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==
Agenda

m Problema: Multiplicacao Matriz-Vetor
m Solugao em alto nivel (Linguagem C)

m Solugdao em FPGA

m Como aumentar o desempenho em FPGA?
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==
Multiplicacao Matriz-Vetor

matriz 10 X 100 vetor 100 X 1 vetor resultante
10 X 1



==
Multiplicagcao Matriz-Vetor

T 111 [1]..[1]°
2121212]12]12]2]...]12]2
3|3|3[3]|3[|3[3]...3]3
4141414141414 ]...[4]4
51515|5]|5]5]5]...15]5
6|6|6|6[6[6]|6]...]6|6
(V|77 7]...|7]|7
818|8|8[8[38]|8]...18]|8
919[9]1919[9]191]...19]9
10[10[10[10]10]|10]10]...]10[10

matriz 10 X 100

_— = | | L | ]| |

vetor 100 X 1

100

Ox64

200

OxC8

300

0Ox12C

400

Ox190

500

Ox1F4

600

Ox258

700

Ox2BC

800

0x320

900

0x384

1000

Ox3E8

vetor resultante

10 X 1




==
Multiplicagcao Matriz-Vetor

T 111 [1]..[1]°
2121212]12]12]2]...]12]2
3|3|3[3]|3[|3[3]...3]3
4141414141414 ]...[4]4
51515|5]|5]5]5]...15]5
6|6|6|6[6[6]|6]...]6|6
(V|77 7]...|7]|7
818|8|8[8[38]|8]...18]|8
919[9]1919[9]191]...19]9
10[10[10[10]10]|10]10]...]10[10

matriz 10 X 100

_— = | | | ] |

vetor 100 X 1

100

Ox64

200

OxC8

300

0Ox12C

400

Ox190

500

Ox1F4

600

Ox258

700

Ox2BC

800

0x320

900

0x384

1000

Ox3E8

vetor resultante

10 X 1




==
Multiplicagcao Matriz-Vetor

T 111 [1]..[1]° 1 100 | Oxo64
2121212]12]12]2]...]12]2 1 200 | OxC8
3|13[3]3[3]3[3]...[3]3 1 300 | Ox12C
4141414141414 ]...[4]4 1 400 | Ox190
51515|5]|5]5]5]...15]5 * L e 500 | Ox1F4
6|6|6|6[6[6]|6]...]6|6 1 000 | Ox258
(V|77 7]...|7]|7 1 /00 | Ox2BC
818|8|8[8[38]|8]...18]|8 800 | Ox320
9191919(9(9]19]...19]9 1 900 | Ox384
10[10[10[10]10]|10]10]...]10[10 1 1000] Ox3ES8

matriz 10 X 100 vetor 100 X 1 vetor resultante
10 X 1



==
Multiplicagcao Matriz-Vetor

1111111 f...[1]1 1 100 | Oxo64
212121212 ]2[2]...]12]2 1 200 | OxC8
3|13[3]3[3]3[3]...[3]3 1 300 | Ox12C
4141441414 (4]...14|4 1 400 | Ox190
515|5|5[5]5]5]...15](5 * 1 | = | 500 [ Ox1 F4
6|6|6|6[6[6]|6]...]6|6 1 000 | Ox258
AN A A AN A e AN 1 /00 | Ox2BC
818|8|8[8[38]|8]...18]|8 800 | Ox320
9191919(9(9]19]...19]9 1 900 | Ox384
10[10]10]10{10]10]10]...]10[10 1 1000] Ox3E8

matriz 10 X 100 vetor 100 X 1 vetor resultante
10 X 1



Implementacao em Alto Nivel
Linguagem C

void mult_mat_vec(int matrix[][], int vector[], int
result_vector[], int numRows, int numCols) {

int 1, j, sum = 0;
for(1 = 0; 1 < numRows; 1++) {

for(J = 0; j < numCols; Jj++) {
sum += matrix[1][j] * vector[j];

Iy
result_vector[i] = sum;
sum = 0;




Implementacao em Alto Nivel
Linguagem C

void mult_mat_vec(int matrix[][], int vector[], int
result_vector[], int numRows, int numCols) {

for(i = @; i < nunl parimetros:

for(j = 0; :
<um matriz
} vetor
result_Yec | vetor resultante
sum = 0; j . .
} numero de linhas da matriz

numero de colunas da matriz que
corresponde ao tamanho do vetor



Imp lementa(;ao = laco que controla a operacao de
Llng' uagein C multiplicacao da matriz pelo vetor.

A cada iteracao um elemento da
matriz ¢ multiplicado por um

void mult_mat_vec(int matriq elemento do vetor e a soma é

result_

int 1,

for(1 =

MR | il A G Gl el it

j, sum = 0; da matriz o valor acumulado é

armazenado no vetor resultante.
@; 1 < numRows; 1++
for(J = 0; j < numCols; Jj++) {
sum += matrix[1][j] * vector[j];
}

result_vector[i] = sum;
sum = 0;



Implementacao em FPGA
Linguagem VHDL

m Como descreveriamos a operagao em VHDL?
m Qual a arquitetura do multiplicador de matrizes por vetores?
B Que mddulos devem ser definidos?

m Como estes mddulos interagem?
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==
Arquitetura da solugao proposta

memoria
l (matriz) A4

MAC memaoria

32 bits (vetor resultante)
|

memaoria
l (vetor)




+
Arquitetura da solucao proposta

controlador

memaoria
(matriz)

L )

memaoria .

| (vetor resultante) #H
L4

memoria
(vetor)

L )
"t*agppunnr®

*
8 L
TS A

void mult_mat_vec(int matrix[][], int vector[],
int result_vector[], int numlLines, int numCols) {




+ .
Memorias |I

m As memdrias utilizadas no exemplo sdo internas ao FPGA.

m A ferramenta MegaWizard gera os arquivos necessarios para que
instanciemos estas memarias no projeto de acordo com nossas
necessidades.

m Outros fabricantes como a Xilinx fornecem ferramentas
semelhantes (CoreGenerator).

m A seguir iremos ver os procedimentos para geragao dessas
memarias.



Criacao dos arquivos de
conteudo .MIF

m Os arquivos MIF sdao capazes de definir o conteudo inicial
das memdrias geradas. [remos definir o conteudo das
memaorias de acordo com o exemplo do inicio da
apresentacao.

matriz 10 X 100 vetor 100 X 1
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+ . L.
Criacao das Memorias na Ferramenta

m Para a criacdo das memorias, utilizaremos a ferramenta
MegaWizard.

m Iremos criar trés memorias dual-port com palavras de 32 bits
do seguinte tamanho:

m Memoéria Matriz (10 x 100) - 1000 palavras.
m Memoéria Vetor (100 x 1) - 100 palavras.

m Memoria Vetor Resultante (10 x 1) - 10 palavras.
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Selecionar a primeira

The MegawWizard Plug-In Manager helps you create or modify
design files that contain custom variations of megafunctions.

i j ?
8 hich goliop dowaw waRtdoPRIfgg?, | | -
¢ _ * Creatra new custom megafunction variatian :
e %8 iy o B B rtion

" Copy an existing custom megafunction variation

Copyright © 1931-2008 Altera Corporation
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Definir o FPGA como

Cyclone II
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i RAM: 2-PORT
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Parameter

Settings

Currently selected device Family: V2

mem_matrix
#! Match projectjdefault

data[7..0]
wraddress[4..0]
weren

RAu

rdaddress[4..0] i~ How will you be using the dual port ram? -

Bt

clock

(*) With one read port and one write port
Block Type: AUTO

) With two readfwrite ports

—How do you want to specify the memory size? —

*) As a number of words [:\\S

) As a number of bits

Resource Usage
1 MaK
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Parameter

Settings

Definir o ndmero de
palavras como 1000
(profundidade da meméria)

data[31..0]

wraddress[9..0]

wren

Setar o tamanho das
palavras para 32 bits

Resource Usage

8 MaK

How many 32-bit words of memory?

[ | Use different data widths on different ports
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] e
Set the maximum block depth to | Auto W words
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Settings
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i~ Which clocking method do you want to use?

mem_matrix % Single clock

data[31..0)
wraddress[9..0]
weren

rdaddress[9..0]

1000 Word(s)
RAu

clock

Block Type: AUTO

) Dual clock: use separate 'read' and 'write' clocks

. Dual clock: use separate 'input’ and 'output’ clocks

| About " Documentation

|| Create an 'rden’ read enable signat

Byte Enable Ports

Resource Usage

|| Create byte enable for port &

What is the width of a byte for byte enables? ‘ 8 V bits

8 MaK
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RAM: 2-PORT

Parameter

Settings

General Widths/Blk Type m

mem_matrix

data[31..0]

wraddress[9..0] g ?‘%r
wren —G‘ ;i}
=

=HH "

rdaddress[9..0]

clock

Block Type: AUTO q

clock signal

Resource Usage

—Which ports should be reqistered?-

‘data’, 'wraddress’, and 'wren'

'rdaddress' and 'rden’

' Read output portis)

|| Create one clock enable signal for each

|| Create an 'aclr' asynchronous clear for = B
[}S the reqistered ports

| About " Documentation

More Options ...

8 MK
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RAM: 2-PORT

Parameter

Settings

mem_matrix

data[31..0)
wraddress[9..0]
weren

rdaddress[9..0]

1000 Word(s)
RAu

clock

Block Type: AUTO

*) I don't care

Resource Usage

General Widths/Blk Type m Regs/Clkens/Aclrs Qutputl m_

i~ Mixed Port Read-During-Write for Single Input Clock RAM

How should the q output behave when reading a memory
location that is being written from the other port?

_ Old memory contents appear
Mote: M-RAM cannot be used with this behavior

| About " Documentation
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BEx

_a RAM: 2-PORT

[Il Parameter
Settings

General \ Width<(Rlk Tvne Clk<iRd. Rvte Fn

RenciClkensficlrs

, leave

Apontar para o arquivo
MIF criado anteriormente

Block Type: AUTO

Resource Usage

want to specify the initial content of the memory?

use this file For the memory content data
en use a Hexadecimal (Intel-format) File [.hex] or a Memory
bon File [.mif])

File nameﬁ‘

I About ” Documentation

it blank

Browse...

g B LB BN NI ~ =

memn_matrix.mif & ‘

x L 2a
Sampmunt®

8 M4K
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i~ Simulation Libraries

mem_matrix To propetly simulate the generated desian files, the following simulation model
data[31..0] 209 file{s) are needed
wraddress[9..0] g - —
TEn =g 5 b= File I Description l
HH Ze« altera_mf  Altera megafunction simulation library
rdaddress[9..0] L H 2
clock
Block Type: AUTO

~Timing and resource estimation

Generates a netlist for timing and resource estimation For this megafunction. IF
vou are synthesizing your design with a third-party synthesis tool, using a
timing and resource estimation netlist can allow for better design optimization.

Mot all third-party synthesis tools support this feature - check with the tool
vendor for complete support information.

Mote: Metlist generation can be a time-intensive process. The size of the
design and the speed of your system affect the time it takes for netlist
generation to complete.

|| Generate netlist
Resource Usage

8 M4K
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i RAM: 2-PORT

Documentation

| About |

Summary
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1000 Wiord(:
R4

rdaddress[9..0]

Ty

directory:

clock

C:\Documents angilettingsiVictor MedeirosiMeus documentos),

Block Type: AUTO

[ 'S

st ) .QA l Description |
.‘ A mem_matrix. vhd ® ke Yariation file
& | O mem_matriz.inc . AHDL Include file
L] 4" mem_matriz.cmp . YHDL component declaration file
- O mem_rmatrix. bsf s Quartus |1 symbol file
m e n s 3
5 4" mem_matrix_inst.vhd . Instantiation template file
. 4 mem_matrix_waveforms.html & Sample waveforms in summary
“ L. mem_matrix_wave®.jpg .. Sample waveform file(s)
* L 4
L 2
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Resource Usage
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for(i = 0; 1 < numLines; 1++) {
for(j = 0; j < numCols; j++) {
sum += matrix[i1*numLines+j] * vector[j];

}

result_vector[i1] = sum;
sum =

controlador

memoria
(matriz)

memaoria
32 bits (vetor resultante)
memaoria
(vetor)




==
MAC 32 bits

Pclk  Prst

Pmult_vid

Pdone _ac
——2> Poutput

Pinput_a
Pinput_b




==
MAC 32 bits

Pmult_vid
Pdone _ac
Pinput_ a —>
Pinput_b —>

Pclk Prst

-- definicao da entidade

entity mac32b1ts 1s
Prst . 1n
Pclk . 1n
Pmult_vld . 1n
Pdone_ac . 1n
Pinput_a . 1n
Pinput_b : 1n

port (

std_logic;

std_logic;

std_logic;

std_logic;

std_logic_vector(31 downto 0);
std_logic_vector(31 downto 0);

Poutput : out std_logic_vector(31 downto 0)

),

end mac32Zbits;




-- descricao da arquitetura comportamental da entidade
architecture arq_mac32bits of mac3Zbits is
-- definicao do registrador acumulador
signal Saccumulator : std_logic_vector (31 downto @);
begin
process (Pclk, Prst, Pmult_vld, Pdone_ac)
-- declaracao das variaveis do processo
-- variavel temporaria
variable Vtemp_mult : std_logic_vector (63 downto @);
begin
-- sincronismo com o clock
1f (Pclk'event and Pclk = '"1") then
-- se 0 reset fol pressionado
1f (Prst = '@'") then
Vtemp_mult := (others => '0');
Saccumulator <= (others => '0');
Poutput <= x"FFFFFFFF";
else
1f (Pdone_ac = 'Q' and Pmult_vld = '1'") then
Vtemp_mult := Pinput_a * Pinput_b;
Saccumulator <= Saccumulator + Vtemp_mult (31 downto 0);
elsif (Pdone_ac = '1"') then
Poutput <= Saccumulator (31 downto 0);
Saccumulator <= (others => '0');
end 1if;
end 1if;
end if;
end process;
end arqg_mac32bits;




-- descricao da arquitetura comportamental da entidade
architecture arq_mac32bits of mac3Zbits 1is
-- definicao do registrador acumulador
signal Saccumulator : std_logic_vector (31 downto @);
begin
process (Pclk, Prst, Pmult_vld, Pdone_ac)
-- declaracao das variaveis do processo
-- variavel temporaria
variable Vtemp_mult : std_logic_vector (63 downto @);
begin
-- sincronismo com o clock
1f (Pclk'event and Pclk = '"1") then
-- se 0 reset fol pressionado
1f (Prst = '0') then
Vtemp_mult := (others => '0');
Saccumulator <= (others => '0');
Poutput <= x"FFFFFFFF";

else “.--IIIIllll"'"'--.,-....-......"""ll..-----

L 3
L

Laee**""f (Pdone_ac = '0' and Pmult_vld = '1') then  ""vea,,
o Vtemp_mult := Pinput_a * Pinput_b; "'..
:‘ Saccumulator <= Saccumulator + Vtemp_mult (31 downto 0);
\’ elsif (Pdone_ac = '1') then
‘oo, Poutput <= Saccumulator (31 downto 0); oo’
"'-..,_ Saccumulator <= (others => '0'); __..-“'
e.an'l'T';'--....__.."_ lllllllll---------“‘
end 'L-F’ EEEEEEEERER

end process;
end arqg_mac32bits;




Controlador do multiplicador

memoria

l (matriz)
MAC memaoria

32 bits (vetor resultante)

memaoria
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Controlador do multiplicador

memaoria
(matriz)

memaoria

for(i = 0; 1 < numLines; 1++) {
for(3 = 0; j < numCols; Jj++) {
sum += matrix[1*numLines+j] * vector[j];
ks

result_vector[i] = sum;
sum = 0;




Controlador do multiplicador

Pclk Prst

Pinit_button Pwr_mem_out

Paddr mem_matrix €——— <okl

Paddr_mem_vector €—— Paddr_mem_out

Vol

Pmac vld Pdone



-- definicao da entidade
entity controlador is port (

),

Pclk : 1n std_logic;
Prst : 1n std_logic;
-- portas de conexao com as memorias
-- porta que endereca a memoria que contem a matriz

Paddr_mem_matrix : out std_logic_vector(9 downto 0);

-- porta que endereca a memoria que contem o vetor
Paddr_mem_vector : out std_logic_vector(6 downto 0);

-- porta que endereca a memoria que contem o vetor de saida
Paddr_mem_out : out std_logic_vector(3 downto 0);

-- porta que aciona a escrita na memoria de saida
Pwr_mem_out : out std_logic;

-- sinais de controle
-- porta que indica que o botao de init foi pressionado

Pinit_button : 1n std_logic;

-- porta que indica para o MAC que ja existem dados validos
Pmac_vld : out std_logic;

-- sinaliza para o MAC que todos os produtos ja foram realizados
Pdone : out std_logic

end controlador;




==
Maquina de Estados do
Controlador (FSM)

init_button \|(
IDLE ‘ WAIT_MEMORY_DATA | | READ_DATA I | RESET_MAC_VALID l ‘ ADDR_MEM]
proce ements = 100
[
D RESET_DONE




-- processo que implementa o comportamento do controlador

process(Pclk, Prst, Pinit_button)

-- variaveis utilizadas no processo
-- variavel que conta numero de operacoes do MAC

variable Vop_counter

: 1nteger range 0 to 100;

-- variavel que endereca a memoria de saida
variable Vaddr_mem_out : std_logic_vector(3 downto 0);

begin

-- sincronismo com o clock

if (Pclk'event and Pclk = '"1') then
-- se o0 reset fol pressionado
1f (Prst = '0') then

Saddr_mem_matrix <=
Saddr_mem_vector <=
Pmac_vld <=
Vop_counter =
Sctrl_mem_state <=
Pwr_mem_out <=
Saddr_mem_out <=
Pdone <=
else

case Sctrl_mem_state 1is

"0000000000" ;
"0000000" ;

0,
INIT;
lll;
"0000" ;
l@’;

-- estado de inicializacao

when IDLE =>




'WAIT_MEMORY_DATA | | READ_DATA | | RESET_MAC_VALID | | ADDR_MEM l

[processed_elements = 100]
[VERIFY_PROCESS_END ’ WRITE_DATA | | RESET_DONE |
when IDLE =>

Pwr_mem_out <= 'Q';

-- caso o botao init tenha sido pressionado

-- 1nicializa as portas de saida e dispara a execucao

1f (Pinit_button = '"1') then
Saddr_mem_matrix "0000000000" ;
Saddr_mem_vector "0000000" ;
Pmac_vld '
Vop_counter = 0;
Pwr_mem_out 'Q';
Saddr_mem_out "'0000" ;
Pdone '0';
Sctrl_mem_state WAIT_MEMORY_DATA;

else
Sctrl_mem_state IDLE;

end 1f;

]
)



. uENEN,
init_button ¢ ® J/ ST

g ]
& WAIT_MEMORY_DATA |'s READ_DATA | ‘ RESET_MAC_VALID ADDR_MEM
= i:o% H

L 4

L
Cay Emmmt i [processed_elements = 100]

[VERIFY_PROCESS_END ’ WRITE_DATA | ‘ RESET_DONE |

[processed_lines = 10]

| END_PROCESS ’ g

when WAIT_MEMORY_DATA =>

-- espera um ciclo, tempo de resposta da memoria
Sctrl_mem_state <= READ_DATA;




init_button

| WAIT_MEMORY_DATA

4 *
RESET_MAC_VALID | ‘ ADDR_MEM |

when READ_DATA =>

T L] -/ mn _d [processed_elements = 100]

[VERIFY_PROCESS_END ’ WRITE_DATA ' ‘ RESET_DONE |

[processed_lines = 10]

| END_PROCESS ’ g

-- 1ndica para o mac que os dados sao validos

Pmac_vld

<= lll;

-- 1ncrementa contador de operacoes do MAC

Vop_counter
-- val enderecar novas palavras

Sctrl_mem_state

:= Vop_counter + 1;

<= RESET_MAC_VALID;




“lll...

g™ Lo
>
WAIT_MEMORY_DATA READ_DATA 4 | RESET_MAC_VALD | * ADDR_MEM
»” o
.

® L3
Can, [prp@s!d‘_elements = 100]

[VERIFY_PROC D WRITE_DATA ' ‘ RESET_DONE |

[processed_lines = 10]

when RESET_MAC_VALID

Pmac_vld = '0";

init_button

Sctrl_mem_state = ADDR_MEM;




init_button

L
*
| WAIT_MEMORY_DATA | | READ_DATA | | RESET_MAC_VALID :
Wt
*
*

[ VERIFY_PROCESS_END ’

[processed_elements 'H)OJ

P
WRITE_DATA ‘ RESET_DONE

[processed_lines = 10]

when ADDR_MEM =>
Pmac_vld <= '0",;
-- endereca a matriz

Saddr_mem_matrix <= Saddr_

-- endereca o vetor

mem_matrix + "0000000001”

Saddr_mem_vector <= Saddr_mem_vector + "0000001";
-- se ja realizou 100 operacoes

i1f (Vop_counter = 100) then
-- zera contador e escreve
Vop_counter 1= 0;
Pdone <= '1";

Sctrl_mem_state <= RESET_

else

na memoria de saida

DONE ;

-- retorna a uma nova leitura da memoria
Sctrl_mem_state <= WAIT_MEMORY_DATA;

end if;




init_button

ADDR_MEM

rWNT_MEMORY_DATA I ‘ READ_DATA | ‘ RESET_MAC_VALID
rocessed_elements =
[p - ‘}QOi\/ ..0
[VERIFY_PROCESS_END ’

*
i % .
[processed_lines = 10] amms

| END_PROCESS ’ g

WRITE_DATA

when RESET_DONE =>
Sctrl_mem_state <= WRITE_DATA;

Saddr_mem_vector <= "0000000"
Pdone <= '0';




init_button

'WAIT_MEMORY_DATA l ‘ READ_DATA | ‘ RESET_MAC_VALID ' ‘ ADDR_MEM |

en ™ mioge.ssed_elements = 100]
&

[ VERIFY_PROCESS_END 5 RESET_DONE

" "
[processed_lines = 10 * mm 8 ®

when WRITE_DATA =>

Pdone <= '0";
-- sinaliza pedido de escrita na memoria

Pwr_mem_out "1';
-- val verificar se finalizou operacoes
Sctrl_mem_state <= VERIFY_PROCESS_END;




init_button

WAIT MEMORY_DATA READ_DATA RESET_MAC_VALID | ‘ ADDR_MEM I
gui[Emy [processed_elements = 100]
e '..

: VERIFY_PROCESS_END WRITE DATA RESET_DONE
-
*

LS

“aana p!o!essed lines = 10]

| END_PROCESS | g

when VERIFY_PROCESS_END =>
Pwr_mem_out <= '0';
Saddr_mem_out <= Saddr_mem_out + "0Q001";

-- verifica se ja finalizou operacao
1f ( Saddr_mem_out = "1001" ) then

-- finalizou operacao (10 escritas)
Sctrl_mem_state <= END_PROCESS;
else
-- dinda nao finalizou

Sctrl_mem_state <= READ_DATA;
end 1if;




init_button

'WAIT_MEMORY_DATA l ‘ READ_DATA | ‘ RESET_MAC_VALID ' ‘ ADDR_MEM |

[processed_elements = 100]

[VERIFY_PROCESS_END ’ WRITE_DATA | ‘ RESET_DONE |

[processed_lines = 10]

L
T YT e

when END_PROCESS =>

-- operacao finalizada, se mantem no estado
Sctrl_mem_state <= END_PROCESS;




Discussao!

mE agora? Como podemos
aumentar consideravelmente o
desempenho dessa solucao?
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Arquitetura da solugao proposta
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memoria 1
(matriz)

memoria 2
(matriz)

memoria 10
(matriz)

memoria
(vetor)

MAC
32 bits 2

MAC
32 bits 10

l

|

|

memoria 1
(vetor resultante)

memaoria 2
(vetor resultante)

memoria 10
(vetor resultante)
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SR gt o ] estes 4 displays de 7
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Modulos de apoio para execucao
na placa DE2

decodificador BCD

debounce




Modulos de apoio para execucao
na placa DE2

debounce



Modulos de apoio para execucao
na placa DE2




Modulos de apoio para execucao

na placa DE2
B

decodificador BCD




Simulacao

m Antes de baixarmos nosso cédigo na plataforma alvo,
podemos realizar a simulagao dos cores desenvolvidos em
uma ferramenta de simulacgao. Esta simula¢cdao nos permite
identificar de antemao se o mdédulo realiza corretamente a
tarefa para qual foi desenvolvido.
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Execucao no FPGA

m Como fazemos para baixar nosso projeto para a placa?
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