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USING OF METHOD OF REPLACEMENT

OF INPUT VARIABLES IN MICROPROGRAM
FINITE-STATE MACHINE WITH

DATAPATH OF TRANSITIONS

3anpononosano suxopucmosysamu 6i00MUL Memoo 3aminu 6XIOHUX SMIHHUX Ol onmuMizauii ana-
pamyprux eumpam y MikponpozpamHoMy agmomami 3 ONepayiunum asmomamom nepexodie. Memoo
00360J151€ BUKOPUCTOBYBAMU OISt CUHMESY CXEMU NPUCTPOIO 2eMePOLeHHUT eleMeHmHull 6a3uc, uo
CNPUSIE SMEHWEHHIO aANaPamypHUX eumpam 6 cxemi agmomama. B pesyromami sacmocysanis danozo
Memody po3pobieno HosYy CMPYKMypHy MOOeLb ABMOMAMA, Ot AKOL 6U3HaUeni Kpumepii epexmuaenocmi

6 NOPIBHSAHHI 31 CMPYKMYPOI0-NPOMOMUNOM.

Kmeuosi cnoBa: Mikponpozpamuuil agmomam, onepayiiunuil asmomam nepexoois, 3amina 6xXionux

SMIHHUX, ONMUMI3AUIS ANAPAMYPHUX GUMPA.

1. Introduction

One of the central parts of modern computing systems
is a control unit whose characteristics largely determine
the characteristics of the system as a whole [1, 2]. The
increase in the complexity of computing tasks observed
today increases the requirements for the speed of computing
systems. One way to improve the speed of control units is
to use highly effective structural solutions, one of which
is a microprogram finite-state machine (FSM) [2]. FSM
with a canonical structure, along with high speed, is cha-
racterized by high hardware amount for implementing the
logical circuit of the device [2, 3]. This makes it urgent
to develop new structures and methods for synthesizing
MPA, aimed at hardware amount optimization while main-
taining an acceptable speed.

At present, many methods of FSM optimization leading
to various structural realizations are known [3—6]. One
of these methods is the method of replacement of input
variables, which makes it possible to reduce the num-
ber of different Boolean terms in the system of equations

for the FSM transition functions [5, 6]. Another struc-
tural solution is a microprogram finite-state machine with
datapath of transitions (FSM with DT), in which the
transition function is represented as a set of partial func-
tions and has a schematic interpretation in the form of
a datapath [7, 8].

In works [2, 5, 6] the possibility of joint use of various
optimization methods, allowing under certain conditions
to increase the efficiency of the resulting FSM structures
in terms of hardware amount, is shown. With regard to
the microprogram finite-state machine with datapath of
transitions, the application of known methods of hardware
amount optimization is unexplained for today.

2. The ohject of research and
its technological audit

The object of this research is a microprogram finite-state
machine with datapath of transitions [7, 8], the structural
diagram of which is shown in Fig. 1 and in this paper
is denoted by symbol Uj.
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Fig. 1. Structural diagram of the microprogram finite-state machine
with datapath of transitions (structure /)

The structure includes the following blocks (Fig. 1):

— DT: datapath of transitions that performs transfor-

mations of the state code of an FSM using a number

of transition operations (TO) under the control of an

TO code represented by Z signals;

— Z: forms the code of the transition operation Z on

the basis of the code of the current state T and the

signals of the logical conditions (LC) X;

— BMO: block of microoperations, which forms a set

of microoperations Y.

The presence of connection shown in dashed lines in
Fig. 1, allows to consider this structure as a Mealy FSM,
the absence — as Moore FSM.

In the FSM with DT, the abstract transition function
is divided into a set of partial functions, each of which
implements a proper subset of FSM transitions [9]. The
partitioning is performed in such manner that for each partial
function, a uniform law of arithmetic-logical transforma-
tion of state codes (transition operation) can be specified,
which makes it possible to realize all transitions from the
corresponding subset. This law is implemented as a sepa-
rate combination circuit, the hardware amount in which
does not depend on the number of FSM transitions that
it realizes. A set of combinational circuits corresponding
to a set of partial transition functions form an operating
part (OP) in which the outputs of the combinational
circuits are multiplexed under control of signals Z

OP together with the memory register (MR) form
the datapath of transitions in which the MR is the single
register circuit and in each operation it acts simultaneously
as a register of input data and a result register (Fig. 2).

Z

|

OP d

X —
MR T

a ]

Fig. 2. Structural diagram of datapath of transitions

Let FSM be given by flow-chart of the algorithm con-
taining a set of states A={ay,..,ay} and a set of logical
conditions X ={xy,...,x,} [2]. With the increasing complexity
of the control algorithms implemented by FSM with DT, an
increase in the number L of logic conditions appearing as
input signals of the microprogram FSM is often associated.
In the structure of U; (Fig. 1), an increase in L leads to an
increase in the input signals in the block Z along the X line.
In many cases, this makes it impossible to synthesize this
block in the basis of memory devices (in particular, in the
FPGA block memory), since it requires the use of memory
devices with a large number of address inputs [2, 5].

The only acceptable basis for synthesis of the block Z is
the basis of the LUT elements, which is the main resource

of the FPGA crystal [10]. At the same time, the increase
in hardware amount in the logical circuit of FSM with
DT, associated with the implementation of the block Z
in the basis of LUT elements, worsens such characteristics
of the circuit as cost, size, power consumption, reliability
and others.

Thus, one of the ways to reduce the hardware amount
in the logical circuit of the microprogram finite-state ma-
chine with datapath of transitions is implementation of
the block Z in the basis of FPGA block memory. This
is possible if the number of input signals of the block Z
is reduced. The latter can be achieved by increasing the
number of levels of transformation of logical signals in the
circuit of the FSM due to the application of the known
method of replacement of input variables [5, 6].

3. The aim and ohjectives of research

The aim of research is to apply the method of replacement
of input variables to a microprogram finite-state machine
with datapath of transitions. This would allow under certain
conditions to reduce the hardware amount in the logical
circuit of the FSM with DT. The resulting structure may
be more preferable than other known structures of FSM.

To achieve this aim it is necessary:

1. To develop a structural model of FSM with DT
and replacement of input variables.

2. To determine the conditions of effectiveness of this
structure in comparison with structure Uj.

3. To demonstrate the possibility of applying this ap-
proach.

4. Research of existing solutions
of the prohlem

The development of methods for hardware optimiza-
tion in the logical circuits of control units is a classic
problem of the theory of digital automata. In this direc-
tion, in the literature, it is, first of all, necessary to select
works [2—-6] containing a number of original techniques
and structural solutions oriented toward the use of a he-
terogeneous elemental basis.

Also within the area of this problem the following
directions can be indicated:

— structural decomposition of the logical circuit of

FSM [11-13];

— special coding of FSM states [14—16];

— synthesis taking into account the features of the

elemental basis [17-19].

Thus, in [11], a method for converting of object codes
is proposed, according to which the number of logical signal
conversion levels in the FSM structure increases. At the
expense of simplification of each of the levels, and also
by providing the possibility of implementing the circuit
in a heterogeneous elemental basis, the total hardware
amount in the circuit of the automaton is reduced. Simi-
lar methods, oriented to a specific elemental basis (PAL,
FPGA), are described in [12, 13].

Another approach to reducing hardware amount is the
use of special methods for FSM states coding [14—16].
Moreover, in addition to reducing the cost of the cir-
cuit, in a number of cases, an increase in performance,
a reduction in power consumption, an increase in noise
immunity, and other positive effects are also achieved.
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Also, an alternative way to achieve savings in hardware
amount is use of the features of the elemental basis. In
modern FPGAs there are such typical functional blocks as
multiplexers, registers, block and distributed memory, and
others. According to the authors of works [17-19], the
use of these blocks in the FSM circuit allows to reduce
the number of LUT elements used, using them for the
implementation of other blocks of the computing sys-
tem (for example, the operating device).

Thus, the results of the analysis allow to conclude that
there are many different ways to optimize the hardware
amount in the circuits of digital control units. Nevertheless,
the possibility and expediency of using these approaches
in a microprogram finite-state machine with datapath of
transitions remains unexplored today.

5. Methods of research

A specific feature of FSM is that almost always for
any state a;€ A the next condition is fulfilled:

| X(a)|<<L, (D
where X(a;) is a subset of X which elements significantly
affect the transitions from the state «; [6]. Execution
for the given flow-chart inequality (1) allows to apply
to the FSM with DT a known method of replacement
of input variables corresponding to the signals of logical
conditions [5, 6].

Let FSM with DT be given a flow-chart in which any
transition depends on no more than G logical conditions.
In this case, a lot of signals will be fed to the input of
block Z and the datapath of transitions, and a special
circuit M will be added to the structure of the FSM,
which realizes the function:

P=P(X,T). (2)

Adding a block M to the structure U leads to the
structure of FSM with DT and replacement of input
variables (Fig. 3). Let’s denote this structure by the
symbol Us.

Y
—>

BMO

’—V —>
Fig. 3. Structural diagram of a microprogram finite-state machine

with datapath of transitions and replacement of input
variables (structure 1)

Here block Z realizes function:

Z=Z(P,T), 3)
and is constructed by the system of equations:
zi=z(T, .., Ty P1s - P65
zy=2y(T4, ..., Tx, p1, s Pc); 4

ZR, = 2R, (T, ..., T, Py s D),

where R is the digit capacity of the state code of the
FSM. Block M is synthesized in accordance with the fol-
lowing system of equations:

pi=pi(L, ., Tr, x4, oy X1);
P2 = pZ(Th weey TRv Xy ey xL)y (5)
pe =pe(Ty, ..., Ty, x4, ..., X1).

Let’s build an inequality, in the performance of which
the hardware amount in the logical circuit of FSM with Uy
structure will be less than in the circuit with the struc-
ture Uy:

HY"+HJ+ Hip+ Hijpt Hijiio <HY'+ Hop+ Hijp+ Hilyo . (6)

Here, each term is the numerically expressed hard-
ware amount in the block determined by the subscript
entering the FSM structure, defined by the superscript.
When using the FPGA basis, LUT elements, which are
regular FPGA function blocks, can be used as the hard-
ware amount unit [10].

Assuming that HY, = H{% and HY},o = HY0, let’s reduce
inequality (6) to the following:

HU+ HY+ HY < HY+ HY . (7)

In the left-hand side of the inequality, the additional
term H}; is the quantity corresponding to the hardware
amount in the block M. When synthesizing an FSM circuit
in a heterogeneous element basis, the block M can be
realized with standard multiplexers or PLA with a large
number of inputs and a small number of outputs [5, 6].

The method of coding of input variables assumes that
the growth of hardware amount due to the addition of
the block M is accompanied by their simultaneous de-
crease in the block Z. Thus, the coding of input variables
allows to reduce the number of inputs of the block Z to
the value (G+R). This not only reduces expenses in the
block Z, but also simplifies its implementation in the basis
of memory devices. Thus, for G<<L, in the general case,
the inequality HY* < HY' will be satisfied.

As for the datapath of transitions, the coding of the
input variables does not fundamentally affect its internal
structure. In the U, structure, the DT input will receive
G structured (binary) signals p; instead of L signals of logical
conditions in the case of the Uj structure. This can lead
to the appearance of common circuit fragments in various
combinational circuits of operational part, as a consequence,
to reduction in the hardware amount in the DT circuit of
the U structure in comparison to the U, structure.

6. Research results

As the research results, we will illustrate the proposed
approach using the example of synthesis of FSM with U,
structure. Let FSM be given by flow-chart I marked by states
of Moore FSM (Fig. 4). The flow-chart contains M = 10 states
ay —ay, for encoding which requires R=4 bits. Let’s apply
to flow-chart a method of replacement of input variables.
According to Fig. 4, G=2, that is P={p,, p,}.

Let’s build a table for replacement of input variab-
les x;—x5; with variables p;, p,, for which the method

;20
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described in [5] is applicable. Result of coding of logical
conditions is presented in Table 1.

CEND ) a

Fig. 4. Flow-chart T

Tahle 1
Table of input variables replacement (flow-chart I')
a; 1 P2 a; 1 P2
ap - - as - -
aq X1 X2 ag - -
ap X3 - a X3 X5
as X4 - ag - _
ay - X5 ag - —

Let’s perform the synthesis of the FSM according to the
flow-chart, shown in Fig. 4, in which instead of variables x;,
x5, x; a variable p, is used, instead of variables x,, x;
is a variable p,.

By analogy with [20], let’s code the states a, —ay, with
intermediate codes K, from the set of integers in the
range [0; 5] as follows:

K (ay)=3, K;(a)=8, K, (ay)=4, K;(a;)=0,

Ki(a)=13, K(as)=11, K;(as)=5, K;(a;)=2,

K, (ag)=6, K;(ay)=7.

Structural (binary) state codes represented by the bi-
nary vectors <Ty, Ty, T3, T4;>, will be chosen equal to the
corresponding intermediate codes in the format of four-bit
binary unsigned numbers:

Ks(ay)=0011, Ks(a;)=1000, K(a,)=0100,

Ky(as)=0000, K(a)=1101, Ks(as)=1011,

Ks(ag)=0101, Kg(ar)=0010, Ky(as)=0110,

Ks(ay)=0111.

Let’s choose the following transition operations defined
on the set of intermediate state codes:

O K;(a*)=K;(a")+5, (8)
Oy K (a"*)=K,(a")+11, 9)
O3 K (a*)=K,(a")x4, (10)
O¢ K/ (a™)=K,(a')/2. (11)

When using this TO, let’s assume that the result of each
operation is always reduced to the range [0; 15], which is
expressed by the mathematical operation «<mod 16» (taking
the remainder of the integer division by 16).

Let’s code operations O{—04; with unique two-digit
codes <z, z,>:

K,(0)=00, K,(0,)=01, K,(0,)=10, K,(Os)=11.

Let’s associate with each FSM transition one of the TO
0;-0y as shown in the table of transitions (Table 2) [2, 5].

In Table 2, the O; column contains the transition operation
performed during transition from state a, by condition P,.

In graphical form, the synthesis result is shown in Fig. 5.

Tahle 2

Table of transitions of microprogram finite-state machine with structure 5

a, | Hsla,) | a | Hsla,) P, g, Z, h
ap 0011 a 1000 1 0y - 1
dp 0100 0 04 Z123 2
a 1000 as 0000 Jy ) 3 Zy 3
dy 1101 ﬁlﬁz 01 - 4
dasz 0000 0y Ug Z 5
ap 0100
ag 0010 o 04 Z123 B
dg 1011 Dy Ug Zp 7
as oooo
a | 0101 7 0, - 8
al 1000 D> Uz Zp 9
ay 1101
ag 0110 D Oy Z1Zp 10
as 1011 ag 0110 1 O, Zp 11
dag 0101 dayg 0010 1 U4 212 12
a | 0111 o o - 13
a | 0010 | & | 1000 | Bp | O 7 14
ag 0111 A 0, - 15
ag 0110 ag 0011 1 U4 212 16
dg 0111 ag 0011 1 U4 212 17

According to Table 2, a system of equations (4) is
constructed, each equation of which is defined by the
following expression:

H
Zi=\V CypALP,.

h=1

(12)

In expression (12) the following notation is used:

— Cy: a boolean variable that takes true value if
and only if the variable z is written in row 4 and
column Z, of the table;
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— Al': the value of the column Kg(a,) in the row #;
— P,: conjunctive term, formed by variables from the
set P, indicated in the column P, of the row A of
the table.

310:001 12 dy

+5

810:10002

+2

310:001 12 Ao

Fig. 5. Besult of synthesis of finite-state machine with structure I,

To synthesize the block M, it is necessary to construct
a system of equations (5) according to Table 1. The pro-
cedure for synthesizing the block M, taking into account
the features of the used elemental basis, is described in
detail in [2].

The considered example of synthesis of FSM with DT
with U, structure allows to make a conclusion about the
possibility of using the method of replacement of input
variables in the microprogram finite-state machine with
datapath of transitions. The condition for the expediency
of applying this approach is determined by the expres-
sion (7).

7. SWOT analysis of research results

Strength. The advantage of the proposed structure of
the microprogram finite-state machine with datapath of
transitions and replacement of input variables is the smaller
number of input signals of the block Z in comparison
with the prototype structure. This makes it possible to
use for the synthesis of the block Z a basis of memory
devices, which can be represented by FPGA block memory
modules.

At the same time, the block M added to the structure
can be realized in the basis of multiplexers, which are also
standard functional nodes of modern FPGAs. The saving
of LUT elements due to this allows them to be used for
the synthesis of other FSM or a computing system units.

Ultimately, this approach makes it possible to synthesize,
on the basis of the same FPGA series, FSM of a higher
complexity, or to use microchips of lower complexity for
a given FSM.

Weakness. A decrease in the number of block Z inputs
in the proposed structure of FSM with DT is possible due
to the introduction of an additional block M. If the used
FPGA does not contain a sufficient number of multiplexers,
a basis of LUT elements can be used to implement the
block M, which can level the hardware decrease in the
block Z. In any case, the effectiveness of the proposed
structure by the criterion of hardware amount in com-
parison with the prototype structure is not absolute and
is different in each specific case. If for the given FSM
the structure proposed in this paper has more hardware
amount than the prototype structure, then a prototype
structure (or other, more optimal FSM structure that
meets the specified design criteria) should be used to
design the FSM.

Opportunities. Practical use of control units on the basis
of a microprogram finite-state machine with datapath of
transitions and replacement of input variables requires the
development of formalized methods for synthesizing this
structure. Also, the area of its effective application, expressed
by a set of values or ranges of values of the parameters
of the FSM, must be determined. The modern process of
designing of digital devices is impossible without the use
of specialized CAD systems, which leads to the problem
of developing a synthesizable VHDL model oriented to
a certain elemental basis (for example, FPGA) [9]. Also,
using a similar model for a given FSM, the hardware
amount, expressed, for example, in the number of LUT
elements and used FPGA internal memory units, can be
experimentally determined.

Threats. At present, many FSM structures are known
that are oriented to optimization of various parameters
of the FSM circuit. At the same time, there are still
no unambiguous ways of selecting one or another FSM
structure in each particular case. Attempts to develop
specialized CADs, allowing in automatic or automated
mode to select the optimal FSM structure from a va-
riety of known structures in accordance with specified
design criteria, remain unrealized. The choice of the
optimal structure «manually» requires the designer to
know a large number of different structures and methods
for their synthesis. At the same time, there is always
a risk that the structure chosen by the designer is not
optimal in a particular case. This negatively affects the
cost of finished products based on FSM with chosen
structure.

Thus, SWOT analysis of research results allows to iden-
tify the main directions for further research. Among them:
development of a formal method for synthesizing a micro-
program finite-state machine with datapath of transitions
and replacement of input variables, constructing a synthe-
sizable VHDL model of this structure and determining
the area of its effective use.

1. In this article, a new structure of a microprogram
finite-state machine with datapath of transitions that uses
the principle of changing input variables is proposed. In
this structure, the number of input variables of the block

;22
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Z decreases, which contributes to a decrease in the number
of components of Boolean terms in the system of equations
realized by the block Z. As a result, there is a decrease in
hardware amount in the block Z, while increasing amount
due to the introduction of an additional block M in the
structure of the FSM with DT, which replaces the input
variables.

2. The condition of efficiency of the proposed structure
is formulated according to the criterion of hardware amount
in comparison with the known structure of FSM with
DT without replacement of input variables. The condition
is determined by the inequality (7), each part of which
is the sum of hardware amount in individual blocks of
corresponding structure.

3. An example of synthesis of FSM with DT and re-
placement of input variables by flow-chart is considered.
This example reflects the main stages in the synthesis of
the FSM and can later be used to develop a formalized
method for synthesizing this structure.
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NPHMEHEHHE METOJA 3AMEHBI BXOAHBIX NEPEMEHHBIX
B MHKPONMPOrPAMMHOM ABTOMATE C ONEPALHOHHBIM
ABTOMATOM IEPEXOJI0B

[IpesnoskeHo NCIOIb30BaTh U3BECTHBII METO/L 3aMEHBI BXOHBIX
HePeMEHHBIX IS ONTUMM3AIIK AlllapaTyPHbIX 3aTpaT B MUKPO-
MIPOrpaMMHOM aBTOMATE C ONEPAIMOHHBIM aBTOMATOM IIEPEXOI0B.
MeToz 103BOJISET UCIONB30BATh /Il CHHTE3a CXEMBI yCTPOICTBA
reTepOreHHbIil 2IeMEHTHBII (a3¥c, YTO CIIOCOOCTBYET YMEHBIIEHUO
anmmapaTypHBIX 3aTpaT B cxXeMe aBTomarta. B pesymbrare mpume-
HEHUs JJAHHOTO MeTOo/la padpaboTaHa HOBas CTPYKTypPHasi MOJIEJb
aBTOMaTa, IS KOTOPOIl oIpejiesieHbl Kputepun 3h(eKTHBHOCTH
B CPaBHEHUHU CO CTPYKTYPOU-IIPOTOTHUIIOM.

Kmouessie cnoBa: MIKPONPOTPAMMHBIN aBTOMAT, OTI€PAIMOH-
HBIII aBTOMAT MEePeXo/0B, 3aMeHAa BXOJHBIX IEPEMEHHBIX, ONTH-
Mu3anus anmnapaTypHbIX 3aTpar.
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