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Finite State Machines

* |n Real-time Object-oriented Modeling, Bran Selic

and Garth Gullekson view a state machine as:
— A set of input events

— A set of output events

— A set of states

— A function that maps states and input to output

— A function that maps states and inputs to states

— A description of the Initial state
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Finite State Machines

e A finite state machine is one that has a limited,
or finite, number of states.

e The machine state Is described by a collection
of state variables.

* Afinite state machine is an abstract concept,
and may be implemented using a variety of
techniques, including digital logic.
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Finite State Machines

 For an edge-triggered, synchronous FSM

iImplemented in digital logic, consider:

— A set of input events (input signals, including clock)
— A set of output events (output signals)
— A set of states (state variables are flip flops)

— A function that maps states and input to output
(this Is the output logic)

— A function that maps states and inputs to states
(this Is the next-state logic)

— A description of the initial state (initial flip flop value)
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Finite State Machines

 Consider this edge-triggered, synchronous
FSM to be implemented in digital logic:

— A set of states
— A set of input events

— A function that maps
states and inputs to states

— A description of the
Initial state

Irestart an d pause
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Finite State Machines

* Things that are not shown (yet):

— A set of output events

— A function that maps states
and input to output

e For now, let’'s work on
modeling the FSM
without the outputs
and output logic.

Irestart an d pause
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Finite State Machines

e The state variables must be able to represent
at least three unique states for this FSM.
— Aflip flop has two unigue states.
— N flip flops can represent up 2N unique states.

— How many flip flops are required for three states?
* One flip flop is not enough.
 Two flip flops are minimally sufficient.
 More flip flops may be used, if desired.
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Finite State Machines

e Select a state encoding method:

— Binary

- Gray S
— Johnson
— One Hot

3"b001
3"b010
3"b011
3"b100
3"b101
3"b110
3"b111

~NoO o~ WONBR

Gray
3"b000
3"b001
3"b011
3"b010
3"b110
3"b111
3"b101
3"b100

Johnson
4"b0000
4*b0001
4"b0011
4*b0111
4*"b1111
4"b1110
4*b1100
4*b1000

One Hot
8"b00000001
8"b00000010
8"b00000100
8"b00001000
8"b00010000
8"b00100000
8"b01000000
8"b10000000

— Custom

 Your encoding selection may require more than
the minimally sufficient number of flip flops.
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Finite State Machines

 Describe the state variables in Verilog.
e Provide a mechanism to force an initial state.

 Describe a function that maps inputs and

current state to a new, or next state.

— Literal transcription of excitation equations
— Behavioral description using case, If-else, etc...

e Some additional things to consider:

— Resets, synchronous or asynchronous?
— Unused states (error, or no resets) and recovery
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Finite State Machines

e Describe it in Verilog just like the block diagram!
* | have selected a custom state encoding.

NEXT STATE L0y STATE e
LOGIC STATE VARIABLES
—
(COMBINATIONAL) (SEQUENTIAL)
A

SYNC RESET
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Finite State Machines

* Note use of parameters;

re pause,

2€?i | easy to change encoding

rst,
pu t re g [1:0] state

faaR”

ule
npu
npu
npu
npu
outy

),

* Asynchronous reset Is
s::zmz:z: EiiS% CEow  5-bot. implemented with state

parameter [1:0] THIRD = 2"b10;

always @(posedge clk or posedge rst) // sequential

e Synchronous reset IS

if (rst) state <= FIRST;
else state <= next_state;

implemented with logic

always @* // combinational
begin

“HEu cesare 1 ey wesee - e @ DEfAUIE ClAUSE COVETS the
else nex t_st t SECOND
SECOND: if (restart) next_state =FIRST; _ d
et T G e = o one unused state
THIRD: if (Irestart & pause) next_state = THIRD;
) else next_sf te = FIRST, . .
s e st = T * Explicit next state signal
nd
dmodul
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Finite State Machines

 You can also describe it in one procedural block.
— No access to “next state” signal (important?)
— More compact...

NEXT STATE STATE

LOGIC VARIABLES
(COMBINATIONAL) (SEQUENTIAL)

STATE

INPUTS

SYNC RESET
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Finite State Machines

* Note use of parameters;
oo s pee easy to change encoding

wire rst

outpu oy [10] state e Asynchronous reset and

rameter [1:0] FIRST = 2%b11;

e Fio) Shcow - 3o synchronous reset both

arameter [1:0] THIRD = 27b10;

Z;g?zs @(posedge clk or posedge rst) // sequential Implemented’ dlstlnctlon

if (rst) state <= FIRST;
Ise

els
IS made by sensitivity list
case(state)
FIRST: if (restart | pause) state <= FIRST;
else state <= SECOND;
SECOND: | §F (restart) state == FIRST: e Default clause covers the
else if (pause) state <= SECOND;
else state <= THIRD;

THIRD: grsg!;iizrzz&gggﬁ) state <= THIRD; One unused State

default: state <= FIRST;

 Implicit next state signal

> > c
H‘UEUU—

T T T o/ - -
>
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Finite State Machines

* Now, let's consider the following:

— A set of output events

— A function that maps states
and input to output

e Suppose there are three
desired outputs:

— 0dd
— even
— terminal

Irestart an d pause
terminal = 0
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Finite State Machines

e The “odd” output Is asserted
in FIRST and THIRD.

e The “even” output Is
asserted in SECOND.

e The “terminal” output
IS asserted to indicate
the FSM will transition
from THIRD to FIRST.

Irestart an d pause
terminal = 0
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Finite State Machines

 Qutputs that require functions of only the
current state are Moore type outputs.

— This includes using state bits directly.
— Outputs “odd” and “even” are Moore outputs.

 Qutputs that require functions of the current
state and the inputs are Mealy type outputs.

— Output “terminal” is a Mealy outpuit.
e Consider the latency and cycle time tradeoffs.
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Finite State Machines

 Describe the output functions in Verilog,

just as shown in the block diagram...

STATE STATE
LOGIC VARIABLES
INPUTS “ .....
[ ] /\ E
: SYNC RESET ASYNC RESET E
lsssssnssnssnsnnnnsnennunennunEnnEnEnEENERNEEEES -

OUTPUT
LOGIC

—> OUTPUTS
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Finite State Machines

module fsm (

input wire pause,

input wire restart,
input wire clk,

input wire rst,

output reg [1:0] state,
output wire odd,

output wire even,
output wire terminal

)
reg [1:0] next_state;

parameter [1:0] FIRST = 2"bl1l;
parameter [1:0] SECOND = 2"b01;
parameter [1:0] THIRD = 2"b10;

always @(posedge clk or posedge rst) // sequential
begin

if (rst) state <= FIRST;

else state <= next_state;
end

always @* // combinational
begin
case(state)
FIRST: if (restart | pause) next_state = FIRST;
else next_state = SECOND;
SECOND: if (restart) next_state = FIRST;
else if (pause) next_state = SECOND;
else next_state = THIRD;
THIRD: if (Irestart & pause) next_state = THIRD;
else next_state = FIRST;
default: next_state = FIRST;
endcase
end

// output logic described using continuous assignment
assign odd = (state == FIRST) | (state == THIRD);
assign even = (state == SECOND);

assign terminal = (state == THIRD) & (restart | !pause);

endmodule

Started with the FSM
described using explicit
next state logic, but could
have used the other one.

Added three assignment
statements to create the
output functions.
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Finite State Machines

module fsm (
input wire pause,
input wire restart,
input wire clk, .
input wire rst, e Started with the FSM
output reg odd, . . . .
e 12 e described using implicit

);

saraneter [1:0] FIRST = 2 next state logic, but could

parameter [1:0] SECOND = 2"b01;
parameter [1:0] THIRD = 2"b10;

atvays o(posedge clk or posedge rsty /7 sequential have used the other one.

begin
if (rst) state <= FIRST;

chee. e This describes the same

case(state)
FIRST: if (restart | pause) state <= FIRST;

secon: S oo % s, output logic as before, but

else if (pause) state <= SECOND;

iD: ¥ toemears & paeay state <= THIRD: uses a procedural block

else state <= FIRST;
default: state <= FIRST;

to create the outputs.

end

// output logic described using procedural assignment —_ COUld have used Case. .

always @* // combinational
begin

ven = (etate —— Sogoy; e e T THIRD): — Could have used if-else...

terminal = (state == THIRD) & (restart | !pause);
end

endmodule
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