Laboratorio de Sistemas Digitais

Aula Tedrico-Pratica 9
Ano Letivo 2022/23

Modelacao, simulacao e sintese de
Maquinas de Estados Finitos

Modelo de Mealy
MEFs comunicantes




Conteudo

 Abordagens de modelacao de Maquinas de
Estados Finitos (MEFs) / Finite State Machines
(FSMs) baseadas em VHDL

— Modelo de Mealy
* Flexibilidade na especificacao das transicoes

— Utilizacao de operadores relacionais

 MEFs comunicantes

— Exemplo



Synchronous Combinatorial _J Next State

Meétodo L

12 processosl: Parallel Inputs — Pnisentstale \;_..,
MEF de Mealy  ox— | —

——
State Transition Inputs

R LT + Present State

\}Moore \Mealy
Gestao das saidas (processo combinacional)

— Moore (dependem apenas do estado)
* Valores atribuidos directamente nos when de um case

— Mealy (dependem do estado e das entradas)

« if. . then..else (dependentes das entradas) dentro dos
when de um case

— Sempre (em Mealy como em Moore)

e Garantir a atribuicao (processo combinacional —sem
latches!)
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Exemplo (Mealy) — Detetor de Sequéncias (1101)

library IEEE;
use IEEE.STD LOGIC 1164.all;

entity SeqllOlDetector is
port(reset : in std _logic;
clk : in std_logic;
xIn : in std _logic;
zOut : out std logic);
end SeqllOlDetector;

architecture Behav of SeqllOlDetector is

type state is (A, B, C, D);
signal PS, NS : state;
begin
sync_proc: process (clk)
begin
if (rising_edge(clk)) then
if (reset = 'l') then
PS <= A;
else
PS <= NS;
end if;
end if;
end process;

Exemplo:
xIn : 0110100101101101011010111010
zOut: 0000100000001001000010000010

comb_proc : process(PS, xIn)
begin
zOut <= '0'; -- Frequent output value, could appear
-- in all “when” statements, but would require more code

case PS is

when A => —ixIn  zOut —
if (xIn = '1l') then NS <= B;
else NS <= A; Detetor de
end if; Sequéncia
when B =>
if (xIn = '1l') then NS <= C; A reset
else NS <= A; | |
end if;
when C =>
if (xIn = '1l') then NS <= C;
else NS <= D;
end if; reset
when D =>
if (xIn = '1l') then
NS <= B;
zOut <= 'l'; -- Mealy output
else NS <= A;
end if; '
when others => -- Catch all condition 1/0
NS <= A;
end case;

end process;
end Behav;
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Output do Estado Interno

library IEEE;
use IEEE.STD LOGIC 1164.all;

entity SeqllO1l is
port(reset : in std logic;
clk : in std _logic;
xIn : in std_logic;

stout : out std logic_vector (3 downto 0);

zOut : out std_logic);
end Seqll01l;

architecture Behav of Seqll0l is
type state is (A, B, C, D);

signal PS, NS state;
begin
if (rising_edge(clk)) then
if (reset = 'l') then
PS <= A;
else
PS <= NS;
end if;
end if;

end process;

comb_proc process (PS, xIn)
begin
zOut <= '0'; -- Most frequent output value

case PS is

when A =>
if (xIn = '1l') then NS <= B;
else NS <= A;
end if;
when D =>
if (xIn = '1l') then
NS <= B;
zOut <= 'l'; -- Mealy output
else NS <= A;
end if;

when others => -—- Catch all condition

NS <= A; T 8o
Atribuicao concorrente
end case;
com sync_proce
end process;
comb proc
with PS select — xIn ZzOut —
stOut <= “0001” when A,
“0010” when B, Detetor de
“0100” when C, Sequéncia
“1000” when D, [:ggigi__
0000” when others; A reset

end Behav; | |
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Especificacao Flexivel das Transicoes

e Em VHDL é possivel especificar as condicdes de transicao

de estado de diversas formas

— Cddigos binarios ou valores simbdlicos
— Expressdes booleanas ou relacionais
* Exemplo

— Distancia de Hamming moddulo 4 de duas entradas série
X=Y

Exemplo:
X: 0001100110110110111101
y: 0011000100110100100000 X*Y

z(0): 0011000011111100010110
z(1): 0000111111111100001110
Z : 0011222233333300012330

X£Y

X=Y

X

y

Serial
Hamming

reset

T
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Exemplo — Distancia de Haomming
Modulo 4

-- Computes modulo 4 (0...3) Hamming distance
-- between two serial inputs

library IEEE;

use IEEE.std logic_1164.all;

entity serialHamming is

port(clk in std logic;
reset in std _logic;
X,y : in std_logic;
z : out std logic_vector(l downto 0));

end serialHamming;

X=Y

architecture behav of serialHamming is
type state is (A, B, C, D);
signal PS, NS
begin

state; reset

if (rising edge(clk)) then

if (reset = 'l') then XzY
PS <= A;
else
PS <= NS; D/
end if; 11
end if;
end process;
X=Y

Cc/
10

XzY

X=Y

comb proc : process(PS, x, y)
begin
NS <= PS; -- Otherwise assume

-- NS equal to PS
case PS is
when A =>
z <= "00";
if (x /= y) then NS <= B;
end if;
when B =>
z <= "01";
if (x /= y) then NS <= C;
end if;
when C =>
z <= "10";
if (x /= y) then NS <= D;
end if;
when D =>
z <= "11";
if (x /= y) then NS <= A;
end if;
when others =>

z <= "00";
NS <= A;
end case;

end process;

end behav;
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Simulacao - Distancia de Haomming
Modulo 4

File Edit View Simulation Help ’ Search altera.com ﬁ
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Simulacao com testbench:
- Gerada a partir do ficheiro VWF
- Gerada diretamente em VHDL de acordo com o template para componentes

sequenciais
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Maquinas de Estado Finitos
Comunicantes

Particao da funcionalidade do sistema em duas ou mais maquinas
paralelas ou sequenciais

— Decomposicao visa facilitar o desenvolvimento e a validacao

— Partilha dos sinais de inicializacao e sincronizacao

* Frequentemente operam em diferentes flancos do mesmo sinal de clock
— Sinais de entrada e de saida

* Especificos de cada sub-maquina

* Partilhados pelas sub-maquinas

 Comunicacao entre sub-maquinas

Reset ¢
Clock T
-
> FSM 1 > FSM 2 <
Entradas -- B * Entradas
_ M estados N estados —
-
Sinais para
l l Comunicagao l l
entre FSMs

Saidas Saidas
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e Duas MEFs comunicantes

Exemplo de MEFs Comunicantes
Semaforo de Obras

— Sequenciacao dos estados dos

semaforos - TrafficLightsFSM
— Temporizac¢ao dos estados dos

semaforos — TimerAuxfFSM o 0

— Frequéncia de operacao - 1 Hz

Projeto completo disponivel no site

TrafficLightsTop

ClkDividerN TrafficLightsFSM
CLOCK_5d s_clklHz )
»clkin clkOut »clk yBlink
»intermit LEDR(15
SW(0) redl T ( 2 @
. LEDR(16)
TimerAuxFSM yellowl— » | O
1 7y LEDR(17) o
reen >
——>clk newTime[e newTime = LEDR(2)
time Va || «mm— tj me Val red2 1 LEDR(1§ @
reset timeExp »timeExp yellow?2 > » | O
7— LEDR(O)
KEY(0) green? » | O
>»Jreset

=
o
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TrafficLightsFSM
Ik yBlink

(]

Controlador do Semaforo
TrafficLightsFSM e

*  Alguns portos I e
— intermit — entrada de ativacao do amarelo intermitente | red?
— newTime, timeVal — pedido (a TimerAuxFSM) de uma nova temporizacao timeExp yellow2
— timeExp — temporizacao terminada (expirada) (notificacdao da TrafficLightsFSM) green2
— yBlink — saida de controlo do amarelo intermitente reset

Reset

Yellow TRed2

TInit Green2

timeVal= timeVal= |nt'erm|t or timeVal= timeVal=
-------- GREEN2_TIME timeExp YELLOW_TIME timeExp RED_TIME
green2=1 yellow2=1’ red2=1"
Restantes red1="1 red1=1" red1="1"
saidas a ‘0’ Restantes Restantes Restantes
saidas a ‘0’ saidas a ‘0’ saidas a ‘0’
timeExp and
intermit
1 .
timeExp and
not intermit and timeExp and not intermit
timeExp not intermit
Intermi TRed1 Yellow . . Greenl
timeVal= timeVal= timeVal= |nt'erm|t or timeVal=
INTERMIT_MIN_TIME RED_TIME timeExp YELLOW_TIME timeExp GREEN1_TIME
z:::x;i'i' red1=1 yellow1="1’ greenl=1
= . red2=1 red2=1 red2=1
yBlink=11’ timeExp and Restantes Restantes Restantes

Rest. saidas a ‘0’ intermit

saidas a ‘0’

’ ¢ oy
aidasa ‘0’ safdasa ‘0

intermit or
not timeExp

11
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TrafficLightsFSM — Ent. + Arquitetura
(decl. do estado e proc. sincrono)

library IEEE;

type TState is (TInit, TIntermit, TRedl, TYellowl,

use IEEE.STD LOGIC 1164.all; TGreenl, TRed2, TYellow2, TGreen2);
signal s_currentState, s_nextState Tstate := TInit;
entity TrafficLightsFSM is signal s_stateChanged : std logic := '1';
port (reset in std logic; begin
clk in std:logic; sync_proc : process (clk) . 'Yalpre%fje i
intermit in std _logic; begin |nunahzagao POsS
newTime out std logic; if (rising_edge(clk)) then corﬂﬁguragéc>da
timeval out std logic_vector (7 downto 0); if (reset = 'l') then FPGA
timeExp in std logic; s currentState <= TInit;
yBlink out std:logic; clk TmﬁkugﬂﬁSMBmm s:stateChanged <= '1"';
redl out std logic; ! else
yellowl out std logic; intermit redl if (s_currentState /= s_nextState) then
greenl out std _logic; yellowl s_stateChanged <= 'l1';
red2 out std logic; |hewTime BEEIL else
yellow2 out std logic; [timeVal red2 s_stateChanged <= '0';
green2 out std logic); |timeExp yellow2 end if;
end TrafficLightsFSM; green2 s_currentState <= s nextState;
reset end if:
end if;

architecture Behavioral of TrafficLightsFSM is

-- Constantes para definigdo das temporizagdes
constant RED_TIME

constant YELLOW TIME
constant GREEN1 TIME
constant GREEN2 TIME
constant INTERMIT MIN TIME

std logic_vector (7
std logic_vector (7
std logic_vector (7
std logic_vector (7

std logic_vector (7

newTimeé )
ativado quando
existe de facto

end process;

newTime <= s stateChanged;

downto
downto
downto
downto

downto

0) := "00000100"; -- 4 s uma transi¢ao

0) := "00000011"; -- 3 s deestado  /

0) := "00001110"; -- 14 s ;

0) := "00001100"; -- 10 s i

0) := "00000110"; -- 6 s 3
=

=
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TrafficLightsFSM — Proc.

Reset

comb_proc : process(s_currentState,

i
begin
case (s_currentSta
when TInit =>
redl <=
yellowl
greenl
red2
yellow2
green2
yBlink
timeVal

s_nextState <=

A AN ANANANANA
L [ | R | | N | I

when TIntermit =>

redl <=
yellowl <=
greenl <=
red2 <=
yellow?2 <=
green2 <=
yBlink <=
timeVal <=

if ((intermit =
s_nextState

else
s_nextState

end if;

ntermit, timeExp)

te) is

0 ;
0 ;

0 ;

0 ;

0 ;

0 ;

0 ;

(others => '-");
TIntermit;

0
1
0
0
1
0
1
INTERMIT MIN TIME;

'0') and (timeExp = 'l')) then

<= TRedl;

<

TIntermit;

INTERMIT_MIN_TIME
yellow1=1"
yellow2=1’

yBlink=1"

Rest. saidasa ‘0

RED_TIME
red1=1
red2="1'

Restantes

timeExp and
intermit

¢

aidas a ‘0

’

intermit or
not timeExp

-- Indicag¢do da temporizacgédo

when TRedl =>

end if;

else

Combinatorio

s_nextState <= TRedl;

end if;

when TYellowl

when TGreenl

end case;

end process;

end Behavioral;

=>

=>

redl <= '1"';
Tinit yellowl <= '0';
time Val= greenl <= '0';
. red2 <= '1"';
Restantes : yellow2 <= '0"';
saidasa ‘0’
TGreen2 *°* green2 <= '0';
4 yBlink <= '0';
timeVal <= RED TIME;
if (timeExp = 'l') then
if (intermit = 'l') then
not intermit and timeExp and s nextState <= TIntermit :
imeExp not intermit - ’
Intermit TRed1 else
timeVal= timeVal= s_nextState <= TGreen2;

TrafficLightsFSM
clk yBlink
intermit
redl
yellowl
. greenl
newTime
timeVal red2
timeExp yellow2
green2
reset
3
it
52
>a
=+
=

=
w



TimerAuxFSM — Codigo Completo

library IEEE;

use IEEE.STD_LOGIC_1164.all; architecture Behavioral of TimerAuxFSM is
use IEEE.NUMERIC STD.all; signal s _counter : unsigned(7 downto 0) := (others => 'l');
signal s _cntZero : std logic := '0'; (V N\
entity TimerAuxFSM is begin MEF modelada
port(reset : in std_logic; process (clk) com um unico
clk : in std _logic; begin processo e
newTime : in std logic; i s o
_ . = _ if (rising_edge (clk)) then baseada num
timeVal : in std logic_vector (7 downto 0); if (reset = 'l') then q
timeExp : out std_logic); s_counter <= (others => '1'); \‘7 contador 4/
end TimerAuxFSM; s cntZero <= '0"';
elsif (newTime = 'l') then
Reset
s_counter <= unsigned(timeVal) - 1;
s_cntZero <= '0';
TimerAuxFSM else
newTime="1" clk newTime if (s_counter = "00000000") then
s_counter="11...11" s_counter=timeVal-1 . s cntZero <= 'l';
timeVal -
timeExp='0" timeExp="0' t ti E else
rese IMEeLXp s_counter <= s _counter - 1;
s cntZero <= '0';
newTime='0' end If .
newTime="'1" 1 ;
end if; (" Contador descrescente de )
s_counter= .
“00...00” end if; timeVal-1
Counter end process; a0 (zero)

Run
s_counter=
s_counter-1
timeExp='0'

s_counter#
“00...00”

timeExp toma o valor
‘1’ quando o contador
\_ atingeo valor zero )

counter= timeExp <= s_cntZero;

“00...00”

timeExp="1" end Behavioral;
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Quartus Prime RTL Netlist Viewer

Fle Edit View Took Window Hep 5

Search altera.com
ap @6 (DA EEP N Page: [1of1_~)
& Neﬂ\sf Navigator 28 x | |£ TrafficLights: 1 Iﬂ
4[5z TrafficlightsTop
4 [ Instances
I 3 ClkDividerN:clk_div_ihz
[ |3 TimerAuxFSM:timer_fsm
I [ TrafficLightsFSM:main_fsm
4 i} Primitives
4 10 Logics
<> LEDR~0
<1 LEDR~1
<> LEDR~2
4 = ports swio..0][>
4 = Input
== CLOCK_50
b = KEYD..0] ClkDividerN:dk_div_1hz TimerAuxFSM:timer_fsm
b = SW(D..0]
4 = output

[ = LEDR[17..0] CLOCK_50 D

KEY[0..0] >

-

TrafficLightsFSM:main_fsm

LEDR~1

LEDR~0 TD LEDR[17..0]

LEDR~2 =

clkin dkout

timeVal[7..0]

»

100% 00:00:03

TrafficLightsTop

ClkDividerN TrafficLightsFSM
CLOCK_50 s_clk1Hz

clkln clkOu clk yBlink

intermit LEDR(15)

redl
LEDR(16)
TimerAuxFSM ellowl >
4 —1 LEDR(17)

+—>clk newTime newTime
time Va || «m— i e Va | red2

reset timeExp timeExp yellow?2 <

SW(0)

A 4

(I

greenl

A

LEDR(2)

A 4

O0C@e|00 e

green2 >

KEY(0)

>Jreset
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Quartus Prime State Machine Viewer

.
&% State Machine Viewer - C:/Users/Amalde/CloudStation/LSDig/TrafficLights/TrafficLights - TrafficLights

= B ) |

File Edit View Tools Window Help

=

State Ma:hlne:[I'FraFﬁd.lghtsTcpITraf'ﬁd_lghtsFSM:maln_Fsrnls_a.lrremStBDe vl <:ﬁ E'p W Sy

hEe O

Search altera.com \9

Tyellow1

N

Ahx

State Table

Source State Destination State
1 TGreenl Trellowl
2 TGreenl TGreenl
3 TGreen2 TGreen2
4 TGreen2 Trellow2
5 Tinit TIntermit
& TIntermit TRed1
7 TIntermit TIntermit
8 TRedl TRed1
9 TRedi TGreen2
10 TRed1 TIntermit
12 TRed2 TIntermit
13 TRed2 TGreenl
14 Tellowl Trellow1
15 Tyellow1 TRed1
16 TYellow2 TRed2
17 Tyellow2 Trellow2

Condition
{lintermit). (timeExp). (Ireset) + (intermit). (Ireset)
(lintermit). (1timeExp). (Ireset)
(lintermit). (1imeExp).{reset)
(lintermit). (timeExp). (Ireset) + (intermit). (Ireset)
{Ireset)
(timeExp). (lintermit). {Ireset)
(lintermit). (1timeExp).{Ireset) + (intermit). (reset)
{!timeExp).(Ireset)
(lintermit). (timeExp). {Ireset)
(intermit). (timeExp). (Ireset)
(!timeExp). (Ireset)
({intermit). {timeExp). (Ireset)
(lintermit). (timeExp). (Ireset)
{!timeExp).{Ireset)
(timeExp). (Ireset)
(timeExp). {Ireset)
(ItimeExp). (Ireset)

\_Transitions ,/\,_Encoding /

Reset

Tinit
time Val=

Restantes
saidasa ‘0’

TRed2
time Val=
RED_TIME

Yellow:!
time Val=
YELLOW_TIME

Green2
time Val=
GREEN2_TIME

intermit or
timeExp

timeExp

red2="1"
Restantes

green2=1
Restantes
saidasa ‘0’

yellow2=1"
Restantes
saidasa ‘0’

saidasa ‘0’

timeExp and

not intermit
imeExp

Intermit
timeVal=
INTERMIT_MIN_TIME

yellow1=1"

yellow2="1" .

yBlink="1" timeExp and
Rest. saidasa ‘0 intermit

intermit or
not timeExp

timeExp and
not intermit

and timeExp and

not intermit

TRed1 Yellow . . TGreenl
time Val= time Val= InFerm EE? time Val=
RED_TIME timeExp YELLOW_TIME timeExp GREENI_TIME

red1="1"
Restantes

yellow1=1"
Restantes

greenl=1"
Restantes

aidasa ‘0’ saidasa ‘0’ saidasa ‘0’

=
(9))]
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Comentarios Finais

* No final desta aula e do trabalho pratico 9 de LSDig,
devera ser capaz de:

— Conhecer os passos necessarios a sintese de maquinas de
estados finitos

— Recorrer a descricoes comportamentais VHDL proximas do
diagrama de estados saidas

 Modelo de Mealy
e Modelo de Moore

— Conceber testbenches para a simulacao funcional das MEF

— Desenvolver sistemas baseados em maquinas de estados
finitos comunicantes

e ...bom trabalho pratico 9, disponivel no site da UC
— elearning.ua.pt
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