3,596(a4)
s3,796(a4)
s3,996(a4)
s3,1196(a4)

$3,1396(a4) The inner loop is totally unrolled A

There is no loop overhead, we save
50*50*9=22500 instructions !

s3,1596(a4)
s3,1796(a4)

a5,4(a2!)
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Mastering the PULP GCC toolchain

Removinginomaly#1

Alnthis case wecanremovehe 1$ missessingthe
-mhwloopaligiilag

V1.0, M=50, N=50, K=10 V1.0, M=50, N=50, K=10 -mhwloopalign
[0] cycles = 80778 [0] cycles = 78330

[0] instr = 53326 [0] instr = 53327

[0] active cycles = 80778 [0] active cycles = 78330

[0] ext load =0 [0] ext load =0

[0] TCDM cont =0 [0] TCDM cont=0

[0] Id stall = 25000 [0] Id stall = 25000

[0] imiss = 2449 [0] imiss =0
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Mastering the PULP GCC toolchain

Anomaly#2

AComparindg<=40 to K=50
AThenumbeofcyclesexecutesherkK=50s highethanexpected
Al-cache misses areryhigh

V1.0, M=50, N=50, K=40 V1.0, M=50, N=50, K=50
[0] cycles = 427970 [0] cycles = 554784

[0] instr = 327869 [0] instr = 403024

[0] active cycles = 427970 [0] active cycles = 554784
[0] extload =0 [0] ext load = 0

[0] TCDM cont=0 [0] TCDM cont =0

[0] ld stall = 100000 [0] Id stall = 125000

[0] imiss =0 [0] imiss = 127114
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Mastering the PULP GCC toolchain

Removinginomaly#2

A Again wecanremovethe 1$ missessingthe
-mhwloopaligiilag

V1.0, M=50, N=50, K=50 V1.0, M=50, N=50, K=50 -mhwloopalign
[0] cycles = 554784 [0] cycles = 543175

[0] instr = 403024 [0] instr = 403074

[0] active cycles = 554784 [0] active cycles = 543175

[0] ext load =0 [0] ext load =0

[0] TCDM cont=0 [O] TCDM cont=0

[0] Id stall = 125000 [0] Id stall = 125000

[0] imiss = 127114
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Mastering the PULP GCC toolchain

Removingtalls

ALoadstallsare the major source of overheadviersiai.O of
the kerne

Ve

AThesestallsare due to thatencypfmemonraccesses, a
RISCY comrequired additionaycleo accesaslocailmemory

Ip.setup x1,a5,1c0080ec
p.lw a0,4(a3!)

p.Iw al,200(a2!)

p.mac a4,a0, al

ASolutiorapplymanualoopunrolling
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Mastering the PULP GCC toolchain

Matrixmultiplicatiorv2.0

void matmul (int * restrict A, int *_ restrict B, int * restrict  C){

for( int 1=0;i<M;i++){

for( int j=0;j<N; )4
C[i* N+j]=0;
for( int k=0;k<K; k+=2) {

int A1 = A[i*K+k], A2 = A[i*K+k+1];
int B1 = B[k*N+j], B2 = B[(k+1)*N+j];

C[i*N+j] += Al * B1:
C[i*N+j] += A2 * B2:
} Ik
Y
Wi

}
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Mastering the PULP GCC toolchain

Measuringerformance of v2.0
AWehavenotremovedll thestalls Why?

V2.0, M=50, N=50, K=10 V2.0, M=50, N=50, K=20
[0] cycles = 78329 [0] cycles = 266789

[0] instr = 53326 [0] instr = 194139

[0] active cycles = 78329 [0] active cycles = 266789
[0] ext load = 0O [0] ext load =0

[0] TCDM cont=0 [0] TCDM cont=0

[0] Id stall = 25000 [0] Id stall = 72500

[0] imiss =0 [0] imiss = 49
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the PULP GCC toolchain

Assembly v2.0 (M=50 N=50 K=50)

A Loopunrollingwith theadditionof amemorybarrierintroducedanunexpected

x1,a4,1c008748 <matmul.constprop.0+0xa8>

behavior

Ip.setup

1c00872c: 00862a8b
1c008730: 0085230b
1c008734: 1905aa0b
1c008738: 1908288b
1c00873c: ffc6a783
1c008740: 434a87b3
1c008744: 431307b3
1c008748: fef6ae23

p.mac

p.mac ab5,tl,a’

p.lw
p.lw
p.lw
p.lw

Iw

s5,8(a2!)
t1,8(a0!)

s4,400(al!)
a7,400(a6!)

ab, - 4(al)
ab,sb,s4

Loadstall

Wtiting Back€ghemory

In theinnerloop
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Mastering the PULP GCC toolchain

Matrixmultiplicatiorv3.0

void matmul (int *_ restrict A, int *__ restrict
for( int i=0;i<M;i++){
for(int j=0;j<N; jr+ ) {
int  val=0;
for ( int k=0;k<K;k+=2){
int Al=A[i* K+k], A2 = A[i*K+k+1];
int B1l=B[k* N+j], B2 =B[(k+1)* N+j [;
asm volatile(":::" memory");
val +=Al*B1;
val +=A2*B2;
K
C[i* N+j]=val;
14

Yii
}

__B,

int

* __ restrict

_ O
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Mastering the PULP GCC toolchain

Experimentaksults

A Theres ananomalyat K=30putwearenotableto removet A thecompileris
performingsomekind of unrollingg

700000

600000
3 500000
Q

==
G 400000 /
c

S
£ 300000
Q

3 200000

100000

0
10 20 30 40 50

K dimension

—y1.0 =v2.0 —v3.0

March 24th, 2021



Mastering the PULP GCC toolchain

Outline

Alntroductiaio the PULP G@lchain
ADownloading and building the toolchain
ARISCV and PULP compiler options
APerformanedriveroptimizatiadechnigues

AUnderstanding the compiler optimization passes

ACommorssuesind begiractices

March 24th, 2021 &



Mastering the PULP GCC toolchain

Optimizatiopasses

A Optimization passan algorithm that transforms a code to produce
semantically equivaleobde that uses fewer resources and/or exel
faster

A Each optimization level isrdared lisbf optimization passes

ATo get the list of applied optimization passes:
A riscv32unknowrelf-gcc-Q-0O2-v --help=optimizers
A Addfdumppassegothecompileparameter®r to CFLAQBakefil@ariable

A Addinggemovingptimizatigrasses
A Toaddanoptimizatiopass=fpassname
A Toremovenoptimizatiopass=fnopassname
A Referencduttps://gcc.gnu.org/onlinedocs/gcc/Opyptiaes. htm
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Mastering the PULP GCC toolchain

From O3 to O2 (and back)

A Suppose t@movdrom an O3 compilationdiltieeoptimizatiopassesddedw.r.t.
O2. AraveexecutingsingO2optimizatideve?

A Theansweis¢ NO! I |

A Someoptimizatioroptionsthatdependon theoptimizatiorevelarenottunable
withcommandine parameters

if (!integer_zerop (niter-=assumptions)
&& loop_constraint_set_p (loop, LOOP_C_FINITE))
niter-=assumptions = boolean_true_node;

if (optimize >= )
{
niter->assumptions = simplify_using_outer_evolutions (loop,
niter-=assumptions);
niter->may be_zero = simplify_using_outer_evolutions (loop,
niter-=>may_be_ zero);
niter->niter = simplify_using_outer_evolutions (loop, niter-=niter);

}

niter-=assumptions
= simplify_using_1initial_conditions (loop,
niter-=assumptions);
niter-=may_be_zero
= simplify_using_initial_conditions (loop,
niter-=>may_be zero);
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Mastering the PULP GCC toolchain

Usefulflags (1/2)

A -mnomemcpy
Disabléheautomatiase omemcpwndallowshecompiletoinline
constansizedcopies

7z

A -fnotreevectorize
Disablesoddaransformatiofirautomatigectorization

v

A -fnotreeloop-distributionfno-treeloop-distributepatterns
Disablehe splitting of the laapkloadhtomultiple@djacenbops
(preliminarstep foautomatieectorizaticamdparallelizatipn
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Mastering the PULP GCC toolchain

Usefulflags (2/2)

A-fnotreech
Disableoop header copying on trees

A-fnotreeloopim
Disable®op invariant motion on trees of complex instru

A-fno-unswitchloops
Avoids to move branches with loop invariant conditions
loop, with duplicates of the loop on both branches (mod
according to result of the condition)
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Applyingcompileoptimizatioratfinegrain

A In GCQvecanrestricoptimizatioparametet® singléunctionssinghissyntax

#pragma GCC push_options
#pragma GCCoptimize (" - 02")

void kernel(...){

}
#pragma GCC pop_options

A Thistechnique can bsedo changeheoptimizatidevebutalsotoenablélisable
specifipassesisinglags geepreviouslides)
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Asolutionto theanomalyn code v3.0
AWefoundananomalin the code for K=30

AWecantrytoapplytheoptimizatiorags in thereviouslides

AFinabkolutionvecan force O@ptimizatioevelfor the
kernelsincethis anomalys relatedo a hiddenparameter
thatis nottunableat commandine

March 24th, 2021 mE |
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Experimentaksultsv3.0 {ixed)
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Mastering the PULP GCC toolchain

Issuetl:.Movingromconstantdo parameters

A To makeurcodereallyparametrjevewillprobablghangehefunctiosignaturas
follows:

void matmul (int *  restrict A, int * restrict B, int * restrict  C,
int M1, int N1, int K1),

A Howeveif wetestthisfunctiomvithconstanparametershecompilewillapply
constantpropagatiomeriving versiomf thefunctiomquivalerid thgreviousne

A Toavoidhisproblenwecaninvokahefunctiopassingolatilevariables
volatile int m=M;
volatile iInt n=N;
volatile int k=K;
matmul(A, B, C, m, n, k);
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Matrixmultiplicatiorv4.0

void matmul (int * restrict A, int * restrict B, int * restrict  C,
int M1, int N1, int K1){

for( int i=0;i< M1, i++) {
for(int j=0;j< NI j++ ) {

int  val=0;

for( int k=0;k< K1; k+=2) {
int Al = A[i*K1+k], A2 = A[i*K1+k+1];
int Bl = B[k*N1+j], B2 = B[(k+1)*N1+i];
asm volatile(":::" memory");
val += Al * B1;
val += A2 * B2;

K

C[i*N1+j] = val;

Y
Yii

} March 24th, 2021
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Experimentaksultsv4.0

500000
450000

»» 400000
3 350000
& 300000
S 250000
5 200000
150000
100000
50000
0

Exec

10 20 30 40 50
K dimension

K v1.0 v2.0 v3.0 v4.0 —v3.0 v4.0
10 80778 105318 80322 115849
20 227970 205347 155351 190851
30 327970 355535 248035 265851
40 427970 468035 323035 340851
50 555812 623109 437120
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Performance counters v4.0

ALookingatthe performance countetBereis no clear

anomalg

V4.0, M=50, N=50, K=10
[0] cycles = 115849

[0] instr = 115696

[0] active cycles = 115849
[0] ext load =0

[0] TCDM cont=0

[0] Id stall =0

[0] imiss = 49

V4.0, M=50, N=50, K=20
[0] cycles = 190851

[0] instr = 190698

[0] active cycles = 190851
[0] ext load =0

[0] TCDM cont=0

[0] Id stall =0

[0] imiss = 49

V4.0, M=50, N=50, K=30
[0] cycles = 265851

[0] instr = 265698

[0] active cycles = 265851
[0] ext load =0

[0] TCDM cont=0

[O]Id stall=0

[0] imiss = 49
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the PULP GCC toolchain

Assembly v4.0

1c008100:
1c008104:
1c008106:
1c00810a:
1c00810e:
1c008110:
1c008114:
1c008116:
1c00811a:
1c00811c:
1c00811e:
1c008120:
1c008122:
1c008124:
1c008128:
1c00812c:
1c008130:
1c008134:
1c008138:
1c00813c:
1c008140:
1c008144:

024fc07b
4781
02c05f63
fff60713
8305
00160313
4e09
00590833
85a2
8896
86a6
4781
0705
05c34563
00c740fb
0086af0b
0085ae0b
2188fe8b
2188730b
43df07b3
426e07b3
00f3a22b

li ab,0
addi a4,a2,

addi tl,a2,1
i 13,2

mv al,sO
mv a’z,to
mv a3,sl

li ab,0

addi a4,a4,1

p.mac a5,t5,t4
p.mac ab5,t3,t1

Ip.setup
blez

srli

add

bt
Ip.setup
p.lw
p.lw
p.lw
p.lw

p.SW

a2,1c008144

-1
a4,a4,0x1

a6,s2,t0

t1,t3,1c00816e
x1,a4,1c008140

t5,8(a3!)
t3,8(all)
t4,s8(a7!)
t1,s8(ab!)

a5,4(t2!)

X0,t6,1c008148

12instructions(+4)
Branche{!?7?
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How tdixv4.0

AThecompilemust beurethata cyclds executedtleasibnce

AThisissimplavithconstant oo p bounds é
Aé Butitis notobviousvithvariables

ASolution: usedao Whileconstruct
AThisenforcethe atleastoncesexecutioeemantic
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Matrixmultiplicatiorv5.0

void matmul (int*_restrict A, int* restrict B, int* restrict C,
int M1, int N1, int K1) {

int 1 =0;

do

{

{

int val =0;
intk =0;
do
{

int Al = A[ | *K1+k], A2 = A[ | *K1+k+1];
int B1 = B[k*N1+j], B2 = B[(k+1)*N1+j];
asm volatile("":::"memory");
val +=Al*B1;
val += A2 *B2;
K+=2;

} while(k < K1);

Cl[i *N1+j] = wval ;

}
| ++;
} while( 1 <Ml);
}
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Assembly v5.0

1c0080ec:
1c0080f0:
1c0080f4:
1c0080f6:
1c0080fa:
1c0080fc:

1c008100:
1c008102:
1c008104:
1c008106:
1c008108:
1c00810a:
1c00810e:
1c008110:
1c008114:
1c008118:

1c00811c:

1c008120:
1c008124:
1c008128:

1c00812c:

0223c07b
fff60713
8305
00160e13
4e89
00598833
86a6
8896
834a
4781
0705
05de4563
0001
00c740fb
00832f8b
0086ae8b
2188ffOb
21887e0b
43ef87b3
43ce87b3
00f4222b

addi a4,a2,
addi t3,a2,1

li t4,2

mv a3,sl
mv ar’,to

mv t1,s2

li a5,0

addi a4,a4,1

p.mac a5,t6,t5
p.mac ab5,t4,t3

Ip.setup

srli

add

blt

nop
Ip.setup
p.lw
p.lw
p.lw
p.lw

p.SW

x0,t2,1c008130
-1
a4,a4,0x1

a6,s3,t0
-1 branch+ 1nop!!

t3,t4,1c008154 <matmul.constprop.0+0xb4>

x1,a4,1c008128
t6,8(t1!)
t4,8(a3!)
t5,s8(a7!)
t3,s8(ab!)

ab,4(s0!)
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Fixesto v5.0

AWhenevett is possible set loop steps to 1

ATryto movealgebraicomputationso outerloops (i.e., arra
Indexes)
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Matrixmultiplicatiorv6.0

void matmul (int *__restrict__ A, int*__restrict B, int*_restrict _ C,
int M1, int N1, int K1) {
intidx_Al =0, idx A2 =1;
int i =0;
do
{

intj=0;
do
{

int val =0;
intk =0;
do

{
intAL=A]  idx Al+2*k ],A2=A[  idx A2+2*k |;

int B1 = B[ ], B2 =BJ I;

asm volatile(":::"memory");
val +=Al*B1,;
val +=A2*B2;
k++;
}while(  k<K1/2 );
C[i *N1+j] = val ;
j++
} while(j < N1);
idx_Al += K1; idx_A2 += K1,
i ++;
} while ( i < M1);
} March 24th, 2021
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the PULP GCC toolchain

Assembly v6.0

1c0084b4:
1c0084b8:
1c0084ba:
1c0084be:
1c0084c0:
1c0084c2:
1c0084c4:
1c0084c6:
1c0084ca:
1c0084cc:
1c0084d0:
1c0084d4:
1c0084d8:
1c0084dc:
1c0084e0:
1c0084e4:
1c0084e8:

01c5407b
4f05
00c98eb3
8e32
834a
88a6
4781
05ea6833
0001
00c840fb
0088a38b
00832f8b
213e728b
213effOb
425387b3
43ef87b3
00f4222b

t5,1

mv t3,a2
mv t1,s2
mv ar’,sl

ab,0

p.mac ab5,t2,t0
p.mac ab5,t6,t15

Ip.setup

add

p.max
nop
Ip.setup
p.lw
p.lw
p.lw
p.lw

p.SW

x0,a0,1c0084ec

t4,s3,a2

a6,s4,t5

x1,a6,1c0084e4
t2,8(a7!)

t6,8(t1!)

t0,s3(t3)

t5,53(t4!)

a5,4(s0!)
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Experimentaksultsve.0

500000
450000
400000
3 350000
é}3ooooo
§ 250000
?, 200000
X 150000
100000
50000

0

Toremovehisresiduabverhead,
wecan create apecializedersion
of the kernel

10 20 30 40 50

K v1.0 v2.0 v3.0 v4.0 v5.0 v6.0 K dimension
10 80778 105318 80322 115849 113148 103197
20 227970 205347 155351 190851 188149 178198 —y3.0 v4.0 v5.0 v6.0
30 327970 355535 248035 265851 263149
40 427970 468035 323035 340851 338149 328198
50 555812 623109 437120 435922 432971 425264
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Issue#2.Changdhetypeof iteratiorvariables
ASuppose to use uintl6tdrationvariablegi, j, k) in v6.0

V6.0, M=50, N=50, K=50 V6.0, M=50, N=50, K=50 (uintl6 t vars)
[0] cycles = 425264 [0] cycles = 1100850

[0] instr = 403094 [0] instr = 907888

[0] active cycles = 425264 [0] active cycles = 1100850

[0] ext load = 0O [0] ext load =0

[0] TCDM cont=0 [0] TCDM cont=0

[0] Id stall =0 [0] Id stall =0

[0] imiss = 2953 [0] imiss = 60049

ASOLUTIOMvoidit!!!
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the PULP GCC toolchain

Assemblyigsuet?)

1c008aee:
1c008af0:
1c008af4:

1c008afa:

1c008afe:

1c008b02:
1c008b06:
1c008b08:
1c008b0c:
1c008b10:
1c008b14:
1c008b16:
1c008b18:
1c008bla:
1c008blc:

1c008b24:
1c008b28:

1c008b2e:
1c008b30:
1c008b32:
1c008b34:

9f3a add
43a30e33 p.mac t3,t1,s10
0885 addi a7,a7,1
43980e33 p.mac t3,a6,s9
fc98c9e3 blt
04098863 beqz
Of0a slli
21e5ff03 p.lw
000aa883 lw
00590833 add
080a slli
9f46 add
9e7a add
0285 addi t0,t0,1
01c66823 p.sw
f8e2cce3 blt
0a05 addi s4,54,1
943e add
9ade add
83da mv 12,56
fédadfe3 blt

t5,t5,a4

a7,s1,1c008ad0 <matmul+0x56>
s3,1c008b52 <matmul+0xd8>
t5,t5,0x2

t5,t5(al)

a7,0(sb)

a6,s2,t0

a6,a6,0x2

t5,t5,a7

t3,t3,t5

t3,a6(a2)
t0,a4,1c008abc <matmul+0x42>
s0,s0,a5
s5,s85,57

s4,a3,1¢c008ab2 <matmul+0x38>
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Issue#3:Boundancheck onnternaloops

A Addinga boundarycheck to thénnerloop:

if (K1>0)
do // inner  loop (3rd level )

{
é
} while (k<K1/2);

V6.0, M=50, N=50, K=50 V6.0, M=50, N=50, K=50 (boundary check)
[0] cycles = 425264 [0] cycles = 432949

[0] instr = 403094 [0] instr = 413045

[0] active cycles = 425264 [0] active cycles = 432949

[0] ext load =0 [0] ext load = 0

[0] TCDM cont =0 [0] TCDM cont =0

[0] Id stall = O [0] Id stall = 0

[0] imiss = 2953 [0] imiss = 695
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Boundancheck onnternaloops

A Wecanmovethe conditionto theouterloops
A Weneedoaddcode for the else case
A Wegetthesameperformance of theviousase

if (K1>0)

do// outer loop (1st level )

{ 7

é

} while (i <MI); V6.0, M=50, N=50, K=50 (boundary check)
else 0] cycles = 425264

do [0] instr = 403094

{ o [0] active cycles = 425264

Sr[l] =0; [0] ext load = 0

[0] TCDM cont=0
[O]Id stall=0
[0] imiss = 2953

} while (i <M1*N1);
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Link timeoptimizatiorfLTO)

A Link Time Optimization (LTO) outputs the GCC internal representation (GINV
Into an ELF section of the object file with the aim to optimize compilation un
a single module

A ToenableL TOadd-flto to bothcompilerandlinkerflags

A Options:
A fltopartitiodtol|max|balanced
A fltocompressidrvet0..9

A Whernis ok to use LTOBasicallyalways
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A checklist t@voildcommommistakes

A Removall warnings gvoid-Wal)

A Doublecheck the marcparametein the compilation line
A Verifythatfloatingpointarithmetids usedproperly

A Avoictall teemulatioroutines
A Use themtundlag fobetteinstructioschedulingxperimenal

A Verifydataallocatiorwhenmovingexecutiorfromfabriccontroller to
cluster cores

A Applyparallelizatiomechniques toptimizeccode
A Wherthe codésreallyoptimizedhespeedupouldedrasticalleduced
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