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The PULP GCC toolchain

Mastering the PULP GCC toolchain

ÁAvailable on GitHub:

https://github.com/pulp-platform/pulp-riscv-gnu-toolchain

ÁThe toolchainincludesthesecomponents:

o GCC 7.1.1

o Binutils2.28

o Newlib2.5.0

o Glibc2.26

o DejaGNU1.5.3

ÁIntegration with the PULP SDK by meansof an environmentvariable
o Set the PULP_RISCV_GCC_TOOLCHAIN variableto the installfolder (i.e., the parentof the bin folder)
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Downloading and building the toolchain

Mastering the PULP GCC toolchain

Á Instructions are available at: https://github.com/pulp-platform/pulp-riscv-gnu-toolchain

ÁSteps to build the toolchain:

1. Install required packages for Ubuntu or Centos

2. Clone the repository and all submodules:

git clone --recursivehttps://github.com/pulp-platform/pulp-riscv-gnu-toolchain

3. Configure:

./configure --prefix=<INSTALL_DIR> --with-arch=rv32imc --with-cmodel=medlow--enable-multilib

4. Addthe bin directory to the pathvariable:

export PATH=<INSTALL_DIR>/bin:$PATH

5. Buildthe toolchain:

make
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Libraries

Mastering the PULP GCC toolchain

ÁGCC low-level runtime library (libgcc)

o Handle arithmetic operations that the target processor cannot perform directly (e.g., floating-point emulation)

o Location:

<INSTALL_DIR>/lib/gcc/riscv32-unknown-elf/7.1.1/rv32imfcxpulpv2/ilp32

ÁNewlibis a C standard library implementation intended for use on embedded systems

o Includes several components (libc, libm, é)

o Location:

<INSTALL_DIR>/riscv32-unknown-elf/lib/rv32imfcxpulpv2/ilp32

ÁThe building two described in the previous slide generates several variants of these libraries, 

corresponding to different architecturesand ABIs
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RISC-V compiler options

Mastering the PULP GCC toolchain

Á -march=ISA-string

Generate code for givenRISC-V ISA

Á -mabi=ABI-string

Specifyintegerand floatingpoint callingconvention

Á -mtune=processor-string

Optimize the output for the given microarchitecture name

Á -mcmodel=medlow

Generate code for the medium-low code model (default). The program and its statically defined symbols 

must lie within a single 2 GiB address range and must lie between absolute addresses -2 GiB and +2 GiB.

Programs can be statically or dynamically linked

Á -mcmodel=medany

Generate code for the medium-any code model. The program and its statically defined symbols must be 

within any single 2 GiB address range.

Programs can be statically or dynamically linked
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PULP compiler options (1/2)

Mastering the PULP GCC toolchain

Á -mPE=num

Set the numberof Pes in the PULP cluster

Á -mFC=0/1

0: without FC, 1: with FC

Á -mL2=size

Set L2 size

Á -mL1Cl=size

Set cluster L1 size

Á -mnopostmod

Disablepost modification support for pointer arithmetic

Á -mnoindregreg

Disableload/store withregisteroffset for pointer arithmetic

Á -mnovect

Disablethe support to packed-SIMD instructions
March 24th, 2021 9
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PULP compiler options (2/2)

Mastering the PULP GCC toolchain

Á -mnohwloop

Disablethe hardware loop support

Á -mhwloopmin=num

Minimum numbweof instructionain hardware loops (default is2)

Á -mhwloopalign

Force memoryalignmentof hardware loops

ÁOther options to disable specific instructions:

-mnomac, -mnopartmac, -mnominmax, -mnoabs, -mnobitop, -mnosext, -mnoclip, -mnoaddsubnormround, 

-mnomulmacnormround, -mnoshufflepack
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Case study: Matrix multiplicationv1.0

Mastering the PULP GCC toolchain

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

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

for ( int j = 0; j < N; j++ ) {

C[i* N+j ] = 0;

for ( int k = 0; k < K; k++) {

C[i* N+j ] += A[i* K+k] * B[k* N+j ];

} //k

}//j

}//i

}

March 24th, 2021

Elementary operation Ą multiply-and-accumulate (MAC)

Space complexity Ą ￼╜ɇ╝
Time complexity Ą ￼╜ɇ╝ɇ╚
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Derivingan idealmodel

Mastering the PULP GCC toolchain

ÁHow manymachine operationsare requiredto complete an elementary

operation?
ÁTo answerthisquestion, weneedto definea machine model

ÁOurreferencemachine: a RI5CY core

ÁDifferentidealmodels:
Á1 elementaryoperation== 2 lw+ 1 MAC + 1 swĄM*N*K *4

Á1 elementaryoperation== 2 lw+ 1 MAC + (1/K) swĄM*N*K *3 + N*M

ÁTo derive the best model, weneeda good understandingatassembly 

level

March 24th, 2021 13
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Assembly v1.0 (-march=rv32imcXpulpv2)

Mastering the PULP GCC toolchain

Á Kernel parameters of v1.0 are NOT function parameters

#define M 50

#define N 50

#define K 30

é

1c0086ea:       0168407b       lp.setup x0,a6,1c008716

1c0086ee:       41ce87b3       sub     a5,t4,t3

1c0086f2:       17f1           addi    a5,a5, - 4

1c0086f4:       8389           srli a5,a5,0x2

1c0086f6:       0008a22b       p.sw zero,4(a7!)

1c0086fa:       861a           mv      a2,t1

1c0086fc:       86f2           mv      a3,t3

1c0086fe:       4701           li      a4,0

1c008700:       0785           addi    a5,a5,1

1c008702:       0067c0fb       lp.setup x1,a5,1c00870e

1c008706:       0046a50b       p.lw a0,4(a3!)

1c00870a:       0c86258b       p.lw a1,200(a2!)

1c00870e:       42b50733 p.mac   a4,a0,a1

1c008712:       fee8ae23       sw a4, - 4(a7)

1c008716 :       0311           addi    t1,t1,4

é
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hardware loops (id, iterations , end) to 

remove branch overhead

address pre/post -increment to optimize

memory access with regular patterns
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Performance Counters

Mastering the PULP GCC toolchain

ÁPerformance counters a set of special-purpose registers built into a core 

to count hardware-related events with high precision and low overhead
o Executioncycles

o Instructions

o Active cycles

o Externalloads

o TCDM contentions

o Loadstalls

o I-cache misses

o FPU contentions/dependencies/write-back stalls

March 24th, 2021 15
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Using the performance counters

Mastering the PULP GCC toolchain

INIT_STATS();

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();

START_STATS();

matmul (A, B, C, M, N, K);

STOP_STATS();

END_STATS_LOOP();
March 24th, 2021 16

1. Declarevariables

2. Repeatmeasuresin a loop

3. Start measuring

4. Pause measuring(accumulate intovariables)

5. End of measuringloop

2b. Addcode to re-initdata ateachmeasuringiteration(if needed!)
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Real valuesVS idealmodel

Mastering the PULP GCC toolchain

ÁAlgorithmsetup: M=50, N=50, K=10..50

ÁTarget platform: PULP-Open on FPGA target

March 24th, 2021 17
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Anomaly#1

Mastering the PULP GCC toolchain

ÁComparingK=10 to K=20
ÁThe numberof instructionsexecutedwhenK=10 islessthanhalf. Thisisgood, butwhy?

ÁAnd whataboutthe I-cache misses?

March 24th, 2021 18

V1.0, M=50, N=50, K=10

[0] cycles = 80778

[0] instr = 53326

[0] active cycles = 80778

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 25000

[0] imiss = 2449

V1.0, M=50, N=50, K=20

[0] cycles = 227970

[0] instr = 177869

[0] active cycles = 227970

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 50000

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

Mastering the PULP GCC toolchain

é

1c0080f6 :       02a6c0fb       lp.setup x1,a3, 1c00814a

1c0080fa:       0047278b       p.lw a5,4(a4!)

1c0080fe:       02f287b3       mul a5,t0,a5

1c008102:       0c472983       lw s3,196(a4)

1c008106:       433f87b3       p.mac   a5,t6,s3

1c00810a:       18c72983       lw s3,396(a4)

1c00810e:       433f07b3       p.mac   a5,t5,s3

1c008112:       25472983       lw s3,596(a4)

1c008116:       433e87b3       p.mac   a5,t4,s3

1c00811a:       31c72983       lw s3,796(a4)

1c00811e:       433e07b3       p.mac   a5,t3,s3

1c008122:       3e472983       lw s3,996(a4)

1c008126:       433307b3       p.mac   a5,t1,s3

1c00812a:       4ac72983       lw s3,1196(a4)

1c00812e:       433887b3       p.mac   a5,a7,s3

1c008132:       57472983       lw s3,1396(a4)

1c008136:       433807b3       p.mac   a5,a6,s3

1c00813a:       63c72983       lw s3,1596(a4)

1c00813e:       433507b3       p.mac   a5,a0,s3

1c008142:       70472983       lw s3,1796(a4)

1c008146:       433587b3       p.mac   a5,a1,s3

1c00814a :       00f6222b       p.sw a5,4(a2!)

é
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The loop start is not aligned Ą

We have a cache penalty in the

RI5CY core

The inner loop is totally unrolled Ą

There is no loop overhead, we save

50*50*9=22500 instructions !
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Removinganomaly#1

Mastering the PULP GCC toolchain

ÁIn thiscase, wecan removethe I$ misses usingthe 

-mhwloopalignflag

March 24th, 2021 20

V1.0, M=50, N=50, K=10 -mhwloopalign

[0] cycles = 78330

[0] instr = 53327

[0] active cycles = 78330

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 25000

[0] imiss = 0

V1.0, M=50, N=50, K=10

[0] cycles = 80778

[0] instr = 53326

[0] active cycles = 80778

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 25000

[0] imiss = 2449
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Anomaly#2

Mastering the PULP GCC toolchain

ÁComparingK=40 to K=50
ÁThe numberof cyclesexecutedwhenK=50 ishigherthanexpected

ÁI-cache misses are veryhigh

March 24th, 2021 21

V1.0, M=50, N=50, K=40

[0] cycles = 427970

[0] instr = 327869

[0] active cycles = 427970

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 100000

[0] imiss = 0

V1.0, M=50, N=50, K=50

[0] cycles = 554784

[0] instr = 403024

[0] active cycles = 554784

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 125000

[0] imiss = 127114
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Removinganomaly#2

Mastering the PULP GCC toolchain

ÁAgain, wecan removethe I$ misses usingthe 

-mhwloopalignflag

March 24th, 2021 22

V1.0, M=50, N=50, K=50

[0] cycles = 554784

[0] instr = 403024

[0] active cycles = 554784

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 125000

[0] imiss = 127114

V1.0, M=50, N=50, K=50 -mhwloopalign

[0] cycles = 543175

[0] instr = 403074

[0] active cycles = 543175

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 125000

[0] imiss = 7300
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Removingstalls

Mastering the PULP GCC toolchain

ÁLoadstallsare the major source of overhead in the version1.0 of 

the kernel

ÁThesestallsare due to the latencyof memoryaccesses Ą a 

RI5CY core requires1 additionalcycleto access itslocalmemory

lp.setup x1,a5,1c0080ec

p.lw a0,4(a3!)

p.lw a1,200(a2!)

p.mac   a4,a0, a1

ÁSolution: applymanualloop unrolling

March 24th, 2021 23



|

Matrix multiplicationv2.0

Mastering the PULP GCC toolchain

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

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

for ( int j = 0; j < N; j++ ) {

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];

asm volatile("":::"memory");

C[i*N+j] += A1 * B1;

C[i*N+j] += A2 * B2;

} //k

}//j

}//i

}
March 24th, 2021

Memory barrierĄ

Inhibitscompilerreorderingof memoryaccesses

24
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Measuringperformance of v2.0

Mastering the PULP GCC toolchain

ÁWehavenotremovedall the stalls. Why?

March 24th, 2021 25

V2.0, M=50, N=50, K=10

[0] cycles = 78329

[0] instr = 53326

[0] active cycles = 78329

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 25000

[0] imiss = 0

V2.0, M=50, N=50, K=20

[0] cycles = 266789

[0] instr = 194139

[0] active cycles = 266789

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 72500

[0] imiss = 49



|

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

Mastering the PULP GCC toolchain

ÁLoop unrollingwith the additionof a memorybarrierintroducedan unexpected
behavior

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

1c00872c:       00862a8b              p.lw s5,8(a2!)

1c008730:       0085230b              p.lw t1,8(a0!)

1c008734:       1905aa0b              p.lw s4,400(a1!)

1c008738:       1908288b              p.lw a7,400(a6!)

1c00873c:       ffc6a783              lw a5, - 4(a3)

1c008740:       434a87b3              p.mac   a5,s5,s4

1c008744:       431307b3              p.mac   a5,t1,a7

1c008748:       fef6ae23              sw a5, - 4(a3)

March 24th, 2021 26

Loadstall

Writing back to memory

In the innerloop
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Matrix multiplicationv3.0

Mastering the PULP GCC toolchain

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

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

for ( int j = 0; j < N; j++ ) {

int val = 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 ];

asm volatile("":::" memory");

val += A1 * B1;

val += A2 * B2;

} //k

C[i* N+j ] = val;

}//j

}//i

}

March 24th, 2021 27
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Experimentalresults

Mastering the PULP GCC toolchain

ÁThereis an anomalyatK=30, butweare notableto removeitĄ the compileris

performingsome kindof unrollingé

March 24th, 2021 28
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Optimizationpasses

Mastering the PULP GCC toolchain

ÁOptimization pass:  an algorithm that transforms a code to produce a 

semantically equivalent code that uses fewer resources and/or executes 

faster

ÁEach optimization level is an ordered listof optimization passes

ÁTo get the list of applied optimization passes:
Áriscv32-unknown-elf-gcc -Q -O2 -v --help=optimizers

ÁAdd -fdump-passes to the compilerparameters(or to CFLAGS Makefilevariable)

ÁAdding/removingoptimizationpasses:
ÁTo addan optimizationpass: -fpassname

ÁTo removean optimizationpass: -fno-passname

ÁReference: https://gcc.gnu.org/onlinedocs/gcc/Optimize-Options.html

March 24th, 2021 30
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From O3 to O2 (and back)

Mastering the PULP GCC toolchain

ÁSuppose to removefrom an O3 compilation line allthe optimizationpassesaddedw.r.t. 

O2. Are weexecutingusingO2 optimizationlevel?

ÁThe answerisé NO!!!

ÁSome optimizationoptions thatdependon the optimizationlevelare not tunable

with commandline parameters

March 24th, 2021 31
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Usefulflags (1/2)

Mastering the PULP GCC toolchain

Á-mno-memcpy

Disablethe automaticuse of memcpyand allowsthe compilerto inline

constant-sizedcopies

Á-fno-tree-vectorize

Disablescode transformationsfor automaticvectorization

Á-fno-tree-loop-distribution-fno-tree-loop-distribute-patterns

Disablethe splitting of the loop workloadintomultiple adjacentloops 

(preliminarystep  for automaticvectorizationand parallelization)

March 24th, 2021 32
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Usefulflags (2/2)

Mastering the PULP GCC toolchain

Á-fno-tree-ch

Disablesloop header copying on trees

Á-fno-tree-loop-im

Disablesloop invariant motion on trees of complex instructions

Á-fno-unswitch-loops

Avoids to move branches with loop invariant conditions out of the 

loop, with duplicates of the loop on both branches (modified 

according to result of the condition)

March 24th, 2021 33
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Applyingcompileroptimizationatfine grain

Mastering the PULP GCC toolchain

ÁIn GCC wecan restrictoptimizationparametersto single functionsusingthissyntax:

#pragma GCC push_options

#pragma GCC optimize (" - O2")

void kernel(...){

...

}

#pragma GCC pop_options

ÁThistechnique can be usedto changethe optimizationlevelbutalsoto enable/disable

specificpassesusingflags (seepreviousslides)

March 24th, 2021 34
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A solutionto the anomalyin code v3.0

Mastering the PULP GCC toolchain

ÁWefoundan anomalyin the code for K=30

ÁWecan tryto applythe optimizationsflags in the previousslides

ÁFinalsolution: wecan force O2 optimizationlevelfor the 

kernel sincethisanomalyis relatedto a hiddenparameter

thatis not tunableatcommandline

March 24th, 2021 35
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Experimentalresultsv3.0 (fixed)

Mastering the PULP GCC toolchain
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Issue#1: Movingfrom constantsto parameters

Mastering the PULP GCC toolchain

ÁTo make ourcode reallyparametric, wewillprobablychangethe functionsignature as

follows:

void matmul ( int *__ restrict __ A, int *__ restrict __ B, int *__ restrict __ C,

int M1, int N1, int K1);

ÁHowever, if wetest thisfunctionwith constantparameters, the compilerwillapply

constantpropagationderivinga versionof the functionequivalentto the previousone

ÁTo avoidthisproblem, wecan invokethe functionpassingvolatilevariables:
volatile int m = M;

volatile int n = N;

volatile int k = K;

matmul(A, B, C, m, n, k);

March 24th, 2021 38
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Matrix multiplicationv4.0

Mastering the PULP GCC toolchain

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 < N1; j++ ) {

int val = 0;

for ( int k = 0; k < K1; k+=2) {

int A1 = A[i*K1+k], A2 = A[i*K1+k+1];

int B1 = B[k*N1+j], B2 = B[(k+1)*N1+j];

asm volatile("":::" memory");

val += A1 * B1;

val += A2 * B2;

} //k

C[i*N1+j] = val;

}//j

}//i

}
March 24th, 2021 39
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Experimentalresultsv4.0

Mastering the PULP GCC toolchain
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K v1.0 v2.0 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 435922
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Performance counters v4.0

Mastering the PULP GCC toolchain

ÁLookingat the performance counters, thereis no clear 

anomalyé

March 24th, 2021 41

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] ld 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] ld 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

[0] ld stall = 0

[0] imiss = 49



|

Assembly v4.0

Mastering the PULP GCC toolchain

...

1c008100:       024fc07b           lp.setup x0,t6,1c008148

1c008104:       4781               li      a5,0

1c008106:       02c05f63           blez a2,1c008144

1c00810a:       fff60713           addi    a4,a2, - 1

1c00810e:       8305               srli a4,a4,0x1

1c008110:       00160313           addi    t1,a2,1

1c008114:       4e09               li      t3,2

1c008116:       00590833           add a6,s2,t0

1c00811a:       85a2               mv      a1,s0

1c00811c:       8896               mv      a7,t0

1c00811e:       86a6               mv      a3,s1

1c008120:       4781               li      a5,0

1c008122:       0705               addi    a4,a4,1

1c008124:       05c34563           blt t1,t3,1c00816e

1c008128:       00c740fb           lp.setup x1,a4,1c008140

1c00812c:       0086af0b           p.lw t5,8(a3!)

1c008130:       0085ae0b           p.lw t3,8(a1!)

1c008134:       2188fe8b           p.lw t4,s8(a7!)

1c008138:       2188730b           p.lw t1,s8(a6!)

1c00813c:       43df07b3           p.mac   a5,t5,t4

1c008140:       426e07b3           p.mac   a5,t3,t1

1c008144:       00f3a22b           p.sw a5,4(t2!)

...
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How to fix v4.0

Mastering the PULP GCC toolchain

ÁThe compilermust be surethata cycleisexecutedatleastonce
ÁThisissimplewith constantloop boundsé

ÁéButit isnotobviouswith variables!

ÁSolution: use a doéwhileconstruct
ÁThisenforcesthe «atleastonce» executionsemantic
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Matrix multiplicationv5.0

Mastering the PULP GCC toolchain

void matmul (int *__restrict__ A, int *__restrict__ B, int *__restrict__ C,

int M1, int N1, int K1) {

int i = 0;

do

{

int j = 0;

do

{

int val = 0;

int k = 0;

do

{

int A1 = A[ i *K1+k], A2 = A[ i *K1+k+1];

int B1 = B[k*N1+j], B2 = B[(k+1)*N1+j];

asm volatile("":::"memory");

val += A1 * B1;

val += A2 * B2;

k += 2;

} while(k < K1);

C[ i *N1+j] = val ;

j++ ;

} while(j < N1);

i ++;

} while ( i < M1);
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Assembly v5.0

Mastering the PULP GCC toolchain

...

1c0080ec:       0223c07b           lp.setup x0,t2,1c008130

1c0080f0:       fff60713           addi    a4,a2, - 1

1c0080f4:       8305               srli a4,a4,0x1

1c0080f6:       00160e13           addi    t3,a2,1

1c0080fa:       4e89               li      t4,2

1c0080fc:       00598833           add a6,s3,t0

1c008100:       86a6               mv      a3,s1

1c008102:       8896               mv      a7,t0

1c008104:       834a               mv      t1,s2

1c008106:       4781               li      a5,0

1c008108:       0705               addi    a4,a4,1

1c00810a:       05de4563           blt t3,t4,1c008154 <matmul.constprop.0+0xb4>

1c00810e:       0001               nop

1c008110:       00c740fb           lp.setup x1,a4,1c008128 

1c008114:       00832f8b           p.lw t6,8(t1!)

1c008118:       0086ae8b           p.lw t4,8(a3!)

1c00811c:       2188ff0b           p.lw t5,s8(a7!)

1c008120:       21887e0b           p.lw t3,s8(a6!)

1c008124:       43ef87b3           p.mac   a5,t6,t5

1c008128:       43ce87b3           p.mac   a5,t4,t3

1c00812c:       00f4222b           p.sw a5,4(s0!)

...
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Fixesto v5.0

Mastering the PULP GCC toolchain

ÁWheneverit is possible, set loop steps to 1

ÁTryto movealgebraiccomputationsto outerloops (i.e., array 

indexes)
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Matrix multiplicationv6.0

Mastering the PULP GCC toolchain

void matmul (int *__restrict__ A, int *__restrict__ B, int *__restrict__ C,

int M1, int N1, int K1) {

int idx_A1 = 0, idx_A2 = 1;

int i = 0;

do

{

int j = 0;

do

{

int idx_B1 = j, idx_B2 = N1+j;

int val = 0;

int k = 0;

do

{

int A1 = A[ idx_A1+2*k ], A2 = A[ idx_A2+2*k ];

int B1 = B[ idx_B1 ], B2 = B[ idx_B2 ];

idx_B1 += N1; idx_B2 += N1;

asm volatile("":::"memory");

val += A1 * B1;

val += A2 * B2;

k++;

} while( k < K1/2 );

C[ i *N1+j] = val ;

j++ ;

} while(j < N1);

idx_A1 += K1; idx_A2 += K1;

i ++;

} while ( i < M1);

} March 24th, 2021 47
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Assembly v6.0

Mastering the PULP GCC toolchain

...

1c0084b4:       01c5407b                lp.setup x0,a0,1c0084ec 

1c0084b8:       4f05                    li      t5,1

1c0084ba:       00c98eb3                add t4,s3,a2

1c0084be:       8e32                    mv      t3,a2

1c0084c0:       834a                    mv      t1,s2

1c0084c2:       88a6                    mv      a7,s1

1c0084c4:       4781                    li      a5,0

1c0084c6:       05ea6833                p.max a6,s4,t5

1c0084ca:       0001                    nop

1c0084cc:       00c840fb                lp.setup x1,a6,1c0084e4

1c0084d0:       0088a38b                p.lw t2,8(a7!)

1c0084d4:       00832f8b                p.lw t6,8(t1!)

1c0084d8:       213e728b                p.lw t0,s3(t3!)

1c0084dc:       213eff0b                p.lw t5,s3(t4!)

1c0084e0:       425387b3                p.mac   a5,t2,t0

1c0084e4:       43ef87b3                p.mac   a5,t6,t5

1c0084e8:       00f4222b                p.sw a5,4(s0!)

...
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Experimentalresultsv6.0

Mastering the PULP GCC toolchain
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K v1.0 v2.0 v3.0 v4.0 v5.0 v6.0

10 80778 105318 80322 115849 113148 103197

20 227970 205347 155351 190851 188149 178198

30 327970 355535 248035 265851 263149 253198

40 427970 468035 323035 340851 338149 328198

50 555812 623109 437120 435922 432971 425264

To removethis residualoverhead,

wecan create a specializedversion

of the kernel
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Issue#2: Changethe typeof iterationvariables

Mastering the PULP GCC toolchain

ÁSuppose to use uint16_t iterationvariables(i, j, k) in v6.0

ÁSOLUTION: Avoidit!!!
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V6.0, M=50, N=50, K=50 (uint16_t vars )

[0] cycles = 1100850

[0] instr = 907888

[0] active cycles = 1100850

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 0

[0] imiss = 60049

V6.0, M=50, N=50, K=50

[0] cycles = 425264

[0] instr = 403094

[0] active cycles = 425264

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 0

[0] imiss = 2953
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Assembly (issue#2)

Mastering the PULP GCC toolchain

...

1c008aee:       9f3a               add t5,t5,a4

1c008af0:       43a30e33           p.mac   t3,t1,s10

1c008af4:       0885               addi    a7,a7,1

1c008af6:       1008d8b3           p.exthz a7,a7

1c008afa:       43980e33           p.mac   t3,a6,s9

1c008afe:       fc98c9e3           blt a7,s1,1c008ad0 <matmul+0x56>

1c008b02:       04098863           beqz s3,1c008b52 <matmul+0xd8>

1c008b06:       0f0a               slli t5,t5,0x2

1c008b08:       21e5ff03           p.lw t5,t5(a1)

1c008b0c:       000aa883           lw a7,0(s5)

1c008b10:       00590833           add a6,s2,t0

1c008b14:       080a               slli a6,a6,0x2

1c008b16:       9f46               add t5,t5,a7

1c008b18:       9e7a               add t3,t3,t5

1c008b1a:       0285               addi    t0,t0,1

1c008b1c:       01c66823           p.sw t3,a6(a2)

1c008b20:       1002d2b3           p.exthz t0,t0

1c008b24:       f8e2cce3           blt t0,a4,1c008abc <matmul+0x42>

1c008b28:       0a05               addi    s4,s4,1

1c008b2a:       100a5a33           p.exthz s4,s4

1c008b2e:       943e               add s0,s0,a5

1c008b30:       9ade               add s5,s5,s7

1c008b32:       83da               mv      t2,s6

1c008b34:       f6da4fe3           blt s4,a3,1c008ab2 <matmul+0x38>

...
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Issue#3: Boundarycheck on internalloops

Mastering the PULP GCC toolchain

ÁAddinga boundarycheck to the innerloop:

if (K1 > 0)

do  // inner loop (3rd level )

{

é

} while (k<K1/2);
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V6.0, M=50, N=50, K=50 (boundary check)

[0] cycles = 432949

[0] instr = 413045

[0] active cycles = 432949

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 0

[0] imiss = 695

V6.0, M=50, N=50, K=50

[0] cycles = 425264

[0] instr = 403094

[0] active cycles = 425264

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 0

[0] imiss = 2953
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Boundarycheck on internalloops

Mastering the PULP GCC toolchain

ÁWecan movethe conditionto the outerloops

ÁWeneedto addcode for the else case

ÁWegetthe sameperformance of the previouscase

if (K1>0)

do // outer loop (1st level )

{

é

} while (i < M1);

else

do

{

C[i] = 0;

i++;

} while (i < M1*N1);
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V6.0, M=50, N=50, K=50 (boundary check)

[0] cycles = 425264

[0] instr = 403094

[0] active cycles = 425264

[0] ext load = 0

[0] TCDM cont = 0

[0] ld stall = 0

[0] imiss = 2953
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Link time optimization(LTO)

Mastering the PULP GCC toolchain

ÁLink Time Optimization (LTO) outputs the GCC internal representation (GIMPLE) 

into an ELF section of the object file with the aim to optimize compilation units as 

a single module

ÁTo enableLTO add-flto to bothcompilerand linkerflags 

ÁOptions:

Á-flto-partition=lto1|max|balanced

Á-flto-compression-level=0..9

ÁWhenis ok to use LTO? Basically, always!
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A checklist to avoidcommon mistakes

Mastering the PULP GCC toolchain

ÁRemoveall warnings (avoid-Wall)

ÁDouble-check the march parameterin the compilation line

ÁVerifythatfloating-point arithmeticis usedproperly
ÁAvoidcall to emulationroutines

ÁUse the -mtuneflag for betterinstructionscheduling (experimental)

ÁVerifydata allocationwhenmovingexecutionfrom fabriccontroller to 

cluster cores

ÁApplyparallelizationtechniques to optimizedcode
ÁWhenthe code isreallyoptimized, the speedupcouldbe drasticallyreduced
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