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FORMALIZATION OF LOGIC DESIGN OF THE REGISTER

COMPONENTSIN DISCRETE SYSTEMS
A. A. Mishchenko and A. T. Mishchenko UDC 681.325.5; 658.512.011.56

Discrete hardware design involves at a certain stage the logic design of three types of
components: functional components (combinational logic networks), operational components
(registers), and control components (automata) [1]. Control automata design has been
developed in considerable detail, while formal (and thus computer-aided) register design still
involves difficulties, despite its apparent smplicity. In practice, register design uses various
flipflops as storage elements, and each type of flipflops can be implemented by dozens of
different logic circuits with different reliability characteristics and optimization options.
Moreover, writing data to a register may involve more than ten different register operations.
The designer thus has to choose the hardware solution from a large number of options,
allowing for the time characteristics of the input signals, as well as requirements for speed,

cost-efficiency, reliability, etc.

The present article is an attempt to propose a solution of this problem through the
development of a formal register design procedure originaly described in [2]. The designer,
using his experience and intuition, allows for a variety of circumstances and constraints, selects
some register design, and describes its operating agorithm in an accessible language. The
register circuit is then constructed on the basis of this agorithm. The smplicity of the
procedure enables the designer to foresee the outcome of the computer-aided design procedure.
By formulating the register description, the designer is thus capable of making supplementary
decisions and alowing for constraints in such away that the end result is areliable functioning

unit.

We now proceed to present the algorithmic description language and the procedure for

formal register design.
REGISTER STRUCTURE

A register is a device that receives, stores, and delivers information at specified time

instants. An n-digit binary number a;a,...a, requires an n-bit register: each register bit contains
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the corresponding digit of the binary number and is implemented using a single flipflop. A
simplified register structure is shown in Fig. 1. The input and output lines link the register with
other network components. Let us describe in general terms each part of the register, namely
the flipflops and three combinational logic circuits. the term former, the input former, and the

operation control former.

A flipflop is a two-state automaton with a complete system of transitions. A flipflop
may have a different number of inputs and in general two outputs for signals that are one the
inverted form of the other. This device can maintain one of two possible stable states, 0 and 1.
The transition from state O to state 1 and back in aflipflop is triggered by input signals, which
have the values 0 or 1. Different types of flipflops are used in design practice. Each flipflop
type is characterized by its own state-change technique depending on the input signas. The
different flipflop types are characterized using the standard notation for flipflop inputs, and the
flipflop behavior is described by transition tables. Transition tables for common flipflops are

shown in Tables 1a-h. The letter a in the Tables 1a-h denotes the flipflop state [3].

Table 1a shows flipflops of group RS (RS, R, S, E), and Tables 1b-h show flipflops of
typesD, T, DV, TV, JK, RST, DVT respectively. The dash in Table 1aindicates that the input
combination R=1, S=1 is forbidden in RS flipflops; al the input patterns not shown explicitly
in Tables 1g and 1h are also forbidden. The last two tables describe combined RST and DVT
flipflops, which function as a T flipflop for T=1, and as RS and DV flipflops, respectively,

when 1 appears on the other inputs.

The information inputs R, S, D, T, J, K receive information that has to be stored; the
control inputs V open (V=1) or close (V=0) the access to the flipflop through the information
inputs. Clocked flipflops, in addition to information and control inputs, have special inputs that
receive clock signals t , aswell as setting inputs R” and S’ that are used to reset the flipflop to
state O and 1, respectively. Reset is performed, in particular, when the flipflop is cleared by a
special signad N before starting to operate; in the course of normal operation, the flipflop may

be cleared by writing zeros through the information inputs.

A flipflop typicaly has two outputs. On one of the inputs (the 1-input) the signal a
corresponds to the flipflop state, whereas on the other input (the O-input) the signal a is the
inverted value of thefirst signal.

The term former (see Fig. 1) is an input stage that receives information from other
registers and devices. The incoming information is written into the flipflops by one of the write

operations (many such operations may be supported in flipflops). Each operation i is executed
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when the register receives the signal U;=1, which is the condition for the execution of the
corresponding operation. This condition is formed in one of the control devices. When U;=0,

the operation i is not executed.

We denote by f,/ (fl) the information written by operation i in register bit j. This
operation is received from 1-output (respectively, O-output) of other devices. Then the direct

term B! and theinverted term C;! of operation i are defined by the following expressions:
B =U & f/ h)
Cl=uU & f! ()

The register term former consists of two-input AND elements that implement the direct
and inverted terms of all the write operations in the register. The term former filters the
information reaching the register inputs and passes to the flipflops only the information that has

to be written at the current time instant. This occurs when some condition U; takes the value 1.

The input former (see Fig. 1) forms in each register bit j for each information input (R,

S, D, T, J, K) input signals according to the expression:

veycy ®

which includes either the direct term B/, or the inverted term C/, depending on whether the bit
j requires adirect or an indirect signa during operation i* (this is reflected by square brackets
in formula (3)); i in (3) takes only the value of the indicesi of the operation that involves the
bit j. The input former thus combines (by means of an OR element) on each information input

all the signals that should be delivered to the given flipflop input.
The write control former (see Fig. 1) performs two functions.

1. If some signal U; is generated in several automata (and not in one automaton), the
write control former produces the control signa U; for each write operation i in the form of the

digunction

U = \k/uik, (4)
where U * is the operation-i control signal received from each automaton k where the given
signal U; is generated.

2. If the register employs DV or TV flipflops, then for each bit j the control signd V; is
determined by the formula
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Vi = VU, (5)

wherei’ takes the value of theindices of all the operations that write information into bit j.
TYPES OF OPERATIONSEXECUTED IN THE REGISTER

The outcome of some signals reaching the register inputs depends on the pattern of
input signals, the register contents (which in particular may be zero), and on the type of
flipflops used in the register. When an n-digit binary number F=f,f,...f, reaches the inputs of
register R, its impact on the register contents A=a;a,...a, may be viewed as an operation on
two n-digit binary number. The operations have a different number of arguments and require a
different number of terms for their execution. Table 2 lists the possible operations and the

flipflop excitation modes realizing these operations for each type of flipflops used the register.

The first column in Table 2 gives the operation name; the second column gives the
operation result a. The subsequent column give the phase structure of the operations for
different flipflops. The phase structure of an operation is the pattern of direct and inverted
terms on the flipflop inputs, constructed using (1) and (2). A dash indicates that the
corresponding term B or C is not realized on the flipflop inputs. An empty entry indicates that
the corresponding operation is not directly realizable automatically because of the properties of
the D flipflop. When this operation is realized on DV or DVT flipflops, the term C=U; must be
included in expression (5) for the control signa V. The symbol T in bitwise mod-2 addition
operation for XK flipflops indicates that during the execution of these operations the JK flipflop
functionsas a T flipflop, and thus the term B or C corresponding to the symbol T should be
included in expression (3) for both input J and input K. Forced writing of zeros or ones is
generally performed by zero signas (described by inverted conditions) on the specid inputs R*
and S'. We assume that these operations may be necessary with flipflops of any type, which
requires corresponding R™ and S’ inputsin al flipflops.

Here we consider only the write operations into a register, and do not consider the read
operations from a register. The latter may be interpreted as write operations in blocks whose

input signals are the output signals from the register described above.

Let us note some features of the operations in Table 2. These features may be taken
into consideration by the designer in formulating the agorithmic descriptions of the devices for

design optimization by speed and hardware costs.



A. A. Mishchenko, A. T. Mishchenko Formalization of L ogic Design of the Register Componentsin Discrete Systems 5

1. The one-phase direct and inverted code write operations f 1 and f 1 in the same bits

of register R can be executed simultaneoudy for several numbers, which is equivaent to

bitwise digunction of these numbers.

2. The bitwise disunction operations avf and av f in the same bits of register R can

be executed smultaneoudly for several numbers, which is equivalent to bitwise digunction of

all these numbers with the contents of register R.

3. The bitwise conjunction operations a&f and a& f in the same bits of register R

can be executed simultaneoudly for several numbers, which is equivalent to bitwise conjunction

of al these numbers with the contents of register R.

4. For T and TV flipflops, despite the specific structure of their transition tables, the
one-phase write operations f, and f, may be executed in the same way as for RS and other

flipflops, because the register is cleared before these operations. As aresult, information can be

passed to counters consisting of T and TV flipflops as into registers with RS or DV flipflops.
ALGORITHMIC DESCRIPTION OF THE REGISTER (REGISTER CHART)

The register chart (Table 3) presents in a concise format the information that
characterizes the register design in general (the top row of the table), and also describes all the

information reception operations in the register (the following lines).

Let us describe the contents of different cellsin the register chart. We start with the top
row in Table 3, which contains the general characteristics of the register: R, is the register
name;, j;”j, isthe number of register bits (any ascending or descending interval of numbers
from j; to ], is dlowed, with numbering starting from 0 to 1, or from any other value); the
type of flipflop circuit used in the register (we assume that flipflops of the same type are used
in al bits); V¢ is the serid number of the flipflop circuit selected from the recommended list (if
the same flipflop circuit is used in al register bits;, otherwise, the correspondence between
register bits and flipflop circuits should be specified outside the register chart); Ty, is the
flipflop switching time (the switching time for the flipflop second stage); Qo is the number of
operations executed in the register; Qg is the number of operations with signals that require
more than one time step; Qi is the number of register inputs; Qo IS the number of register
outputs. The contents of some of the cells becomes known when the register design is

compl eted.

The second row of the register chart contains the following column headers (see the

example in Table 4); i is the serial number of the operation (0 is conveniently associated with
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forced register clearing); U; is the execution condition for operation | (the operation is executed

when U;=1,; it is not executed when U;=0); J; are the indices of register bits that take part in
operation i; F.! isthe list of names of input signals arriving at the register during operation i
and written in the same sequence as the corresponding bit indices in column J;; & is the type of

operation i described using the same notation as in column a of Table 2.

The indices of the bits taking part in operation i are listed as a sequence of natura
numbers depending on the numbering of the register bits — whether from lower to higher
order, or from higher to lower order. To avoid complicated notation, we use j; " j, to represent
the intervals of ascending or descending sequences of consecutive natural numbers, starting
with j; and ending with j,. Thus, for instance, instead of writing 1, 2, ..., 19, 20, Table 4

contains 1°20.

When describing a sequence of input signals ;! that differ only by their indices j, the
common part f; is written outside parentheses, and the parenthetical part contains only the
series of indices j. If possible, the same abbreviation is used for these indices as for the

description of J;.

The register chart is completed when we finish describing al the register operations.
Filling the columns B; and C; is the first stage of register design.

Let us consider a register chart (see Table 4) for a 20-bit register R; consisting of RS
flipflops. The zeroth row (i=0) in the table describes forced clearing of the register by a specia

zerosignad N, which is delivered to the flipflop setting inputs R".

The first row (i=1) also describes a register clear operation; this is the operation
executed in run time when the condition U;=1 is received. To redlize this operation in the
register, the inputs R of all flipflops should realize the inverted term C, which equals U; when
writing the constant O by (2) (see Table 2).

The next row (i=2) describes the operation of one-phase direct-code write on the
condition U,=1 in all 20 bits of the register R; from some register D. The information d; from
each bit j, | =1, 2, ..., 20, isreceived in bit j of register R;. The realization of this operation,
according to (1), requires the presence of the direct term Bl =U,&d ; ontheinput § (see
Table 2).

In row i=3, paraphase direct-code write is used to represent a one-bit cyclic shift of the
contents of register R, toward bits with lower j. The information from bit 1 is rewritten into bit

20, and information from bits 2 through 20 is shifted to the neighboring bits.
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Finally, the last operation (i=4) is executed differently in different parts of the register.
The same condition U,=1 triggers in bits 5*10 paraphase inverted-code write of the contents of
bits 5 to 10 of some register B, whereas in bits 11720 it triggers bitwise digunction of the
contents of register R; with the contents of the first ten bits of some register C. Bits 1 to 4 in

register R; do not take part in this operation.

FORMAL REGISTER SYNTHESISFROM REGISTER CHART

The objective of the synthesis procedure is to construct logical expressions for term
formers, input formers, and write control formers which, jointly with the flipflops listed in the
register chart, produce the device specified by the register chart. The synthesis process consists
of the following stages.

1. Firgt the phase structure of the operations is entered in columns B; and C,. It is

obtained from Table 2, given the operations and the flipflop type in the register.

2. Then for each register bit j and for each information input (R;, S;, D;, T}, J, K;) and
setting input (R, §°), we find the digunction (3) of the direct (1) and inverted (2) terms, which
are included in (3) only in application to each operation i* that contains the given bit j in
column J;. A nonzero direct term B; [or inverted term Cj] is thus included in (3), or no term is

included, depending on the phase structure of the operation.

3. For the control inputs V; of DV, TV, or DVT flipflops of each bit j, we find
expressions of the form (5) and include the conditions U; in these expressions. This should take

into account the properties of writing the constant 0 into the DV flipflop reflected in Table 2.

4. For each operation-i controlling condition Uy, which is generated in more than one
control automaton, we find an expression of the form (4). To automate this procedure, the
symbols of the components U;* combined in each disiunction (4) should differ only by the index

k of the control automaton generating the components U;¥.

5. In general, there is no need to design the flipflop circuits, because they are normally
selected from the available range of circuits in a given component base. When specifying the
register chart, the designer should select the flipflop type to be used in the register and choose a
specific flipflop circuit, if severa are available. Given the range of register operations, the
designer sdlects the flipflop circuit that meets the requirements of reiability, speed, hardware
costs, €tc.
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REGISTER SYNTHESISEXAMPLE

We will demonstrate the proposed procedure in application to the synthesis of a
register specified by the register chart in Table 4. The flipflop type is determined by the fact
that the sought register R; should include the bitwise digunction operation (i=4), which is
directly executable (without an additional former reslizing g v f; in each bit) on RS flipflops
(see Table 2). When sdlecting the RS flipflop circuit, we should note that the register shift
operation (i=3) requires two-stage flipflops (see [2]) or similar circuits, which are capable of
reliably reading and writing information at the same time. We also assume that the register
speed requirements permit using a flipflop circuit that contains one information input R, one
information input S, and one setting input R™. The forced clear operation (i=0) delivers the
reset signal N to the setting inputs, i.e., Rjt =N fordl j=1,2,..,20.

Wefill the columns B; and C; of the register chart, and then write the left-hand sides of
the expressions R, and S for each j=1, 2, ..., 20. Successively examining all the operations with
i=1, 2, 3, 4, from Table 4, we fill their right-hand sides according to formulas (3), (1) and (2)
and columns B; and C; in Table 4. As a result of this examination, from the clear operation
(i=1), which writes the constant O, we include according to the column C in al the expressions
R the inverted terms C/'=U, (because for this operation by (2) C/=U; & 1=U,), while the

direct terms B, © 0 remain unused (therefore the column B; contains a dash).

Similarly, from the operation with i=2 we include in all the expressions § the term

B/=U.&d, whiletheterm C;= U, & d; remains unused.

From the operation with i=3 we include in the expressions § the term B = Us& 8j+1
for j= 1, 2, .., 19 and the term By°= Us &ay; in the expressons R we include the terms

CI=Us & a,, forj=1,2,..,19and theterm C;*° = U5 & a;.

Finally, from the last operation with i=4, for j= 5,6,...,10 we add to R the terms
BJ/= U, & b, andto S theterms C;/ = U, & b, and for j =11, 12,..., 20 we add to § the terms
B/ = Us& Gy, Whilethe inverted teem CJ = U, & €, remains unused.

Expressions (1) and (2) for the terms former and expression (3) for the input former
are thus constructed for the register R;. If each signal U; is generated in one control automaton,

the write control former is not used in this example (because the RS flipflops do not have the

control signa V). Otherwise, expressions (4) and (5) aso will have to be constructed.

Thus, for the first bit we obtain
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R¢=N;
R, = CIVC!, where C!=U,; Cl=U,&3a,;

S = BIVB!, where Bl =U,&d,; Bl =U,&a,.

FORMULA DESCRIPTION OF REGISTER OPERATIONS

Once we agree on some conventions, we obtain a tool for concise description of
register operations, which is consistent with the autogram [2] and is useful in other cases.

We represent operations in the form
iLU&F ® J—a (6)

Here letters have the same notational meaning as in Table 3. The conjunction U; & F! stands
for a set of terms. The set F/ is enclosed in parentheses if it consists of two or more elements

(separated by a comma).

In addition to this fairly abstract description of operations, we can use a description
that tales into account the specific implementation of the operation in the register. This
description has the form

iLU&F® Wi—a )
where W is the phase structure of the operation, described as in Table 2. For the two write
operations, and aso for the two one-phase write operations and the four operations with
congtants (see Table 2) it is more convenient to use (7) where W is replaced with the notation
of the flipflop inputs realizing the terms for the particular operation a. Depending on whether
the direct or the inverted term is required on the input W, the set F should include respectively
the names of the direct or the inverted signals; for the operations with constants the set Flis

omitted altogether, because with these operations certain inputs W realize only terms equal to
the condition U;. The elementsi and & in (7) are not always used either.

As a demondtration, we give some operation descriptionsin the form (7).
Clear a 20-bit register through the setting inputs R”:

0. N ® R120—0.

Clear thisregister through the information inputs R:

i.U ® R1r20—0.
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One-phase direct-code write:

i. Ui & b1720® s1720 —f;.

One-phase inverted-code write:

i. Ui & b 1720® s1720 — f, .

Paraphase direct-code write:

i. U & b1°20® (SR)17120 —f1,.

Paraphase inverted-code write:

i. U & b1720® (R91/20 — f,.
GENERAL REMARKS

The formal register-chart-based synthesis procedure described in this article produces
only logical equations that describe the register functioning and circuit. To implement the
register, the equations should be transformed taking into account the real constraints on the
component elements forming the register. These are primarily congtraints on the number of
inputs in AND and OR elements, constraints on admissible loads on element outputs, and
condtraints on the functions redlized by the dements. To this end, we can use formal
transformations of expressions by the rules of Boolean algebra, which have been considered by

many authors (see, in particular, [2, 4]).

If these formal transformations produce unacceptably long signa paths, we need to
apply informal design techniques, which may involve backtracking to the initial stages of

development to re-examine the register and other components of the unit being considered.

When specifying the register chart, we can allow for various optimizing considerations,
which in particular impact on speed and hardware costs. In this context, we should mention the
previoudy described features 1-4 of the operations from Table 2. Moreover, all the operations
in Table 2 are dud, i.e., they are executed both with direct signals f) and with inverted sgnas

f.). Taking a particular version of the operation, we can change the loads on the flipflop

outputs forming the signals f; and f.J, which may also change the length of the signal paths.

If RSflipflops are used in the register, the paraphase write is executed in one time step,
but it doubles the number of realized terms and produces more complicated output expressions
compared with the one-phase write. The one-phase write, on the other hand, requires

preliminary clearing of the register, which involves an additional time step, an auxiliary register
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clear circuit, and a clear control signal. These shortcomings can be avoided by replacing RS
flipflips with DV flipflops, but this requires generation of control signas Vj, thus involving
longer circuits and, if different signals V; are used for different digits, essentially higher
hardware costs. All this reduces the advantages of one-phase write into DV flipflops, so that
paraphase write into RS flipflops may prove preferable.

Hardware costs can be minimized by specifying severa versions of the register chart

and comparing the results of computer-aided register synthesis to select the best option.

To ensure reliable operation of the register produced by this design procedure, we have
to consider carefully the time characteristics of all input signals reaching the register, including
the clocking signals. This is discussed in detail in [2]. Here we only consider the basic

principle.

The smplest way is to build a register using two-step flipflops clocked by two series
separated in time, or else a threeflipflop design with one series of clocking signals, i.e.,
flipflops triggered by the signal front [3]. At the instant when the flipflops are switched (thisis
determined by the clock-signal phase), al the signals written into the register during the given
step should have had enough time to reach a stable value. If the formation of some input signals
requires more than one time step, these signals are written into the register on the condition U;,

which takes the value 1 only after these signals have finally formed.

If the register uses one-stage flipflops, the agorithmic description of the units should
ensure that the write operation is not used smultaneously with output signals from register

digits that are affected by writing.

In conclusion, let us note some features of the register chart, which are useful for

formal (computer-aided) logic design of registers.

First, the register chart is a concise agorithmic description of the register. Horizontal
conciseness is achieved by using collapsed or abbreviated description of the contents of the
columns J. and F/, while in the interest of vertical conciseness we should reduce the number of
rows in the register chart, covering the largest possible number of register bits in each row. A
limiting factor in this approach is that one row may contain only those register bitsin which the

relevant operation is executed with the same phase structure.

Second, the register chart provides a highly visual tool. The most non-obvious aspects
of the register chart is that it requires comparing the list of digits represented in the column J;
with the list of signals reaching these digits and represented in the column F{. Each row may

contain many different descriptions of J, and F/. In practice, we should primarily strive to order
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or smplify the contents of the column J. In most operations, the above-mentioned lists
corresponds to some contiguous part of the register, and not the entire register. In relatively
rare and complex cases, computer-aided design may use auxiliary software tools, which unfold
the abbreviated descriptions of J; and Fjj into detailed series with explicit correspondence

between their elements and, conversely, collapse detailed series into abbreviated descriptions.

Finally, the register chart can be applied to calculate the contents of the register after
any operation using known input information. This provides opportunities for efficient register
simulation at the agorithmic level before embarking on logic design. The simple representation
of information in the register chart reduces the simulation time, while at the same time

accelerating the design of discrete units.

Because of its qualities and complete formalization, the proposed procedure may be

used in computer-aided design systems for discrete units.
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TABLE 1. Transtion Tablesfor Different Types of Flipflops

14

TABLE 2. Phase Structure for Operations and Flipflops of Different Types

Inputs Output for flipflop types D a T a D vV a
RS| R| S| E 0| O 0| a 0 O a
R|s|]al|lal|] al] a 111 1] a 1 0] a
0 0 a a a a c 0 1 0
1 olo o o 0 1 1 1
o 1|1 1 1 1 d
1 1 - 0 1 a
D|V |T]| a
0 0 o] a
T|v] a J | K] a R|S|T] a 1 0 0] a
0 0] a 0 0| a 0 0 0] a 0 1 o] o
1 0| a o 1] o0 1 0 o01]o 1 1 0|1
0 1| a 1 o] 1 o 1 o] 1 0 0 1| a
1 1 a 1 1 a 0 0 1 a 1 0 1 a
e f
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Operation and comment

Phase structure for different flipflops

a* |RS| R| S| E| D|DV| T|TV| X| RST | DVT
BC| BC|BC|BC|BC|BC|BC|BC|BC BC|BC BC|BC
Direct
code write f D-D- D-
Inverted F
code write -D-D -D
Paraphase direct
code write f2 |sR SR SR R X SR
Paraphase inverted _
code write f |RS RS RS RS KJ RS
One-phase direct code write
(only after register clear) f, |S- S-S- S- T-T-3- 8- T- T-
One-phase inverted code write _
] f. |-S -S -S -S -T -T -J -S -T -T
(only after register clear) 1
Bitwise digunction of aand f avfils- s- s- s- J- S-
(equivaent to f, after register clear)
Bitwise disunction of aand f avil-s -s -s -s 2J-s
(equivaent to f_l after register clear)
Bitwise conjunction of aand f a&fl-R -R -R -R K -R
(equivaent to f, after writing 1)
Bitwise conjunction of aand f 227lr. R- R R- K- R-
(equivaent to f_l after writing 1)
Bitwise mod-2 addition of aand f
(equivalentto f after register clear; a+f T-T-T- T- T-
equivaent to f_l after writing 1)
Bitwise mod-2 addition of aand f -
a+f -T -T -T -T -T
(equivaent to f_l after register clear;
equivaent to f, after writing 1)
Writing the constant = 0 0 R -R-R -R v K -R v
(When Bo 0, C = U;)
Writing theconstant q= 1 1 ls-s.s-5-D-D i s D
(when B=U; ,C o 0)
Fjrced clear
] o oclR R R R RR R R R R R
(writing zeroswhen B o 0, C= U;)
Forced writng of ones rls.s 5.5 5.5 5. 5. 5. 8 s

(when B = U;, C 0 0)

* Designation of operation.

TABLE 3. Register Chart for R,
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Ro | N2 | Fipfloptype | Ve | Tsw | Qop | Qg | Qin | Qo | Qo
i Ui ji Fij g Bi Ci
TABLE 4. Register Chart for Ry
R, 1720 RS Qop =5 Qin=64 | Qou=20
i Ui Ji I:ij g B G
0 N 1720 0 0 - R’
1 U, 1720 0 0 - R
2 U, 1720 d(1720) f1 S -
3 Uz 1720 a(2"20, 1) f, S R
4 U, 500 b(5"10) E R S
11720 c(1°10) avf S -
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