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"l : |  Introducrion 1O FiNiTE
m‘“ el
Ml&‘é State Machines

The combinatorial circuits described in Chapter 1 can be designed in a relatively
straightfomard manner. We create functions and then minimize them using Kar-
_naugh maps or some other method, such as a logic deslgn computer program. We
then |mplement the mlmmlzed function in hardwate. It is not so easy, however, to
design sequéntial circults A finite state machine is a tool to model the desired
behavuor of a sequential system. The designer first develops a finite state model
of the system behavior ‘and then designs a circuit to implement this model.
A finite state machine consists of several states. Inputs to the machine are
; combmed with the current state of the machlne to determine the new state, or
next state of the machine. Depending on the type of machine, outputs are gen-
erated based on either the state of the machine, or the state of the machine and

the méchlne inputs. This is illustrated in Figure 2.1(a).

[ Fw 21§
H State machlne models (a) generic and (b alarm clock system
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CHAPTER 2  INTRODUCTION TO FINITE STATE MACHINES

Consider a greatly simplified example. As a student, you wake up at 6 a.m.
every weekday so you won't miss your first class. On weekends, however, you like
to catch up on the sleep you lost while studying late, and do not need to wake up
that early. You are asleep, your alarm clock goes off at 6 a.m., and you wake up. If-
this is a weekday, you turn off the alarm clock get out of bed, and get ready for the
day ahead. However, if it is a weekend, you set the alarm by mistake. You angrily
turn off the alarm clock (throw it across the room, flush it down the toilet, or other-
wise disable it), and go back to sleep.

We can model this sequence of events by the finite state machine illustrated in
Figure 2.1(b). The state machine is actually you. You can be in one of three states:
asleep, awake but still in bed, or awake and up. You receive two inputs: the alarm,
which wakes you up, and whether or not the current day is a weekday, which deter-
mines how you react to the alarm. In this example, the only output is to turn off the
alarm clock. (This assumes that you don't really destroy the clock; if you do, then
this example would also need a "destroy alarm clock” output) =

This is the first step in going from a descnption of the behavior ofa system to its
|mplementation as a sequential circuit. Next, “this behavior would be encoded in a state

“table and diagram, then deS|gned and implemented asa sequentlal dngrtal circuit.

Although finite state, machmes can be used for very simple dlgltal circuits,
such as one for thrs example they are especnally useful for designing more complex
systems. In computer architecture. they are weII suited to the task of designing mi-

»croprocessors (See the following Hlstorical Perspectlve for _more information.)

Chapters 6 and 7 apply the finite state machme approach to the design of ‘micro-
processor control units.

This chapter is organized as follows. First, we introduce the baslcs of finite
state machines, with state diagrams and state tables. We show how to develop
these from the specification of system behavior. Next, the two main types of finite
state machines, Mealy and Moore machlnes, are described. We look at' their specifi-
cations as state tables and diagrarns. as well as typical implementations in hard-
ware. We examine the process of converting the state diagram to its sequential cir-
cuit implementation. Finally, some practical issues, including how to handle unused
states and machine conversion, are discussed.

2".1 Srare Diagrams and Stare Tables

State diagrams and state tables are convenient mechanisms for
specifying the behavior of sequential systems. The state table is simi-
lar to the truth tables presented in Chapter 1. Unlike a truth table, how-
ever, a state table does not consider the system clock in specifying its
transltions. It is implicit that transitions occur only when allowed by
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HISTORICAL PERSPECTIVE: Finite Stare Machines and Micnoptioéé’ssoh's’””ﬁt

A microprocessor contains three main sections: a register section; an arithmetic/
logic unit; and a control unit (see Chapter 4). The control unit inputs the instructions
to be executed as well as other information, such as the values in flag registers. (See
Chapter 3.) The control unit outputs the control signals to load and modify the con-
tents of registers, to perform arithmetic and logical functions, and to access mem-
ory and input/output devices. It outputs these signals in the proper sequence so that
the microprocessor fetches, decodes, and executes each instruction correctly.

The control unit of a mlcroprocessor is, in essence, a finite state machine. The
instruction and flag values are the machine inputs, and the control signals are the
machine outputs. Each state represents one step in the process of fetching or exe-
cuting an instruction. By going through the states in the correct sequence, the con-
trol unit outputs the control signals in the order needed to process : each instruction.

" the clock, typically on the leading edge of the clock. In this chapter, all
circuits change their states and outputs only on the leading edge of the
clock.

To illustrate state tables, consider the alarm clock example at the
beginning of this chapter. A state table is set up as shown in Table
. 2.1(a): The present state and all inputs occupy the left half of the
table. The next state and outputs to be generated by each combination
of the present state and inputs are listed on the right half of the table.
J Table 2.1(b) shows the state table for this example. The state
i+ -1 table has two'inputs, Alarm and Weekday, and one output, Turn off
) alarm. When you are asleep and the alarm is on, you go from being
asleep to being‘awake in bed. You also turn off the alarm. These are
i represented by the first'row of Table 2.1(b). The other two rows en-
code'your actlons after turnlng off:the alarm. either you get up or go

back to'sleep.:
"' .This table covers everything you would do but does not indicate
what you would not do. For instance, if you are asleep'at 4 a.m. and
11" the alarm'does not go off, you remain-asleep. Table 2.1(c) shows the
state table for this example, including these conditions of inaction.
The first row of the table covers the situation in'which you are asleep,

Ithe'alarm does not go off, and you'remain'asleép. The last row indi-
cates that, once you are awake and up, you stay awake'and up. (This
doesn’t mean you never sleep again; this model only covers waking up
with'the alarm.) The other new row'is the third row; it'is included for,
completeness.-You should never be ‘awake in bed 'while the alarm is
going off; you should shut it off as you wake up. However, the alarm
could malfunction or, in a semiconscious state, you might miss the off
switch. This extra line in the table accounts for these conditions. With
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Table 2.1 , Xy

State tables: (a) generic, (b) for the alarm clock problem, and (c) for the alarm clock
problem with inaction states

Present Next .Present Next |Turn off
state | Inputs | state | Outputs state | Alarm | Weekday| state | alarm
Asleep | On X Awake Yes
in bed
Awake | Off Yes Awake No
in bed and up
Awake | Off No Asleep No
in bed
(a) (b)
" PresentState | Alarm | Weekday Next state Turn off alarm
Asleep Off X Asleep No
Asleep On X Awake in bed Yes
Awake in bed On - X Awake in bed Yes
Awake in bed Off Yes Awake and up No
Awake in bed Off No Asleep No
Awake and up X X Awake and up No
(© '

this line included, the table specifies actions for every possible set of
input values for every state.

- -A state table may be represented graphically by a state diagram.
To derive this state diagram, each state is represented by a circled
vertex, and each row of the state table is shown as a directed arc
from the present state vertex to the next state vertex. Figure 2.2 shows
the state diagram for the alarm clock example twice, each with a dif-
ferent representation of the outputs. In the first state diagram, the
outputs are associated with the states. In Figure 2.2(b), the outputs are
associated with the arcs; an output of 1 signifies that “Turn off alarm”
is Yes. By convention, inputs which are don't care and inactive outputs
are not shown. . -

As another example, consider the state table for the JK flip-flop
shown in Table 2.2(a). The flip-flop has two states, Yand Z, and two
inputs, Jand K. Each row of the table gives a present state, values of the
J and K inputs, the next state to occur under these conditions, and
the output value, Q For example, when the flip-flop is in state Z, and
the inputs are J = 1'and K = 1, the next state is state Y.

State transitions may be combined to present.a more compact
state table. The state table shown in Table 2.2(b) is an equivalent rep-
resentation of the state table of Table 2.2(a). The first row, with
Present State = Y, J = 0, K = X (don't care) and Next State = Y, is a
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State diagrams for the alarm clock example

Awake
and u,
1 (Always)
(a)
Alarm/1 i

4

Awake
and u,

.1/ (Always)/0

. Alarm Turn off Alarm = Yes

strmt (e X e YO

Alarm' A Weekday' Alarm' A Weekday

Awak
Alarm'/0 - in bed ) Alarm/\

Alarm'A Weekday'/0 |Alarm'A Weekday/0

(b)

-

State tables for the JK flip-flop

Present State | J | K || NextState| Q Present Statel J | K " Next State Q
Y o|o Y 0 0| X 0
Y 0f1 Y 0. . Y 1. X 1
Y 110 & 1 Z %[0 1
Y 1{1 74 1 Z X1 0
74 0/0 4 1
z 0|V vy 0
b4 1(0 Zi 1
Z 144 Y 0

() (b)
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combination of the first two rows of the previous table:: The- other
rows are derived in a similar manner. Regardless of whkh representa-
tion is used, a complete state table must include each possible combi-
nation of present states and input values, and no such combination
may match more than one row of the table.

“"" The state dlagram for the state tables of Table 2.2 is shown in Fig-
_ure 2.3.'In Figure 2.3(a), the pertinent condittons of Jand K are shown.
The same finite state machine is shown in-Figure 2.3(b) with an alter-

“'nate representation of thé inputs: Here the values of Jand K are shown
explicitly.

State dlagrams for the JK ﬂlp ﬂop (a) conditions in terms of J and K, and (b) conditions
as values of Jand K -

@@@D C@O@D

(a)",""' = > (b)

Just as‘the state table must include each possible input value ex-
actly once, so must the state diagram. To verify that this is the case in
this example, look at all arcs coming out of one vertex. Their condi-
tions should be mutually exclusive, that is, no input values should
meet the conditions of more than one arc. Together, the conditions on
the arcs should cover all possible input values. It can be seen that this
is the case for each state in the state diagram of Figure 2.3.

By convention, self-arcs are sometimes not shown. It is implicit
that all conditions not covered by an arc cause the machi;m ta:remain-in
the same state. In Figure 2.3, the arcs that go from state’ Yba?.‘k to1tself
and from state Z back to itself, could be removed. (As will be seen in the
next section. this can only be done fqr certain types of state diagrams.)

ot

2.2 MsAly and Moone Macltmss

The whole purpose of a finite state machine, or just about any digital
circuit, is to generate output data. This data can be the result of com-
putations, or signals to control other circuitry. Aisystem must gener-
ate outputs or it can serve no useful purpose

!
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A finite state machine can represent outputs in one of two ways.
A Moore machine, named after Edward Moore, associates its outputs
with the:states. The outputs-are represented either within the vertex

-corresponding to a state or-adjacent to the vertex. In contrast, a Mealy

machine, named after George Mealy, associates outputs with the tran-
sitions. In addition to the input values, each arc also shows the output
values generated durmg the transition. The format of the label of each
arc is INPUTS/OUTPUTS. In Figure 2.2, state diagram (a) is the Moore
machine representation of the alarm clock system; the Mealy machine
is state diagram (b).

Notice that the self-arcs must be shown for Mealy machines, but
not for Moore machines. Since the Mealy machine shows output values
on the arcs, it is necessary to show the self-arcs to provide the output
values. The Moore machine does not need to show these arcs since its
outputs are associated with the states, not with the arcs. '

Both Mealy and Moore.machines can be used to represent any se-
quential system, and each has its advantages. The Mealy machine can
be more compact than the Moore machine, particularly when two arcs
with different.output-values go to the same.state. Figure 2.4 shows the

state table and state diagrams for a JK flip-flop with a modified output

value. In this example, the output is:1 if the state changes and 0 if the

~machine remains: in the:same state.-An equivalent Moore machine

ywould have to include additional states to represent this system.

These additional states also increase the hardware needed to imple-

- ‘ment:the system.

,The Moore machine offers a simpler impiementation when the
output values depend only. on the state and'not on the transitions. A
Moore machine requires less hardware to produce the output values

JK ﬂip-ﬂop with modlfied outputs' (@) state table and (b) state diagram

Y]

‘Present | "¢ || 'Next
(State' | J ‘K| State' |''Q ‘

e ad] || T 0X/0 ., 1X/1 .. _X0/0
e Y e e A Q) T O
T " i i o sl ! ) X'I/l
0y aZivy] X0 Zihe 0 1 3
I 19Ty i } 1 154
b o185 sl Pealills sl o
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than does a Mealy machine, since its outputs depend only on its state;
the outputs of a Mealy machine depend on both its state and its input
values. The Moore machine is well suited for representing the control
units of microprocessors and central processing units. This is exam-
ined more closely.in Chapters 6 and 7. ;

2.3  Designing State Diagrams

To illustrate the process of developing state tables and state diagrams
from system specifications, this section presents three examples
of varying complexity: a counter, a string checker, and a toll booth
controller.

2.3.1_-Modulo 6 Counrer
* A modulo 6 counter is a 3-bit counter that counts through the sequence

000-5001-010-01 1-5100-101-000 ... (0-152-35455-50-...)

Unlike a regular 3-bit counter, it does not use the values 110 (6) nor 111
(7). Its input U controls the counter. When U = 1, the counter increments
its value on the rising edge of the clock. When U = 0, it retains its cur-
rent value regardless of the value of the clock. The value of the count is
_represented as the 3-bit output V,V,V,. There is an additional output, C,
which is 1' when going from 5 to 0, and 0 otherwise. (To simplify this ex-
ample, the C output remains at 1 until the counter goes from 0 to 1.)
The finite state machine for this counter must have six states, ar-
- bitrarily labeled Sy, S,,'S, S5,'S;» and S;. State S, corresponds to counter
output i; the states follow the sequence

Sg8, 95,5935 55 ...

To derive the state table for this counter, look at each state individ-
ually; for each state, examine what happens for all possible values
of the inputs. For example, in state S, input U can be either 0 or 1. If
U = 0, the state machine remains in state S, and outputs C = 1 and
V,V,V, = 000. However, if U = 1, the machine goes to state S, and out-
puts C = 0 and V,V,V, = 001. We derive the state table values for. the
other states-in the same way. Table 2.3 shows the state table for this’
counter. As already described, each state goes to the next state in the
sequence if U= 1 and remains in the same state if U = 0.

This state table can be represented as either a Mealy machine or
a Moore machine without any additional states. Notice in this table
that, whenever the next state is the same as the current state, the out-
puts are also the same as their present values. The state diagram for
the Mealy machine for this state table is shown in Figure 2.5(a). The
outputs are ordered C, V,, V;, V,. Figure 2.5(b) shows the Moore ma-
chine state diagram for this system. Note that each arc in these state
diagrams corresponds to one row of the state table.

10



SECTION'25' * DESIGNING STATE DIAGRAMS m

State table for the modulo 6 counter
Present State || U || NextState | € |'v,%V,
So 0- Soes 1 1 000
So il S5 0 [ 001
S, e, S 0 001
Si 1 r 0 010
Uk 0 S, 0| o10
S, M S5 0| on
I 1S5y 0 S5 4 (0 IRl RS o) B B
5 sha flict 1 0 | 100
S, [+ 0 Sg 0 100
S ] Ss 0. [ 101
S5 0 S5 0 | 101
5% ¢ T 5 1| poo0,
State diagrams for the modu]d 6 counter: (a) Mealy and (b.) Moore
0/1000 0/0001 /0010 F i L

1/0010

0/0101 0/0100 0/0011
@

11
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INTRODUCTION TO FINITE STATE MACHINES

23.2 Siring Checker ot e

A string checker inputs a string of bits, one bit per clock cycle. When
the previous three bits form the pattern 110, it sets output M = 1;
otherwise M = 0. The nattern is checked continuously throughout the
entire bit stream.-The system does not check the first three bits, then
the next three, and so on. Rather, it checks bits 1, 2, and 3, then 2, 3,
and 4, then 3, 4, and 5, and so on forever. .

One way to design this system is to have the last three bits re-
ceived represent the state of the system. This would result in eight
states, S, to S,. State S, is active when the last three bits form the bi-
nary equivalent of i. For example, if the last three bits read in are 011,
then'S; is active. The last bit read in is the least significant bit. When
it is'read in, the other bits are shifted left in the binary representation
of i; the most significant bit is shifted out and lost.

“'As shown in the state table of Table 2.4, each state goes to one of
two possible next states, depending on whether input bit /is 0 or 1.
For example, state S, corresponds to the condition in which the last
three input bits are 010. When bit Iis input, these bits are shifted left.
The leftmost zero is lost and the new binary value is 10/, which' corre-
sponds to state S, (100) if I= 0 or S (101) if I = 1. -

Table 2.4

State table for the string checker

Present State I || NextState | M
So 0 S, 0
S 1 i 0

S 0 S, 0
S 1 S 0
S, 0 LY 0
L= 1 Ss 0
0 of % I
S, 1 S, 0
Si 0 So 0
5 T - 0
S, 0 S, 0
s, 1 s, 0
S6. 0 S, 0
Se 1 Ss 0
S, 0 15 1
S; 1 S; 0

The Mealy and Moore machines for this system are shown in
Figure 2.6. '

12
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Frie 2 )

State diagrams for the s't|"in'g‘<-:héc‘k‘e:r:r (2) Mealy and (b) Moore e

(@) ‘ (b)

This is not the only way to solve this problem. See the Practical
Perspective for another solution.

., . 233 Toll. Booth Controller '
A toll-booth: controller has two external sensors, The first indicates
whether-a car is at the toll booth; C = 1 when a car-is present and
1711 -np € =0 otherwise. The second sensor indicates whether a coin has been
V£ deposited inithe toll booth's collection basket and its value. This sen-
sor sets I;J; =00 if no coin has been deposited, I, = 01 if a nickel has
been deposited, /,/; =10 if a dime has been deposited and I/, = 11 if
a quarter has been deposited. (This toll booth does not accept pennies
nor coins with values above 25 cents.)

13



CHAPTER 2

PRACTICAL PERSPECTIVE: Different Models for the Same Problem

INTRODUCTION TO FINITE STATE MACHINES

Sometimes the most obvious model of a problem is not the most efficient and does
not yield the optimal solution. For example, the eight-state solution is only one pos-
sible way to define the states for the string checker. One alternative is to define four
states, each specifying a different amount of the string as being matched so far. One -
such assignment is as follows.

No bits matched

One bit matched (--1)

Two bits matched (-11)

All three bits matched (110)

CAL AL AR

In each state, consider both possible values of the input bit and determine
which’next state is appropriate. Doing this for each state yields-the state table
shown in Table 2.A. Notice that each state takes into account partial patterns that it
may input even if it does not progress toward the desired stringj. For example, if the
machine is in state S, (-11) and inputs a 1, it remains in S,, since its last two bits are”

still 1.

Table 2.A

State table for the string checker with revised state assignments

Present State | || NextState | M
So () 0 So (=) 0
So (=) 1 S, (1) 0
S, (1) 0 S0 ) 0
S, (=-1) L -5 ¢11) 0
S, (¢11) 0] S(10) 1
TS5 E1) 1 5’:(1”)‘ 0
sS10) [ o[ Sen |0
5(110) 1 S, (1) 0

Figure 2.A shows the Mealy and Moore machines for this state table.
As with 'the state tables, these machines are'much/simpler than those in
the original design because they have only half the'number of states.
“These:state diagrams would:require less complex hardware designs than
.the original state diagrams in Figure:2.6. Most important, they generate
the same outputs for the same 'sequence of inputs as:in the original de-
sign, thus meeting the system specification. .
1y ' ' |

|

(continued)

14
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.

State diagrams for the string chgcker with revised state assignments: (a) Mealy
and (b) Moore

3 b (b)

The toll booth has two output lights and an output alarm. When a
car pulls in torthe toll booth, a red light (R) is/lit. It remains lit until the
driver deposits at least 35 cents, at which point the red light goes off
and the green light (G) is lit. The green light remains lit until the car
leaves the toll booth; when this happens, the red light is lit again.If
the car leaves the toll booth without paying the full toll, the red light
remains lit and the alarm () is activated. The alarm remains active un-
til another car enters the toll booth, when it is turned off. S
"This system requires several states, corresponding to the listed
conditions. In addition, it requires several more states to keep track
' of how much mohey has been deposited. Table 2.5 shows the states
that are sufficient to specify the finite state machine, along with their

. outputs, 4 . | . , . ' '
“To develop the state table, we again look at each individual state
and determine all possible actions that can occur. In state Syocqp for
. example, there is no car in the toll booth. The only two things that can
I | happen are (1) a car enters the toll‘booth (C = 1) and the state machine
' | goes to state'S,, or (2) no car arrives (C = 0) and the state machine re-
* mains in state S;oc,;- Other states are more complicated, For example,
' during state S; (car in toll booth, 5‘cents paid), any of the following

110} Icamocchy] X1 Y 0 |

15



CHAPTER2  INTRODUCTION TO FINITE STATE MACHINES

Table 2.5 LT

States for the toll booth controller

State Condition

S No car in toll hooth ;
gocm Car in toll booth, 0 cents paid
S5 Car in toll booth, 5 cents paid
Sio Car in toll booth, 10 cents paid
Sis Car in toll booth, 15 cents paid
S Car in toll booth, 20 cents paid
Sy Car in toll booth, 25 cents paid
S50 Car in toll booth, 30 cents paid
Soad Car in toll booth, full toll paid
Scuear | Car left toll booth without paying full toll

©o—-ocoocococococo|n
LR S

= The car leaves the toll booth (C = 0) and the state machine goes to
state Seyear-
e The car remains in the toll booth (C = 1) and a nickel is paid
(IJ; = 01), and the state machine goes to state S,
. The car remains in the toll booth (C = 1) and a dime is paid
(LJ, = 10), and the state machine goes to state S, .
"“s The car remains in the toll booth (C ="1) and a quarter is” paid
(LI, = 11), and the state machine goes to state ;.
. The car remains in the toll booth (C'= 1).and nothing new is paid
(I;1; = 00), and the state machine remains in state S;:

Table 2.6 "

‘State table for the toll booth controller

Present | | ) 'Next< £ ; Present . Next.
state ,| C | 1/, || State | R| G| A ~State | C| k[ State [ R[G| A
S TR o o |lrds0 A Bucins Bosrot |05} XK flvSeaierrd> 1 [0 3
SO 0 XX I Sgennt| 1[ 0.f0 s [ ol S [ 1|00
oy 0 11Tl v U R i o Kl M T
o L s e N I 5= T
2 |7 | oy S hyeiigh] g - deiihiofng | ol faCHMo g
ol e sy [ oo s o R | 1 ]e o
S vl fese fafo o s fefrerl s oo
sso oo | s | 1 ot o s [l s o | | o
sl for I iSe Pafofio S fo | XX [l S |11 |04
sl faodise [ folo sk oo S| 1]ofo
i Ss 4 .l ll { S;o ] 0!. '.0.. Ss l ‘0 -'Smo“ 0 ' 0
! SIO 5] 00 XX, SC'EATH 14 02 l 2 1) 1¥Y il ¥ ISPND .0 0
Se |T10T 1 5x 111010 S 100050 hSsoamis 110eha
se lilwlsk [1]lalo - & 1) f", ol1]o
£l olr]e s 1]ae] 5 | 2150
. & lulss | ela e

16
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State diagram for the Moore machine for the toll booth controller

1

Scear ) R=1, A=1

17



m CHAPTER2  INTRODUCTION TO FINITE STATE MACHINES

Table 2.6 summarizes the transitions that can occur between states.:
Impossible conditions, such as having money deposited while no car
is in the toll booth, are not considered here. Also, transitions that lead
back to the same state are not shown.

The state diagram for the Moore machine for this system is
shown in Figure 2.7. Because of its large number of states and input
values, it is much morecomplex than the previous examples. The de-
sign of the state diagram for the Mealy machine is left as an exercise
for the reader. ]

2.4 From State Diagram 10 Implementation

Converting a problem specification to an equivalent state table and
state diagram is essential, but it is only the first step in this process.
~~ The next step is to design the system hardware to implement the state
machine. Note that we are not concerned with the original problem
specification at this point in the design process, at least not directly.
We are implementing the finite state machine, and how we develop the
state machine does not affect how we implement it.
This section examines the process of designing the digital logic
to implement a finite state machine. The first step is to assign a
unique binary value to each state. Since the digital circuit must be
able to read the current state as part of its operation, the state must
be encoded in binary. Next, we design the hardware to go from the
current state to the correct next state. This logic converts the current
state and input'values to the next state value, and stores that value.
At this point, the logic design correctly traverses the states of the
state diagram for all states and input values. Our final task is to
generate the outputs of the state machine. This is done using combi-
natorial logic. The state, and sometimes the input values, are the in-
puts to this logic; the combinatorial logic's outputs are the system
outputs.

2.4.1 Assigning State Yalues

When implementing a state machine, each state must be assigned a
unique binary value. For a machine with n states, the state value will
have [log,n] bits. _

Consider, for example, the modulo 6 counter. This counter has
six states, S, to S;. We need three bits to encode state values for these
states. For now, we will assign state value 000 to 5;, 001 to §;, and so
on, up to 101 to S;. Figure 2.8 shows the Mealy and Moore state dia-
grams for the modulo 6 counter. Other than the state values, the state
diagrams of Figure 2.8 are identical to the original state diagrams of
Figure 2.5.

18



SECTION 24  FROM STATE DIAGRAM TO IMPLEMENTATION

State'diagrams for the modulo 6,;oumer with values shown: (a) Mealy and (b) Moore

0/1000

0/0001 0/0010

1/1000-

1/0011

1/0001 Rl /0010
000
~{001) 010
Pz

101
- 1/0101 %%/'1/_0100 o

0/0101 0/0100 0/0011
@
=0 C=0
V=001 V=010
@ Y o1
Ul
U
ul
00 o11) )u
=73
C=0 C=0
V=100 V=011
(b)

‘Although any values can be assigned to the states, some assign-
ments are better than others. As mentioned earlier, the state values are
used to generate two groups of values: the state machine outputs and
the next state. A primary goal is to assign state values so as to mini-
mize the logic needed to generate the output and next state values.

This is often an iterative process, with the designer first select-
ing state values, then creating a preliminary design to generate the
outputs and next state, then modifying the state values and repeating
the process. There is a good heuristic that simplifies this process.
Whenever possible, haye the state value be the same as the output val-
ues for that state. When this is the case, the same combinatorial logic
can be used to generate both the next state and the system outputs.
. (This is the reason we chose the assignments 000 to 101 for states S,
to S; in the modulo 6 example.)
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2.4.2 Mealy and Moore Machine Implementations

Once the state values have been defined, we are ready to design the
digital logic to implement the system. Mealy and Moore machines each
have generally used standard implementations. The generic Mealy ma-
chine implementation is shown in Figure 2.9(a). The current state
value is stored in the register. The state value, along with the machine
inputs, are input to a logic block, which generates the next state value
and the machine outputs. The next state is loaded into the register on
the leading edge of every clock cycle.

(a) Generic Mealy machine and (b) its implementation of a modulo 6 counter

Inputs —+-\-'~ 0&;‘?3! ——/— Outputs
NS 1 dk
L s o s ] | |
// \\ LD Y
4V Next
; g -/~ Register
logic
L
4
@)
— c
| g iy —F—VaVi.%
; ll cllk
Logic
’ o™
3
-/ Register
3
Vi
/
(b)

The logic block is designed to 'meet the digital specifications and
will be different for every system. It may consist of combinatorial
logic gates, multiplexers, lookup ROMs, and other logic components.
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SECTION 24 FROM STATE DIAGRAM TO IMPLEMENTATION m

2wt anit The logic block cannot include any sequential components, since it
91814 ' limust generate its values within one clock cycle.
»2181c fro st The logic block itself contains two parts. One part generates the
next state, based on the present state and the system: inputs, and the
) other produces the 'system outputs, also based ‘on!the present state
smise ool and'system inputs. (These parts may share hardware if doing so sim-
-2 =i - plifies-the design.) Figure 2.9(b) shows the logical configuration of the
' 15! "Mealy machine for the modulo 6 counter, which has the state diagram |

o)t shown in Figure 2.8(a).

1asil ‘The outputs of a Moore machine depend only on its present state
and not on its inputs. For this reason, its configuration'is different
from that of a Mealy machine. The generic Moore machine is shown in
Figure 2.10(a). As with the Mealy machine, the present. state is stored

Fiqure 2.10

-4 \ ; - ‘
(@) Generic Moore machine and (b) its implementation of a modulo 6 counter

';.lpputs S
witasbh b i 1 Next ] 1 clk out ‘ut 12
ifEtiphis o Statelno] LID 1 . |°gp;c. —/—= Outputs
; logic :
4| Register -—-y—f—>
/i
7
(a)
U —F— —-C
Next 1 dk Output
state LID v logic [7V2Y Y%
logic 3 3¢ g
/| Register —/——/—
3
Vi
A
(b)
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in the register; and this value is fed backito a logic block: The logic
block also receives the system inputs and generates;the ;next state
value. Since the system outputs:depend only on:the present state,
only the state value is input to a logic ;block that generates the out-
puts. The two logic blocks are:equivalent to the'one combined block
of the Mealy machine; in fact, the next state logic:section is the same

¢ in both systems.! However, the output logic block does not use the sys-
tem inputs to generate the system outputs, so-it:may be simpler than
its counterpart in the Mealy machine.. The system to implement the
Moore machine for the modulo 6 counter, which has the state diagram
of Figure 2.8(b), is shown in Figure 2.10(b): :

2.43  Generating The Next State

Since both the Mealy machine and the Moore machine must traverse
the same states under the same conditions, their next state logic is
identical. This section presents three methods for designing the next
state logic: using combinatorial logic gates, using multiplexers, and
using a lookup ROM. i ) _

To implement the next state logic using combinatorial logic, we
begin by setting up a truth table. The system inputs and present state
value are the inputs of the truth table, and the next state bits are the
outputs. We construct a Karnaugh map for each output bit and derive
its equation. Then we design the digital logic to'match each equation.

Table 2.7 shows the truth table needed for the modulo 6 counter.
It is essentially the same as Table 2.3, with the state-names replaced

Iable 2.7 —~

State table for the modulo 6 counter with values shown

Present State Next State
(P,P,P,) U (N,N,N,)
000 0 000
000 1 001
001 0 001
001 | 010
010 0 010
010 1 011
011 0 011
011 1 100
100 0 100
100 1 101
101 0 101
101 1 000
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by their values and the system outputs eliminated: P;P, Py is the
present state value and N,N, N, is the next, state value, "
# Once the table has been created we draw (he Karnaugh maps and

- generate the equations for N,, N,, and N, as a function of the present

state bits P, P,, P,, and input U. The Karnaugh maps are shown in Fig-
ure 2.11. They yield the following equations.

N, = - PPy +PU + PPV

Ny = PP+ P,U + PYPRU

Ny =PyU+ PU*

Fiqure 211

i Karnaugh maps for the next state of the modulo 6 counter

P — SR _ Pl
PPN00 01 11 10~ PPNoo o1 1110 APNoo 01 11 10
oofo|ojofo| oofo|o|®]|o0 00| o (M| o |
oifofo|m|o oo o] o [[if[ o ||
njm x| W] ) x ] - [ x [Ix[] x|
“vollW] ] o [l ~10[ofofo]o0 10[ o [W] o [WW
N; Ny No

Once we have derived these equations, it is straightforward to
develop the combinatorial logic that implements the next state logic.
The logic for this system is shown in Figure 2.12,

—A different approach to designing the next state logic uses multi-
plexers. Each input to the multiplexer corresponds to the next state
under one possible value of the system inputs. The inputs drive the
select signals of the multiplexer. As shown in Figure 2.13 for the mod-
ulo 6 counter, this approach uses input U to select one of two possible
next states, the next state if U= 0, or the next state if U= 1.

To determine the inputs to the multiplexer, we begin by splitting
the truth table into multiple tables, one for each possible value of the
system inputs. Then we follow the procedure as used to derive the
next state using combinatorial logic gates.

For the modulo 6 counter, there is only one input, U. As shown in
Table 2.8, the initial state table:ls broken into two separate tables, one
for U= 0 and the other for U='1.
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Fiquee 2.12 )

Implementation of the next

state logic for the modulo 6 counter

1
U

n

P,

,P‘.

Tt

v

v

o

g

Iable 2.8

State tables for the modulo 6 counter with values shown

NN, Ny

PI PI Po NZ NI No PZ P 1 PO

000 000 000 001
001 001 001 010
010 010 £ 010 011
011 011 o1l 100
100 100 100 101
101 101 101 000

U=0 U=1
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Fiquue 2.13 74 3,
Preli{ninary implementation of the next state logic for the modulo 6 counter using a
multiplexer

3 :
Next state 3-bit
- when U=0 "’ 0 2-1
MUX 3
—/—P- N2N| No
3
Next state
when U=1 aagl
S
t
U

We then create Karnaugh maps from these tables to derive
equations for N,, N, and N, when U = 0 and U = 1. These values are

as follows.

Next state whenU=0: N,=P,
. g N, =P
‘I i L] J . . No £l Po

Next state when U=1: N, = P,Py'+ P\ P,
i ' L N; = P,Py’ + P,P'P,
207 01 ON ‘NO = PO’ .
- Finally, we impiement these values using combinatorial logic, as

i~-shown in Figure 2.14. :
¢-i1i~ A third approach to generating the next state of a finite state ma-
chine is to use a lookup ROM. In this method, the present state value
and all system inputs are connected to the address inputs of the ROM;

the next state is derived from the ROM outputs. The correct value

must be stored in each location’of the ROM ‘to ensure proper opera-

tion. Figure 2.15(a) shows the next state generator for the modulo 6

"~ counter using a lookup.ROM. The three bits that encode the present

"1 state, P,, Py, and Py, are connected to the three high-order address in-

i puts of the ROM: The one condition bit, U, drives the low-order ad-
dress bit Aj. The data in each location is the value of the next state for

the present state and input values which generate its address. For ex-

ample; when the current state.is S, (P,P,P, = 100) and U =1, the next

‘state should be S5 (N,N,N, = 101). These values of P,, P;, Py, and U gen-

. erate address 9 (1001) to.the lookup:ROM; the ROM must have the

value 5 (101) stored at this location. The values in the other locations

o
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Fiqure 2.14 |

Final implementation of the.next state logic for the modulo 6 counter usmg
a multiplexer

0 3-bit
S X
MUX

3
: fDD ; —- NN Ny

I

P, Py )

are generated in the same way. Figure 2.15(b) shows the data stored in
each location in the lookup ROM.

The order of the inputs to the lookup ROM shown in Figure 2.15
are not the'only allowable configuration. The inputs could have been
arranged in any order, as long as the correct values were stored in the
proper locations of the ROM. In general, however, keeping the present
state bits in order and assigning them to the high-order address in-
puts simplifies the design process. This assignment keeps all loca-
tions associated with a given state at adjacent Iocatlons which makes
it eaSIer to design and debug the system.

2.4.4 Generating System Ourpurs

' Although'Mealy and Moore machines use different values to generate
system outputs, both follow the same design procedure to develop
their output logic. Two approaches to output logic design, using com-
binatorial logic gates and using a lookup ROM, are similar to the tech-
niques used to'create the next state logic.

Asibefore, the combinatorial logic technique begins by creating a
truth table. For the Mealy machine, the table inputs are the present
state and the system inputs; and the table outputs are the 'system out-
puts. For the Moore machine; only the present state bits are table in-
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SECTION24 ' FROM STATE DIAGRAM TO IMPLEMENTATION

Implementation of the next state logic for the modulo 6 counter using a lookup ROM:
(a) logic diagram and (b) lookup ROM data

, R 0 Addréss Dz D| Do
P, —>{A; O 0 00@©|0 0 0
RN s y
P, ——A, 00 0 1 (M|0 01
D|—>N|
PR EL 0 001'0@]|0 01
- Do———r-No < g
U % 0.‘01‘11 |0 1 0
CE OE 01 0,0@®|0 1 0
,f ,7 ' 0% ol% w:l o0
g 3.1 @iey|e 1
0. ¥ ¥ @] Yiel e
¢ lat ‘100 0°(®|1 0 0O
i : o, 1081 i 3 0 (U
1 01 000[1 0 1
o1 1anlo oo
@ ] (b)

31 yinol |
Aot i

puts. slnce onlyjthese blts are used to generate the system outputs.
""The system outputs are still the table outputs. Table 2.9 shows the ta-
. bles for the Mealy and Moore machines for the modulo 6 counter. The
" data in these tables is taken from Table 2.3 in the original problem
speeiﬂcatl’on. Recall that Vz, V,. and V, are the system outputs

As with the next state logic, we construct Karnaugh maps from
these tables and derlve equatlons for the outputs For the Mealy ma-
e chine. these values are '

12 1930 3 olubom o1 1o Cim P,'P,'p,,'u'+P2Pu
i sirg dons o1 Hhadt ’" V, = P,Py + PU’ + P\P,U
B AURUEL SOt 0 V'-PP°'+PU’+P2'P,'POU'
. Lo Vo = PeU + PyU’ ' .
Note that the equations for. V,, V;, and V; are. exactly the same as
. those for:N,, N, and N, of the next stage logic: This is the result of op-

“10. - timally assigning state values to states S, through S;. In this case, we
-1 . canuse the same combinatorial logic to generate both sets of signals,
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Table 2.9

Tables of outputs for the (a) Mealy and (b) Moore machines for the modulo 6 counter

PPP | Ul C| VWV, PPP || € | vV
000 | O [ 1 | 000 000 | 1| 000
000 | 1 (0| oo01 001 | 0| o001
001 | 0 o] oo1 010 || o[ o010
001 |1 [ o] o10 o1 || 0| o1
010 |0 | o | o10 100 | 0 [ 100
010 | 1 fof on 101 ol 10
o1 | of o on
o1 |o1 o[ 100
100 |0 o] 100
100 |1 o] 100

so101: [0 ffo | 10
101 |1l 1 ooo
@ ()

The logic for the Moore machine is even simpler. It is not neces-
sary to construct Karnaugh maps to see that the following equations
generate the | system outputs.

! \ C= lepllpol

V=P,
V=P
V P,

In either machine, we would construct any additional logic nec-
essary to generate the outputs. The complete designs for the Mealy
and Moore machine lmplementations of the modulo 6 counter are
shown in Flgures 2.16 and 2.17, respectlvely

: It is also possible to generate system outputs using a lookup
ROM. Just as was the case for the, next state generator, the inputs of
the lookup ROM are the present state and the system inputs. The out-
puts of the ROM are the system outputs. A slgnlﬁcant advantage of
this approach fs that we can use the same ROM to generate both the
next state and the system outputs. Figure 2.18' shows the lookup ROM
implementation of the Moore machine of the modulo 6 counter. Since
V, = Ny, V; = N;; and V;; = N, only one output is used for each pair. If
the outputs were not the same as the next state, which is usually the
case, separate output bits would be needed. (This is a direct result of
optimally assigning values to the states.) Also note that, although it
may appear otherwise, the system inputs are not used to generate the
system outputs. Here, V,, V,, and V, are derived directly from the pre-
sent state. For each present state, the outputs are the same regardless
of the value of input U. Also, output C is calculated solely from the
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Figuue 2.16

Mealy machine implementation of the modulo 6 counter
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current state and stored in the lookup ROM. We can see in the truth
table of Figure 2.18 that, for a given state, C also has the same value
for all values of U.

2.4.5 A~ Aliernative Design

There are other methods of implementing finite state machines. One
method uses a counter to store the current state and a decoder to
generate signals corresponding to each state. The counter can be
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Fiqurt 2.17

Moore machine implementation of the modulo 6 counter .
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' M:oore .r_nachlpe implemghtatlon of the modulo 6 counter using a lookup ROM
sy imin g e )
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incremented, cleared, or loaded with a value to go fromone state to:
another. Unlike the previous implementations, it is not necessary to'
regenerate the same state value in order to remain in the same state.
This can be accomplished by neither incrementing, clearing, nor load-
ing the counter.

Figure 2.19(a) shows the generic logic design for this methodol-
ogy. The counter plays the role of the registerin the Mealy and Moore
machines, as well as a portion of the next state logic. The state value
is input to a decoder; each outputs of the decoder represents one state.
The decodér outputs and system inputs are input to the logic block,
which generates the system outputs and the information needed to
generate the next state value. If the system inputs are used to gener-
ate.both-the next state and the system outputs, this design can be
used to implement a Mealy machine. However, if the system outputs
are generated solely by using the state value, and the system inputs

_are used only to generate the next state, then it implements a Moore
machine.

Figure 2.19(b) shows the implementation of the Moore machine
for the modulo 6 counter using this methodology. The 3-bit counter
holds the present state and sends its value to the decoder. The out-
puts of the decoder represent the states: output 0 is state S, output 1
is state S,, and so on. Since this is a Moore machine, only these signals
are combined to produce outputs V,, V;, V,, and C. (In this example,
the decoder is not necessary since V,, V,, and V, are the same as the
outputs of the counter, and C can be realized as V,'V,'Vy', but this is
not usually the case.) '

The next state control is also straightforward. When U = 1, the
modulo 6 counter is incremented. When the output is 000, 001, 010,
011, or 100, this'can be accomplished by incrementing the state
counter. However, when the output is 101, incrementing the state
counter produces an output of 110, while 000 is the desired value. In
this case, the counter is cleared. When U = 0, no signal is activated
and the counter retains its previous value, thus remaining in the same

state.

2.4.6 The Eighr-Srate String Checker
In this subsection we present the design of the finite state machine for
the eight-state string checker of Section 2.2.3. Only the Moore ma-
chine is implemented here; the Mealy machine implementation is left
as an exercise for the reader. The state diagram for this machine is
shown in Figure 2.5(b).

As before, the first step is to assign binary values to the states.
For this example, S, through S, are set to 000 through 111, respec-
tively. These values can replace S, through S; in the state diagram.
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Liguie 2.19 :

Alternative state machine hardware design: (a) generic hardware and (h) Moore
machine implementation of the’'modulo 6 counter
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Next, the hardware to implement this state diagram is designed.
Starting with the generic hardware shown:in Figure 2. 10(b), the pri-
mary task is to design the next state and output logic. .

To create the next state logic, we first modify the state table of
Table 2.4 to include the state value assigned to each state; this is
shown in Table 2.10. As before, P,P,F, is the present state value and
N,N, N, is the next state value.

State table for the string checker with state values shown
P,PPy | 1 || NoNIN,

=5 T . 000 0 000

= 000" |1 001

: 001 0 || 010

-001 1 011

010 0 100

010 |1 101

011 0 110

011 1 111

100 | © 000

100 1 001

101 0 010

0T 1 011

110 0 100

110 |1 101

- : 11 o 110

. 1 111

111

Constructing Karnaugh maps and grouping terms yields the fol- g
lowing equations to generate the next state value.

N, =P
N, =P
Ny=1

The output logic is also straightforward. Whenever the machine
is in state S, output M is 1; otherwise it is zero. This can be imple-
mented as

M= P,P\Py

The complete logic design for this machine is shown in Figure
2.20.
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Figuie 2.20

Moore machine hardware implementation of the eight-state string checker
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Jase il
P N
. Register 3 ! M.
P, N,

2.5 Real World Example: Pracrical Considerations

Several issues regarding finite state machines not covered in the pre-
vious sections include handling unused states, asynchronous designs,
and machine conversion.

2.5.1 Unused Srates

The designs presented so far in this chapter all work properly once
they are in a known state. However, there may be a problem if the ma-
chine enters an 'unused state, also called an unknown state or an
undefined state. This could be caused by a flaw in the design, but
most often occurs when the state machine circuitry is powered up.

To illustrate the meaning of an unused state, consider the Moore
machine implementation of the modulo 6 counter. First, recall that the
state diagram for this counter, shown in Figure 2.8(b), has six states

. with binary state values 000 to 101. The state value is stored in the

register of the finite state machine hardware, shown in Figure 2.17. An

] unused state Is entered when an unused state value is stored in this

1112 . . 'register, whether:as the result of circuit power up or a design flaw. For
1. .. -this example, the unused state values are 110:and-111. ;i

By examining the circuit; we can/determine the system’s behavior
under these conditions. When the present state is 110, the next state
is 110.if U= 0 or'111 if U = 1. For present state value 111, the next
state is 111 if U = 0 and 000 if U= 1. The revised state diagram, in-
cluding the unused states, is shown in Figure 2.21(a).
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"Fiqure 2.2,

State diagrams for (a) the Moore implementation of the modulo 6 counter including
unused states and (b) an invalid implementation

“v=11l1 V=101 V=1

(@)

V=ll1i V=101 V=100 V=011
' ()

This circuit might still be considered acceptable. It is possible to

- ‘reach a known state from any unknown state; however, the user must
set U =1 for up to two clock cyclesitoiguarantee thatithis happens.
Whether or not this is'acceptable is'upito the‘designer.: In contrast,
Figure 2.21(b) presents an unacceptable.implementation. If a circuit
that realizes this state diagram powers up-with a state value of 110 or

111, it can never reach’a valid state.

A more/common approach is to create dummy states for all un-
used state values.’Each dummy state would go to'a'known state at the
-next clock cycle, usually to a reset state. In this example, we create two
dummy states for the unused values'110 and 111. This guarantees that
the state machine will be functional after at most one clock cycle. Fig-
ure 2.22 shows a revised state diagram for the modulo 6 counter. By
convention, the value 1 on the arcs from states 110 and 111 to 000 in-
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dicate that the transfer'is unconditional—that it is always taken. Also
note that the outputs for:these states are C = 0and Vi=111. Thisis a
design decision; the Value of Vis set to 111 to show the user that the
state machine is in an-invalid state. Depending on the user's require-
ments, it could have been set to 000 or some other value, if desired.

Fiqure 2.22

Revised state diagram for the Moore implementation of the modulo 6 counter with

dummy states for unused state values

REAL WORLD EXAMPLE: PRACTICAL CONSIDERATIONS

C=0 . C=] C=0

v=111 V=000 V=001

3 SeF N

, 0

, e

L1pd C=0 C=0 Cc=0
201 5nid S v=1l

V=101

Given the revised staté diagram, we can design this finite state
machine using the proceudre we used for'the original design. The re-
vised state table, including outputs, is shown in Table 2.11.

Table 2.11

, State table for the modulo 6 counter with unused states

PPy | U || NN, | €| VY,

000 | 0 000 | 1 | 000

000 | 1| oo 1 | o000

oo | o | o001 o | oo01

o0) [ 1] o0 [ o] o0l

o1o0 [of o0 [ o] o010

o010 | 1| o1 |0 o10

o1l | of on o[ on

o1t | 1| 100 | o on

100 | of 100 | 0] 100

100 | 1 101 o | 100

101 ['o || 101 o[ 101

101" 1 |7 000 ‘| 0| 101

' 10 [ o 000 {0 TN
M0 |1 o0 [ o] 1

e 11| o 00 | o 1M
rwod 1 b dlbooo 1ol
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We use this table to construct Karnaugh maps, which yield the,
following values for the next state and output signals.

N, = P,P'P,’ + P,P'U’ + P\P,U

N, = P,P,Py + PyPU’ + P,P/'PU

Ny = Py/PyU + P'Py'U + P,PyU’ + P\'PoU’
C=P,/P,'Py

V, =P, »
Yyl
V0=P°+P2P|

The circuit to implement this finite state machine is similar to
that of Figure 2.17, with the logic modified to realize the revised val-
ues of N,, Ny, Ny, C, V,, Vy, and V,,.

2.5.2 Asynchronous DesiGns

Almost all finite state machines are synchronous; the state value is
stored in a register that is loaded on the rising edge of the system
clock. However, it is possible to design a finite state machine that is
asynchronous. This design would consist entirely of combinatorial
logic. There would be no registers in the circuit, nor would there be a
system clock. As a result, asynchronous designs are usually faster
than their synchronous counterparts. A generic design for an asyn-
chronous Moore machine is shown in Figure 2.23.

Fiquie 2.2%

Generic asynchronous Moore machine

Inputs /= Next
Output

——- Outputs

~~

State +
Logic

> Logic-

>

To illustrate this design method, again consider the Moore ma-
chiné for the original modulo 6 counter. Since this is a methodology
for implementing the machine, the state diagram shown in Figure
2.8(b) is used without modification. The next state and output logic
are also the same since the machine traverses the same state
sequence, A preliminary asynchronous design for this circuit is shown
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v rin/Figure 2.24. This circuit does not implement the finite state ma-

_ chine:properly., anle 119 bluow 2id
narv . A bas Therejare two major problems with asynchronous circuit imple-
. mentations;:and this circuit has both of them.: The first is the non-
s+ runiformity:of gate delays. Consider the case when:the machine is in
lv..1 . state. 011l and U=.0.-When Ubecomes 1, the machine should generate
“o> (a next state.value of 100.Ifithe propagation delays of the portions of

aw an m 8 F R E NHQLCOD s W Sig; ' ' t

Fiquae 2.24

Prellmlnary asynchronous Moore machlne Implementatlon of the' modulo 6 counter
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the circuit which generate P,, P, and P, are always exactly the same,
this would work. However, this is almost never the case.:

Assume that Py Is calculated slightly faster than P, and P,. When
P, changes from 1 to 0, the machine enters state 010 (since P, and P,
have not changed yet). The new value of Py is fed'back as an input to
the portions of the circuit which generate P, and P, (and P). Clearly
this'will not yield the desired state value. If'the circuitry to set P, is
fastest, the next state will be 001. If P, is fastest, the machine would
produce an invalid next state value of 111.
.- .. This problem can be alleviated by assigning state values so that
each state transition results in a change to only one bit of the state
value. (Gray codes are often used in asynchronous circuits for this rea-
son.) Figure 2.25 shows one such state assignment for the asynchro-
nous Moore machine for the modulo 6 counter, along with the revised

state diagram.

Revised state values and state diagram for the modulo 6 counter

State Value C=1 C=0 ’ C=0
V=000 V=001 V=010
5% | 0=0-%0 T R
000 001 011
.Sy | Ohe0 oA
S. e ) | Y v
2
Giny
[ i i o 100 19 11
C=0 C=0 C=0
Ss 143 0 V=101 V=100 V=011
Ss l 0 0 3

The revised state table, based on these state values, is shown in

Table 2.12. L
Following the same design procedure as before, we use this table

to generate the following values for the next state and output signals.
N, = P,U’ + PU
N, =P U’ + PU
N, = P,U+ PU"
C=P/P'Py
V, = BPy
W =PFk
Vo = PP + PPy + P'P,
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Table 2.12 ;

“State table for the modulo 6 counter with revised state values

PPPy | U NN, | €| By,
000 |0 000 |1 | ooo
000 | 1 || 001 1 | 000
: 001 | o[ oo1 0 | .00
S 31 5l 4 eon )l o] oo
2 , o0k et o | o10
ot |1 f 1 o] o0
ol o | o
m e Lo | on
110 |*o {110 | 0| ‘100
1o [ 1 | 100 | o | 100
100 [0 100 |0 | 101
100 |10 oo [ ol 101

The circuitry to implement this machine is shown in Figure 2.26.
This circuit properly moves from one state to the correct next
state, but it exhibits the second major problem inherent to asynchro-
nous state machine implementations: It doesn't stop. For example,
assume the machine is in state 000 and the value of input U goes from

Ficune 2.26

Hardware implementation of the modulo 6 counter with revised state values
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0 to 1. The machine generates a next state value of 001 and the correct

system outputs in a few nanoseconds. This new value is fed back into
the circuit and, if Uis still set to 1, proceeds to generate the next state
value of 011, ‘continuing until U is set to 0. In its present form, the
circuit acts more like'a random number generator than a modulo 6
counter.

This problem can also be resolved, but at the expense of in-
creased system complexity. The state diagram must be modified so
that each state is split in two. The first of each state pair is entered
when U = 1. The machine stays in this state until Ubecomes 0; then it
enters the second state of the pair. This holds the machine in the same
state until the value of U changes, thus causing the state transitions to
occur on the rising and falling edges of U rather than whenever U= 1.
Figure 2.27 shows the state diagram incorporating the extra states.
The design of the hardware to implement this state machine is left as
an exercise for the student. ‘

Revised state dlagram for the modulo 6 counter with additional states

Pl e - c=0 reid C=0 c=0
V=000 v=001 V=001 V=010 V-OIOI AV=0|I

C=1 C=0 C=0 r C=0 C=0 C=0
V=000 V=101 V=101 V=100 V=100 V=011

One final physical problem must be fixed. Presumably, input U will
be generated using a mechanical switch. In the real world, the input will
not make a clean transition from 0 to 1 or from 1 to 0; rather, the voltage
level will bounce a bit as it reaches its desired value. This could cause
one or more extra, unintended transitions of U to be recognized by the
circuit. The input may have to be debounced to avoid these extraneous
transitions. (This is done within the switch; the state machine circuitry
is not changed.) Once this is done, the circuit will work properly.

As illustrated here, implementing the state diagram as an asyn-
chronous circuit adds a significant amount of complexity to the hard-
ware, As digital logic becomes faster, synchronous finite state machines
have become fast enough to handle most tasks that formerly required
asynchronous implementations. For this reason, asynchronous designs
are not generally used to implement finite state machines.
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. 2.3 Machine Conversion

There are standard methods for converting between Mealy and Moore
state diagrams: This may become necessary when the desired imple-
mentation is changed during the design process, or to compare equiv-
alent implementations before choosing a final design.

The process of converting a Mealy state diagram to a Moore state
diagram is relatively straightforward. First, we replace each state with
a.set of m states, where all of the arcs which go into the original state
have a total of m different output values. We associate one of the m
output patterns with each new state. To illustrate this, consider the
state diagram of Figure 2.4, the JK flip-flop with modified outputs; it
is redrawn as Figure 2.28(a). Since state Y has two different output val-
ues on arcs which are input to it, 0 and 1, we replace it with two
states, Yj and Y;: Output value 0 is associated with Y, and output value
1is assugned to Y,. Similarly, state Z is split into two states. These
states and their outputs are shown ln Figure 2.28(b).

Fiqune 2.28

Converting a Mealy state diagram to a Moore state diagram: (a) original Mealy state
diagram, (b) new states and output values, and () final Moore state diagram

' 1X/1 0 1
oo (D@D e ®
Xi/1
1 ' 0
,, ® @
@ ®

(c)
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The final task is to convert the arcs from the Mealy representa- .
tion to the Moore representation. Each arc from a state in the Mealy
state diagram is replaced by one arc from each state in the Moore state
diagram that was derived from that state. In this case, each arc from
state Yis replaced by two arcs, one from Y, and the other from Y,. The
destination of each arc is the state corresponding to the destmatuon
state of the arc in the Mealy machine which has the desired output
value. Since outputs are now associated with the states, they are not
included in the arcs. For example, the arc from Y to Z in the Mealy
state diagram is replaced by arcs labeled “1X" from Y, to Z, and from
Y, to Z,. Note that these arcs goto Z, rather than to Z, because Z, has
the desired.output value of 1. Repeating this process yields the Moore
state diagram of Figure 2.28(c). The arcs from states Y; and Z, to them-
selves are shown for clarity; they may be excluded by conventxon

_.— . Once the state diagram has been converted, the state machine
hardware can be designed using the techniques presented earlier in
this chapter.

By comparison, the process of converting from a Moore state dia-
gram to a Mealy state diagram is trivial. We simply add the output of a
state to all arcs that go to that state and remove the output values
from the states themselves. Once the conversion is done, we design
the hardware as before.

2.6 Summary

Finite state machines provide a systematic method for designing se-
quential digital systems. A designer converts a problem specification
to a set of possible states and defines the transitions from one state
to another. These states and transitions, along with the inputs and
outputs, are expressed as a state table or state diagram. The state
table or diagram can then be implemented using digital logic. Finite
state machines are the basis for the control unit of microprocessors.

There are two types of finite state machines. The -outputs of a
Mealy machine are defined with respect to the transitions from one
state to another (or from one state back to itself). For Moore machines,
on the other hand, the outputs are a function of only the current state.
It is possible to convert a state machine from one type to the other.

There are several things to consider when designing a finite state
machine. Among these, assigning values to states is crucial. A good as-
signment can significantly reduce the digital logic needed to imple-
ment the state machine, while a bad assignment introduces unneces-
sary complexity that provides no benefit in the final product.

Another important consideration is how to handle unused states
when implementing a finite state machine. A digital circuit could find
itself in an unused state, for instance, when power is first applied to
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the circuit. A well-deslgned state machine must recover from such a
situation and return to normal functioning if it is to be useful.

Problems

Create the state table and draw the state diagram for
a) a D flip-flop
b) a T flip-flop

Create the state table and draw the state diagram for the SR flip-flop.
Include a third state, U, for the state in which the output is undefined.

Modify the state table and state diagram for the toll booth controller
example in Section 2.3.3 so that all states, even those that cannot
physically occur, are accounted for in the design.

Develop the state diagrarix for the Mealy machine implementation of
the toll booth controller example in Section 2.3.3.

Design the Mealy machine implementation of the eiglit-state string
checker of Section 2.3.2 using combinatorial logic.

_ﬁésign the eight-state string checker of Section 2.3.2 using a lookup ROM.

Design the Moore machine implementation of the four-state string

checker of Section 2.3.2 using combinatorial logic.

Design the Mealy machine implementation of the four-state string
checker of Section 2.3.2 using combinatorial logic.

Design the four-state string checker of Section 2.3.2 using a lookup ROM.

Design the Moore machine implementation of the toll booth controller
in Section 2.3.3 using combinatorial logic.

" Design the'Mealy machine implementation of the toll booth controller
! in Section’2.3.3 using combinatorial logic.

! Design the toll booth controller of Section 2.3.3 using a lookup ROM.

Verify the functions for the next state and output values for the Moore
machine implementation of the modulo 6 counter including unused

states.

Redesign the Mealy machine implementation of the modulo 6 counter
to include unused states.
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Why isn't it necessary to include unused states in the designs of the
four- and eight-state string checkers?

Redesign the Moore machine implementation of the toll booth con-
troller to include unused states.

Design the asynchronous circuit that corresponds to the state diagram
of Figure 2.28.

In a classic problem, a farmer, a fox, a chicken, and a sack of corn are
on the left bank of a river. There is a small boat that will hold the
farmer and at most one of the other three. Using as many trips as
needed, the farmer must transfer the other three and himself to the
right bank of the river. However, if he leaves the fox and chicken on

““one bank of the river while he is on the other bank, the fox will eat the

chicken. Likewise, if he is on one bank and the chicken and corn are
on the other bank, the chicken will eat the corn.

Design a Moore finite state machine using combinatorial logic to
simulate this situation. Each state value has four bits, A, B, C, D, rep-
resenting the farmer, fox, chicken, and-corn, respectively. Each bit is 0
if its item is on the left bank and 1 if it is on the right bank. Two input
bits, YZ, encode the action. IF YZ = 00, the farmer crosses the river
alone. For YZ =01, 10, or 11, the farmer crosses the river with the fox,
chicken, or corn, respectively. There are two outputs. Output L is set

“to 1 whenever the fox eats the chicken or the chicken eats the corn.

Output W is set to 1" when all four reach the right bank of the river.
Otherwise, no output is active. When either L = 1 or W = 1, the ma-
chine resets to state 0000 on the next clock cycle.

Include all unused states in your design.

Repeat Problem 18, but design a Meély machine instead of a Moore
machine.

A certain television game show has three contestants, A, B, and C. Each
player has a signaling button which goes to a circuit that outputs YZ.
The circuits sets YZ to 00 when no player has pressed his or her but-

ton, and sets YZ = 01, 10, or 11 when the first player to press the sig-
naling button is player A, B, or C, respectively. A clue is displayed and
one of the players presses the signaling button; this locks out the other
players from being recognized, and activates the player’s output light,
A, B;, or C,. The player then gives an answer. If the answer is correct,
the host presses the R (for right/reset) button, enabling all contestants’
buttons. If not, the host presses the W (for wrong) button. This disables
that player's button and turns off his or her output light, but doesn't
affect the other player's buttons. They can ring in and are processed in
the same manner. (Thus, if a second player presses the button but
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answers, incorrectly, only the third player's button is active.) At any
time that no player is answering a question, the host can reset the
game by pressing the R button, as when, for example, time expires.

Design the Moore machine signal button controller for this game
show. Implement the finite state machine using a lookup ROM. Show
the contents of the ROM.

Repeat Problem 20, but design a Mealy machine instead of a Moore
machine.

Show the state diagram that corresponds to the following hardware. X
and Y are system inputs. Ignore states for which decoder outputs are
not shown.
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Show the state diagram realized by the following circuit and data.

| |
CE OE
Y—14; Dy
X———A D,
ROM
—>| A, D,
> A3 D3
A, + Dy Register

- . e Ll'Dc?k —I

Addresses ' Data
00000-00011 | 000000, 001000, 100000, 000000
00100-00111 | 001001, 011001, 000001, 001001
01000-01011 | 010011, 110011, 011011, 010011
01100-01111 | 011010, 010010, 001010, 011010
10000-10011 | 100111,000111, 101111, 100111
'10100-10111 IOIIIO.IOOIIO.IIIIIO.IOIIIO
11000-11011 | 110100, 111100, 010100, 110100
11100-11111 [ 111101,101101, 110101, 111101
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‘ Show the state diagram realized by the following circuit.

<

Register

Y LY.
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The following state diagram is supposed to be implemented by the ,
circuit shown below. Find and correct the errors in the hardware.

7o

1 - clk

Reéister P
lij
A

0
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"ATh'e state'diagram‘of problem 25‘is'supposed to be lmplemenféd by
1" "the following hardware! Find and correct the errors in the hardware.
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The state diagram of problem-25 is supposed to be implemented by
the following circuit with the ROM data shown beside it. Find and cor-
rect the errors in the data; do not modify the circuit hardware.

1 1 Address Dy, D; D, D, D,
: 0000 M
CE DE 0 0
7 DAL N W ok o6 |3 ay oo
s =B o 8-0 lizcofl 348 2 7 ©
W M - pofiiflgl o T B
2
As=ir—Dy = 9 10040 1 01 0
L e~ Hrstge=10=1%l 11 0 0 U 1
- = " ,
! r <k o rie o 0 0 1y
1 _ oot | SRR T WL RR RIS R (R M
=~ i—o0-jo40il 3t 0 1 1 3
1==0=30--14| Ol 1°.1 1 1
Je0-1-+0ll 1] v 1 1 9
=140 1 1
l=g—0—-0fl 1l 1 1 0 9
i J lo 00 1 0 1
L3 = h5oilol v 1 0 a
LA U e 10 1
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