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Introduction

One of the very important parts of any digital system is the control unit, coordinat-
ing interplay of other system blocks. As a rule, control units have irregular struc-
ture, which makes process of their logic circuits design very sophisticated. In case
of complex logic controllers, the problem of system design is reduced practically to
the design of control units. Actually, we observe a real technical boom connected
with achievements in semiconductor technology. One of these is the development of
integrated circuit known as the "systems-on-a-programmable- chip" (SoPC), where
the number of elements approaches one billion. Because of the extreme complexity
of microchips, it is very important to develop effective design methods oriented on
particular properties of logical elements. Solution of this problem permits improv-
ing functional capabilities of the target digital system inside single SoPC chip. As
majority of researches point out, design methods used in case of industrial packages
are, in case of complex digital system design, far from optimal. Similar problems
concern the design of control units with standard field-programmable logic devices
(FPLD), such as PLA, PAL, GAL, CPLD, and FPGA. Let us point out that modern
SoPC are based on CPLD or FPGA technology. Thus, the development of effec-
tive design methods oriented on FPLD implementation of logic circuits used in the
control units still remains the problem of great importance.

One possible way to optimise the control units (such characteristics as the size
or performance of its logic circuit) is the adaptation of its structure to the particular
properties of interpreted control algorithms. In our book, control algorithms are rep-
resented by the graph-schemes of algorithms (GSA). This choice is based on obvi-
ous fact that such specification provides simple explanation of methods proposed by
the authors. We restrict ourselves to the case of the so called linear GSA, where the
number of operator vertices is not less than 75% of the total number of all algorithm
vertices. The compositional microprogram control units (CMCU) are proposed for
interpretation of linear control algorithms. The compositional microprogram con-
trol unit has two blocks: the finite state machine, which addresses microprogram
microinstructions, and the microprogram control unit including control memory,
which keeps the microprogram corresponding to the initial GSA. The mode of nat-
ural addressing of microinstructions is used in the CMCU, where multidirectional
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microprogram transitions depending on the arbitrary number of logical conditions
are executed during one cycle of CMCU operation. This organisation permits to get
a control unit with the following positive features:

1. The finite state machine of CMCU generates transitions addresses only if natural
order of microinstructions’ execution is violated. It permits to reduce the hard-
ware amount, in comparison with other control units designed without assuming
linearity of the initial GSA. This idea has been checked many times in case of
control unit design with counters or shift registers used to keep the codes of FSM
states.

2. The format of microinstructions in case of CMCU includes only the operational
part and number of microinstructions kept in its control memory, which does not
exceed the total number of operator vertices in the initial GSA. It permits to reach
the minimum possible size of control memory, in comparison with other known
models of microprogram control units.

3. Microprogram transitions are always executed during one cycle of CMCU oper-
ation. This time does not depend on the number of logical conditions determin-
ing a particular transition. It permits to minimize the average number of cycles
needed for algorithm execution, in comparison with other models of micropro-
gram control units.

Organization of the control unit proposed in the book increases regularity of
the circuit, because the system of microoperations is implemented using standard
blocks, such as PROM or RAM. At the same time, irregular part of the system de-
scribed by means of Boolean functions is reduced. It permits to decrease the total
number of logical elements (PAL, GAL, PLA, FPGA) in comparison with other
models of finite state machines. Let us point out that the CMCU can be viewed as
Moore FSM, in which codes of states are concatenations of information about the
OLC code and address of microinstruction. These devices can be used to organize
control processes not only in computers, but also in other digital systems, including
complex controllers. The methods of synthesis and design presented in the book are
not oriented to any particular set of logical elements, but to construction of tables
describing the behaviour of CMCU blocks. These tables are used to find the systems
of Boolean functions, which can be used to implement logic circuits of particular
blocks. In order to implement corresponding circuits, this information should be
transformed using data formats of particular industrial CAD systems. This step is
beyond the scope of this book, in which the following information is presented:

Chapter 1 introduces such basic topics, as principles of microprogram control
and specification of the control unit behaviour using the graph-scheme of algo-
rithm. Next, some methods of control algorithm interpretation, such as finite-state
machines (FSM) and microprogram control units (MCU), are discussed. Last part of
the chapter is devoted to the organization principles of compositional microprogram
control units, which can be viewed as compositions of finite-state machine and mi-
croprogram control unit. These control units provide efficient interpretation of the
so-called linear GSA, in which long sequences of operator vertices can be found.
These sequences are called operational linear chains (OLC). Microinstructions
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corresponding to the components of OLC are addressed using the principle of natu-
ral microinstruction addressing. It permits to use the counter to keep microinstruc-
tion addresses and to simplify the combinational part of control unit, as compared
with the classical Moore FSM. The Mealy FSM is used in CMCU to address mi-
croinstructions. It permits to calculate the transition address during one cycle of
control unit’s operation. Due to this feature, performance of the CMCU (propor-
tional to the number of cycles needed to execute the control algorithm) is better
than performance of the equivalent MCU with natural microinstruction addressing.

Chapter 2 discusses contemporary field-programmable logic devices and their
evolution, starting from the simplest programmable logic devices, such as PLA,
PAL, GAL and PROM, and finishing with very sophisticated chips such as CPLD
and FPGA. This analysis shows particular features of different elements and permits
to optimize the control unit logic circuits, in which some particular elements are
used. The CMCU has some features of both FSM and MCU. Therefore main design
and optimisation methods applied in case of these two types of control units are
presented in the main part of the chapter.

Chapter 3 is devoted to the design and optimisation of some basic CMCU struc-
tures. Corresponding methods are discussed for the CMCU basic structure as well
as for the CMCU with common memory. The problem of the set of operator ver-
tices of the initial GSA is solved first. The resulted partition includes minimum
possible number of OLCs. Next, the method of natural microinstruction addressing
is discussed and its solution in case of CMCU given. It is shown that optimization
methods used in the case of Moore FSM can be used to optimize the CMCU hard-
ware amount. All methods presented in this book are oriented towards decreasing
of hardware amount in the CMCU logic circuits.

Chapter 4 is devoted to the design methods based on the so-called code sharing,
in which the microinstruction address is represented by concatenation of the OLC
code and the code of its component. This representation makes possible using spe-
cial methods of Moore FSM optimization adapted to the peculiarities of CMCU. In
this case, the OLC codes are viewed as analogs of the states codes of Moore FSM.
This approach permits to reduce the number of inputs and outputs of the combina-
tional part of CMCU. Additional decrease can be achieved due to the application
of elementary OLCs having only one input. In this case, the address of first compo-
nent of each OLC is represented by all zeros and permits to diminish the number of
functions generated by FSM.

Chapter 5 is devoted to optimization methods based on the transformation of
codes. This method can be applied, when the FSM performing microinstruction
addressing generates functions, which are subsequently loaded into two different
memory blocks (the register and the counter). Some of these functions are treated
as primary objects and the others as secondary objects. The FSM combinational
part generates codes of primary objects and some additional variables only. This
information is used to generate codes of secondary objects and permits to reduce the
number of inputs in the block generating codes of secondary objects, in comparison
with the initial combinational part of FSM and to reduce the hardware amount of
resulting CMCU logic circuit.
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Chapter 6 considers some optimisation methods used to reduce the size of
CMCU control memory keeping the microprogram. These methods are based on
the use of special address transformer permitting to keep the control memory size,
which is the same as in case of the CMCU basic structure. One of the methods is
oriented towards keeping only the original sets of microoperations and some addi-
tional variables in the control memory, in order to provide natural addressing and
operation termination operating modes. The second approach assumes that a spe-
cial CMCU block, which is not the part of its control memory, generates additional
variables mentioned above. The methods proposed here permit to reduce control
memory volume in comparison with the CMCU basic structure. Negative feature of
this approach is decreasing of the CMCU performance because duration of the cycle
becomes greater than in case of the CMCU basic structure.

Chapter 7 deals with multilevel implementation of CMCU logic circuits. These
methods are based on some well-known ideas taken from the literature devoted to
optimization of FSM and MCU. They are of course adapted to the particular condi-
tions of the CMCU operation. All these methods lead to the increase of cycle time,
in comparison with the CMCU basic structure. They can be applied, when minimum
hardware amount is the main goal of a particular design.

Chapter 8 is devoted to CMCU optimization, based on modification of the mi-
croinstruction format. Proposed modifications permit to eliminate code transform-
ers from the CMCU and provide reduction of hardware amount of circuits used in
the FSM used for microinstruction addressing, as compared with the CMCU ba-
sic structure. This kind of optimisation is leads to the increasing of the number of
cycles, needed for execution of the control algorithms. This transformation causes
sometimes the increase of control memory size. Next, the possibility of multilevel
CMCU implementation is discussed and the method of optimal structure choice
proposed. A particular CMCU structure is considered as optimal, if it guarantees
minimum hardware amount and sufficient performance. This chapter is based on
the results of common research performed with J. Bieganowski (Poland).

We hope that our book will be interesting and useful for students and postgrad-
uates in the area of Computer Science and for designers of modern digital devices.
We think that compositional microprogram control units enlarge the class of models
applied for implementation of control units with modern field-programmable logic
devices.
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Chapter 1
Methods of interpretation of control algorithms

Abstract The chapter introduces such basic topics, as principles of microprogram
control and specification of the control unit behavior using the graph-scheme of al-
gorithm. Next, some methods of control algorithm interpretation, such as finite-state
machines (FSM) and microprogram control units (MCU), are discussed. Last part of
the chapter is devoted to the organization principles of compositional microprogram
control units, which can be viewed as compositions of finite-state machine and mi-
croprogram control unit. These control units provide efficient interpretation of the
so-called linear GSA , in which long sequences of operator vertices can be found.
These sequences are called operational linear chains (OLC). Microinstructions cor-
responding to the components of OLC are addressed using the principle of natural
microinstruction addressing. It permits to use the counter to keep microinstruction
addresses and to simplify the combinational part of control unit, as compared with
the classical Moore FSM. The Mealy FSM is used in CMCU to address microin-
structions. It permits to calculate the transition address during one cycle of control
unit’s operation. Due to this feature, performance of the CMCU (proportional to
the number of cycles needed to execute the control algorithm) is better than perfor-
mance of the equivalent MCU with natural microinstruction addressing.

1.1 Principle of microprogram control

The overwhelming majority of digital systems are organized using the principle of
microprogram control [12]. This principle was proposed by M.Wilkes in 1951 and
could be explained as follows [1]:

1. Any operation, executed by a digital device, is considered as a complex action,
which is represented as the sequence of elementary operations (microoperations)
on the words of information (operands).

2. The logical conditions (status signals) are used to control the order of microoper-
ation executions. The values of logical conditions are calculated as some Boolean
functions depending on the values of operands.



2 1 Methods of interpretation of control algorithms

3. Execution of operations in a digital device is specified by a control algorithm,
which is represented in terms of logical conditions and microoperations. It is
called "microprogram”. Microprogram determines an order of testing the values
of logical conditions and sequences of microoperations, which are necessary to
get proper operation of the device.

4. The microprogram is used as a particular form of specification of the function of
a device and determines the structure of digital device and the order of its time
operation sequence.

The principle of microprogram control was developed by Victor Glushkov [7],
who proposed representation of any digital system as composition of data-path and
control automaton (Fig. 1.1).

The data-path of a digital system receives and keeps words of information (D) to
be processed, executes the microoperations Y on these words (operands), estimates
the values of logical conditions X and calculates the results of operations R. Control
automaton (CA) provides the required time order of distribution of microoperations
on the base of the microprogram to be executed. This order is determined by the op-
eration code F and by the values of logical conditions X, which are calculated by the
data-path. Moreover, the control automaton cooperates with environment through
the input signals CI and output signals CO. One of the input signals, called "Start",
serves to initialize the execution of operations determined by the code F. One of the
output signals, called "Done", is needed to indicate that a given operation is exe-
cuted. In the literature, control automaton is called "control unit" [10], and we use
this term in our book.

Data F Gl
Data path X L Contro_\ Y
autornation
Fig. 1.1 Structure of digital ‘ ‘
Results Co

system

The main function of control unit is the analysis of operation code and of the
values of logical conditions X = {xj,...,xz}. As the result of analysis, microin-
structions Y, C Y are produced, where Y = {y1,...,yn} is the set of microoperations
initializing data processing. The algorithm executed by operational unit is specified
using one of the formal methods [3,21]; for example, the language of graph-schemes
of algorithms (GSA) has been widely used in cases of practical designs [3]. There
are many other approaches for the control algorithm representation. We use the lan-
guage GSA, because it provides easy explanation for all design methods presented
in this book. The second reason of our choice is the existence of simple way to pass
from GSA to any other form of control algorithm representation.
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Graph-scheme of algorithm I" is the directed connected graph, characterized by
a finite set of vertices including four types of vertices, namely (Fig. 1.2): start (ini-
tial vertex), end (final vertex), operator and conditional vertices. These vertices are
connected by some paths called arcs.

a) b) c) d}
!
Fig. 1.2 Types of vertices

The start vertex, denoted here by the symbol bg, corresponds to the beginning
of control algorithm and has no input. The end vertex, denoted here by symbol bg,
corresponds to the end of control algorithm and has no output. The operator vertex
b, € By, where Bj is a finite set of GSA operator vertices, contains a collection of
microoperations Y, C Y. The conditional vertex b; € By, where B; is a finite set of
GSA conditional vertices, which includes single element x; € X. It has two outputs,
first corresponding to value "1" and second to value "0" of the logical condition.
Thus, GSA T is characterized by a finite set of vertices B = By UBy U {bo,bg},
connected by arcs taken from a finite set E = {(b;,b,) }, where b;,b, € B.

For example, the GSA (Fig. 1.3) is characterized by the following sets:

the set of vertices B = {by,b1,...,bs,br};

the set of arcs E = {(bo,b1),{b1,b2)...,{bs,bE)};
the set of microoperations ¥ = {y1,...,y4};

the set of logical conditions X = {xj,x}.

The control algorithm can be implemented either as a program (program inter-
pretation) or as a network of logical elements connected in some way (hard-wired
interpretation). In this book we discuss the second way of control algorithm imple-
mentation. These methods are based either on the model of a finite state-machine
(called sometimes structural automaton or an automaton with hard-wired logic) or
on the principle of keeping the microprogram in a special control memory (automa-
ton with programmed logic) [7, 17].

Methods of data-path design are not discussed in this book. They could be found
in many fundamental books, as for example, in [1,12,14]. Let us discuss the classical
methods of control units design.
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Fig. 1.3 Graph-scheme of
algorithm I}

1.2 Control algorithm interpretation with finite state machines

The finite state machine (FSM) [3] implementing control algorithm is represented
by classical model of sequential circuit, which can be treated as the composition of
combinational circuit CC and register RG (Fig. 1.4).

‘ Start
. . Gloe
Fig. 1.4 Structural diagram e
of finite state machine ]

Presence of register RG in this structure can be explained in the following way. A
time-distributed microinstruction sequence Y (0),Y(1),...,Y(¢), where ¢ is the au-
tomaton time determined by synchronization pulse "Clock", appears on the output
of FSM. The initial time ¢ = 0 is determined by a single-shot pulse "Start". To pro-
duce such a sequence, some information about history of the system operation is
needed. This sequence is determined by input signals X (0),...,X (r — 1) for previ-
ous moments of time. It means that output signal ¥ (¢) at time ¢ is determined by the
following formula

Y () = FX(0),....X (1 1),X(1). (1.1
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Expressions of this kind are very cumbersome and could not be realized in hard-
ware, especially if they contain cycles with unpredictable number of iterations. In
practice, the history is described by special internal states of the FSM, from the set
of states A ={ay,...,apm}. States a,, € A are encoded by binary codes K (a,,) having
not less than

R = [log, M] (1.2)

bits, where [A] is the least integer, grater than or equal to A. This function is
known as a ceil function or ceiling [14]. Elements of the set of state variables
T ={T,...,Tg} are used to encode the states of FSM. The code of current state
is kept in register RG, which includes R synchronous flip-flops with common tim-
ing signal "Clock". The code of initial state a; € A is loaded into RG using pulse
"Start". The content of RG can be changed by pulse "Clock" on the base of input
memory functions, which form the set of input memory functions @ = {¢y,...,¢r}.
As arule, the register RG is implemented using D flip-flops [14,20].
The combinational circuit CC produces the following input memory functions

@ = d(T,X) (1.3)

and the output functions, which depend strongly on the FSM model in use [3]. In
case of the Mealy FSM, output functions Y are represented as

Y =Y(T,X). (1.4)
In case of the Moore FSM, output functions depend only on the states variables:
Y =Y(T). (1.5)
The method of FSM logic circuit implementation on the base of GSA includes
the following steps [3]:

construction of marked GSA I';

state assignment (encoding of the states);

construction of the structure table of FSM;

construction of systems @ and Y using the structure table of FSM;
implementation of FSM logic circuit using some logical elements.

Let us discuss some examples of FSM synthesis using GSA I to represent the
control algorithm.

In case of the Mealy FSM, marked GSA is constructed using the following rules
[3]:

o the output of the vertex bg and input of the vertex bg are marked by an initial
state a;;

e inputs of vertices b; € B, connected with outputs of operator vertices, are marked
by unique states ay, . ..,ay (only once for each input).

Application of this procedure to GSA I leads to the marked GSA I (Fig. 1.5a),
corresponding to the graph of Mealy FSM §; (Fig. 1.5b).
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“ XiX2/Yay3

Fig. 1.5 Marked GSA I a
and graph of Mealy FSM S| b

The vertices of this graph correspond to the states of FSM S, whereas its arcs
correspond to the transitions between states. Each arc is marked by a pair (input sig-
nal, output signal). Input signal X,(h = 1,...,H) corresponds to some conjunction
of variables from the set X (direct values of variables or their complements). Output
signal ¥;, C Y corresponds to some microoperations y, € Y, which are written into
an operator vertex of the transition 4 of Mealy FSM (h=1,...,H). It follows from
analysis of the marked GSA I that the FSM S| is characterized by sets X = {x,x,},
Y={y,...,ya},A={ai,a2,a3} and has H =5 transitions.

There are many methods of state encoding [3,5,14,20,22], which are oriented on
optimization of hardware amount of the logic circuit CC. Their applications depend
strongly on logical elements used to implement this circuit. The problem is known
as the state assignment [14]. Let us try a trivial encoding approach first, using
minimum possible number of state variables to encode the states. In case of the FSM
Sy we have M =3, R=2, T = {T1,T>}. The states are encoded as: K(a;) = 00,
K(az) =01 and K(a3) = 10. Let us point out that the code K(a;) of initial state
a1 € A should include R zeros to simplify the initialization of FSM operation by the
pulse "Start".

An FSM structure table (ST) can be viewed as the FSM graph represented by a
list of interstate transitions. This table contains an additional column @), with input
memory functions. They are equal to 1, in order to change the states of particular
FSM memory flip-flops. This table includes the following columns [3]: a,, is the
current state of FSM; K(ay,) is the code of state; a; € A is the next state of FSM
(state of transition); K(ay) is the code of this state; X}, is the input signal causing
transition {(a,,as); Y, is the output signal produced during the transition (a,,,ay);
@y, is the collection of input memory functions, which are equal to 1 in order to
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change the register content from K (a,,) into K (ay); h = 1, H is the current transition
number.

Structure table is constructed in trivial way using the automaton graph; in case
of FSM §|, this table contains H = 5 lines (Table 1.1).

Table 1.1 Structure table of Mealy FSM §;

am K(am) as K(as) Xp Yy Dp h

a 00 a O1 1 yiy2 Dy 1
an 01 as 10 X1 y3 D] 2
az 10 Xix3 y2y3 Dy 3
ap 00 xi% yiys - 4
az 10 a; 00 1 - -5

Functions (1.3) - (1.4) are derived from the automaton structure table as the sums
of products (SOP) depending on the following product terms:

Fy=AnXp(h=1,....H). (1.6)

In this formula A,, is the conjunction of state variables 7, € T corresponding to
the code of state a,, € A from line % of the structure table:

An=T} .. .TF (1.7)

where [,,, € {0,1} is the value of bit 7 in the code K(ay), T) =T,, T,) = T,(r =
l,...,R;m=1,....,M). Systems (1.3) — (1.4) are represented in the form:

H
9r=V CaFi(r=1,....R); (1.8)

H
=V CaFiy(r=1,....N), (1.9)

where C,;(C,;,) is a Boolean variable equal to one, iff (if and only if) the line % of
the structure table includes the variable @, (y,).

For example, from Table 1.1 we get the following equation system: F = 11 75;
B, =TTxy; ;3 =T hxixy; Fy = T oxi (x2); Fs = T1 T y1 = Fi V Fa; yo = Fy V F;
3=EVF;ys=F; Dy =FKVF;; Dy =F.

Implementation of FSM circuit depends strongly on particular properties of log-
ical elements in use. This step will be considered later.

The marked GSA of Moore FSM is constructed using the following rules [3]:

e the vertices by and bg are marked by an initial state ay;
e the operator vertices b; € By are marked by the unique states as,...,ay.

Application of this procedure to the GSA I results in producing the marked
GSA I3 (Fig. 1.6a) corresponding to the state diagram of Moore FSM (Fig. 1.6b). It
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follows from Fig. 1.6b that the vertices of Moore FSM graph are marked by output
signals y, € Y and the graph arcs are marked only by input signals, which determine
interstate transitions. As we can see, the Moore FSM S is described by sets X =
{x1,%}LY ={y1,...,ya},A={ai,...,as}, and has H = 7 transitions.

a)

Fig. 1.6 Marked GSA I a
and graph of Moore FSM S» b

In case of the Moore FSM S,, R=3, T = T,T,,T;. Let us encode the states
am € A as: K(aj) = 000,...,K(as) = 100. The structure table of Moore FSM is
constructed using either an automaton graph (state diagram) or a marked GSA. This
table includes the columns: a,,, K(an), K(ay), Xj, @y, h. Information about output
signals is placed into the column a,, [3]. The structure table of the Moore FSM S,
includes H = 7 lines (Table 1.2).

Table 1.2 Structure table of Moore FSM S»

am K(am) as K(ag) X, @ h

aj(-) 000 ap 001 1 Ds 1
az(y1y2) 001 a3 010 x; D, 2

ay 011 Xxyxp DD3 3

a; 000 xx, - 4
as(y3) 010 as 100 1 Dy 5
a4(y2y3) 011 as 100 1 D] 6
as(yiys) 100 a; 000 1 - 1
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Equation systems (1.3) and (1.5) are found using the structure table; system (1.3)
depends on product terms (1.6) and its SOP is similar to system (1.8). Functions
(1.5) can be represented in the form

M
=V CunAn(n=1,....N), (1.10)
m—=

where C,;, is the Boolean variable equal to one, iff microoperation y, € Y is exe-
cuted, when FSM is in the state a,, € A.

For example, in case of Moore FSM 5, the following system of expressions can
be extracted from Table 1.2: F; = 15T, B> = TiHhhixy,...,Fr = VLT D1 =
FsVF; Dy =B VFE;Ds=FVF; A =T10LT...,As = TIT2)T5; y1 = Ay V As;
Y2 =AaV Ay y3 =A3VAy; Y4 = As.

Automata S and S, are equivalent in the sense that they interpret the same GSA
Ii. Comparison of automata S; and S leads to the following conclusions satisfied
for all equivalent Mealy and Moore automata:

e Moore FSM has, as a rule, more states and transitions than the equivalent Mealy
FSM;

e system of output signals of Moore FSM has regular form, because it depends
only on the states of FSM.

Let us point out that model of Moore FSM is used more often in practical de-
sign [20] because it offers more stable control units than the control units based
on the Mealy FSM model. Moreover, system (1.5) is regular, what means that it is
specified for more than 50% of all possible input assignments. This regularity makes
possible implementation of this system using either read-only memory (ROM) chips
or random-access memory (RAM) blocks [6, 8].

The number of product terms in the input memory functions system can be re-
duced due to the existence of pseudoequivalent states of Moore FSM [5, 8]. The
states a,,,as € A are called pseudoequivalent states of Moore FSM, if there exist
the arcs (b;,b;),(bj,b;) € E, where vertex b; € By is marked by state a,, € A and
vertex b; € By by state a; € A. Thus, the states a3 and a4 of the Moore FSM S, are
pseudoequivalent states. They can not be treated as equivalent states [3], because
of different output signals generated by these states. As follows from Table 1.2, the
columns a; of structure table for the states a3 and a4 contain the same information.

Let Iy = {By,..., B} be a partition of set A into the classes of pseudoequivalent
states . For example, in case of Moore FSM S, we have Iy = {Bj,...,B4}, with
By ={a1}, B ={a2}, B3 = {a3,as}, B4 = {as}. The number of terms in system
@ can be reduced due to optimal state encoding [5], when the codes of pseudoe-
quivalent states from some class B; € Iy belong to a single generalized interval of
an R-dimensional Boolean space . For example, the well-known algorithms NOVA

[14] or ASYL [18,19] can be used for the state encoding mentioned above.

The optimal state encoding for the Moore FSM S, is shown in the Karnaugh map
of Fig. 1.7.

As follows from Fig. 1.7, the class B corresponds to the interval K(B;) = 000,
B, — K(By) = «01, B3 — K(B3) = x1%, By — K(B4) = | * *, where sign "x"



10 1 Methods of interpretation of control algorithms

Fig. 1.7 Optimal state encod- T2T3
ing for the Moore FSM > T 0 " 10

01
0 ai @ as a
1 |G [ %))

determines "don’t care" value of state variable T, € T. These intervals can be con-
sidered as the codes of classes B; € Ily. Let us construct a transformed structure
table of Moore FSM with the following columns: B;, K(B;), as, K (as), Xp, ®p, h. To
do this we replace the column a,, by the column B;, and the column K(a,,) by the
column K(B;). If the structure table transformed in this way contains equal lines,
only one of them should find place in the final transformed table. For example, the
transformed structure table of Moore FSM S, (Table 1.3) contains H = 6 lines.

The transformed structure table serves as the base to form product terms (1.6),
but now these terms include variables /,,, € {0,1,%}, where T® =T, T! = T,, T* =
1 (im=1,...,M;r=1,...,R). Presence of "don’t care" input assignments makes
possible reduction of the number of product terms in system (1.8), which has only
Hy terms. Thus, in case of the Moore FSM S, we have: F| = T1 T2 T3; F1 = ThTzx;;
B =TT3xx; Fy = hs% 1%, Fs =T Fs =T,

We find that terms F4 and Fg are not the parts of SOP (1.8).

Table 1.3 Transformed structure table of Moore FSM S»

B,‘ K(Bl') dg K(dl\») Xh (Dh h
By 000 a; 001 1 D; 1
B, *01 a3 011 x; DyD3 2

ag 010 xjxp D 3

a; 000 xjx, - 4
B3 *1* as 100 1 Dy 5
By 1#¥% a; 000 1 - 6

It was shown in [4] that optimal state encoding permits to compress the trans-
formed structure table of Moore FSM up to corresponding size of the equivalent
Mealy FSM structure table.

As a rule, models of FSM are used for implementation of fast operational units
[1]. If system performance is not important for a project, the control unit can be
implemented as a microprogram control unit (MCU).
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1.3 Control algorithm interpretation with microprogram control
units

In 1951 M.Wilkes proposed to use the intermediate level for execution of computer
program instructions. This level was called microprogram level or firmware. Each
instruction of the high-level programming language was interpreted here by a spe-
cial microprogram. These microprograms were kept in the separate control mem-
ory (CM) as a sequence of microinstructions. The microinstructions are organized
according to the operational-address principle [1, 10]. These microprograms are in-
terpreted by microprogram control units (MCU) [7]. The typical method of MCU
design includes the following steps [7, 8]:

transformation of initial graph-scheme of algorithm;
generation of microinstructions with given format;
microinstruction addressing;

encoding of operational and address parts of microinstructions;
construction of control memory content;

synthesis of logic circuit of MCU using given logical elements.

The mode of microinstruction addressing affected tremendously the method of
MCU synthesis [7]. Three particular addressing modes are used most often nowa-
days [1]:

e compulsory addressing of microinstructions;
e natural addressing of microinstructions;
e combined addressing of microinstructions.

As a rule, microinstruction formats include the following fields:F'Y, FX, FAq and
FA,. The field FY, operational part of the microinstruction, contains information
about microoperations y, € Y (t =0, 1,...), which are executed in cycle 7 of control
unit operation. The field FX contains information about logical condition xj € X,
which is checked at time ¢(t =0, 1,...). The field FA( contains next microinstruction
address A'"! (transition address), either in case of unconditional transition (go to
type), or if x; = 0. The field FA; contains next microinstruction address for the case
when x) = 1. The fields FX, FAg and FA; form the address part of microinstruction.

Consider an example of MCU design with compulsory microinstruction address-
ing S5 interpreting FSA I (Fig. 1.3). The microinstruction format is shown in Fig.
1.8.

FY | FX | FA, | FA

Fig. 1.8 Format of microinstructions with compulsory addressing

The address of next microinstruction A’*! is determined by contents of the fields
[FX]', [FAo]" and [FA,]" (+=0,1,...) using the following rules:
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[FAo)', if [FX]' = 0;
AT = L [FAY), if x) = 0; (1.11)
[FA(], if x) = 1.

First line of expression 1.11 determines the address of transition in case of un-
conditional jump, whereas the second and third lines determine this address for the
conditional jump.

Structural diagram of MCU with compulsory microinstruction addressing (Fig.
1.19) includes the following blocks [1,7]:

sequencer CFA, calculating transition address from (1.11);
register of microinstruction address RAMI, keeping address A’;
control memory CM, keeping microinstructions;

block of microoperation generation CMO;

fetch flip-flop TF used to organize the stop mode of the MCU.

L] = J
0] Al FAo
CFA »| RAMI | CM
X FX
— |
FY | Bl
f A cMo
Start
Clock Fetch Ve
L {s|TF

|—R

Fig. 1.9 Structural diagram of MCU with compulsory addressing

The control unit S3 operates as follows. The pulse "Start" is used to load the
address of first microinstruction to be executed (start address) into RAMI. At the
same time the flip-flop TF is set up; signal Fetch=1 initiates reading of a microin-
struction from the control memory. Let some address A’ be located in the register
RAMI at time 7 (r =0, 1,...). Corresponding microinstruction is then fetched from
the memory CM. The operational part of this microinstruction is next transformed
by the block CMO into microoperations y, € Y, which are directed to a system
data-path. The sequencer CFA processes both the microinstruction address part and
logical conditions X to produce the functions @, which form a transition address
A1 sent into register RAMI. This address is loaded into RAMI by synchronization
pulse "Clock". If the end of microprogram is reached, then special signal yg is gen-
erated to clear the flip-flop TF. It causes termination of microinstruction fetching
from memory CM, which means the end of MCU operation.

The transformation of initial GSA I is executed using the following rules [7]:

e if there is an arc (bq,bE> € E, such that b, € By, the variable yg is assigned to the
vertex by;
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e if there is an arc (bq,bE) € E, such that b, € By, an additional operator vertex
bo+1 (Q = |B| —2) with the variable yg is inserted into GSA I', and the arc
(bg,bE) is replaced by arcs (by,bo11) and (bg1,bE).

Therefore, the transformation of GSA for MCU with compulsory addressing of
microinstructions is necessary to organize the ending mode of the MCU. Thus,
transformation of the GSA I3 is reduced to inserting the variable yg into the ver-
tex bg € By and adding the vertex b7. The transformed GSA I3 (S3) thus obtained is
shown in Fig. 1.10 . Generation of microinstructions with compulsory addressing is
reduced to successive analysis of pairs of vertices(b,,b;) € E. All possible vertices
pair configurations are shown in Fig. 1.11.

There are four possible configurations:

e b, b, € By (Fig. 1.11a). In this case the vertex b, € B corresponds to microin-
struction with empty fields FX and FA, whereas its field FY contains set of mi-
crooperations ¥, and field FA( contains the microinstruction address, correspond-
ing to vertex b; € Bj. The analysis should be continued for the vertex b, € B;. If,
in such a pair, second vertex is the final vertex of GSA (b; = bg), then the vertex
b, corresponds to microinstruction with empty fields FX, FAg and FA;;

e b, € By, b; € By (Fig. 1.11b). In this case, the pair of vertices corresponds to one
microinstruction with all fields containing useful information;

e by, b; € By (Fig. 1.11c). In this case the vertex b; € B, corresponds to microin-
struction with empty field FY, and the analysis should be continued for the vertex
bq € By;

e b, € By, b, € By (Fig. 1.11d). In this case the analysis should be continued for
the both vertices of the pair.

Let us denote microinstructions by symbols O,, (m = 1,...,M); now the fol-
lowing microinstructions can be generated using the transformed FSA T;(S,):
0, = <b1,b2>, 0, = <b3,>, 03 = <@7b4>, O4 = <b5,0>, 05 = <b5,0>, O¢ = <b7,0>.

Addresses of microinstructions with compulsory addressing can be appointed in
the following manner. Each microinstruction Oy, corresponds (one-to-one) to a bi-
nary code A,, with R = [log, M| bits(m = 1,...,M). A microinstruction with start
address is determined by the arc (bo,b,) € E. In the case under consideration there
is the arc (bg,b;) € E (Fig. 1.10), and therefore the start address belongs to the
microinstruction O1, corresponding to the pair with vertex b; € By. All other mi-
croinstructions are addressed in arbitrary manner.

The microprogram of MCU S3(I3 ) includes M = 6 microinstructions, thus R = 3;
and it is clear that A; = 000. Let A, = 001,...,A¢ = 101.

Because the control memory can keep only some bit strings, the encoding of
operational and address parts of microinstructions is necessary to load microin-
structions into control memory. Addressing of microinstructions gives information,
which should be written into the fields FAg and FA;.There are many methods to
encode operational part of microinstructions [7, 11]. Let us choose the one-hot en-
coding of microoperations to design the control memory of MCU S3(I3), where
S3(I7) means that the GSA Tj is interpreted by MCU with compulsory addressing
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Fig. 1.10 Transformed GSAI] (S3)

Fig. 1.11 Possible vertices pair configurations

of microinstructions. In case of one-hot encoding the length (bit capacity) n; of the
field FY is determined by the following formula:

n=N+1. (1.12)

For MCU S3(I7) this formula gives the value n; = 5.
Let us encode logical conditions x; € X using binary codes with minimum length
(called sometimes minimal-length codes)

ny = [log,(L+1)]. (1.13)
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The value 1 is added into (1.13) in order to take into account the code for uncon-
ditional jump, when [FX] = 0. For MCU S3(I;) this formula gives the value ny = 2.
Let K(0) = 00; K(x;) =01; K(xp) = 10.

Construction of the control memory content permits to form a table with lines
keeping microinstruction addresses and binary codes of particular microinstruc-
tions. Control memory of MCU S3 keeps M microinstructions with

n3y =n;+ny+2R (1.14)

bits. In case of MCU S3(I7) this formula gives the value n3 = 13. The control mem-
ory content for MCU S3(I7) is shown in Table 1.4.

In this table, microinstruction addresses are represented by variables from the set
A ={ay,az,a3}, whereas the codes of microinstructions are represented by variables
from the set V = {vy,...,v13}, where |A| = R, |V| = n3. The last column of the table
contains formulae of transitions for microinstructions, which are direct analogues
of the formulae of transitions for operators of GSA [3].

Analysis of this table shows the main drawbacks of MCU with compulsory ad-
dressing of microinstructions, such as:

e anempty field FY for microinstructions, corresponding to the pairs (@, b,), where
b; € By;

e empty fields FX and FA; for microinstructions, corresponding to the pairs (b;,0),
where b, € B.

It results in the inefficient use of control memory volume, but a positive fea-
ture of compulsory addressing is the minimum number of microinstructions for the
particular GSA, in comparison with MCU with other modes of microinstruction
addressing [7].

Table 1.4 Control memory content for MCU S3(I7)

Address FY FX FAp FA,
apazaz vivavzvqvs VeVy vgVoVig Vi1Vi2Vi3

000 11000 01 010 001 01 —=x103Vx30;
001 00100 00 100 000 O, — Os

010 00000 10 101 011 O3 = %06 VX204
011 01100 00 100 000 04 — Os

100 10011 00 000 000 Os— End

101 00001 00 000 000 O¢ — End

Formula of transitions

Synthesis of the logic circuit of MCU S3 is reduced to the implementation of
block CFA using standard multiplexers and control memory using standard mem-
ory blocks, such as PROM or RAM chips [1]. Let us point out that some logical
elements should be used to implement the block CMO [3]. Assume that content of
the field FA| is loaded into register RAMI if z; = 1, otherwise (if z; = 0) RAMI is
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loaded from the field FA( of current microinstruction. Thus, expression (1.11) can
be represented as
AL = 71 [FAo] V 21 [FA, ). (1.15)

The variable z; = 1, if a logical condition to be checked is equal to 1; it means
that ;
1= lyl Vixi, (1.16)

where V; is a conjunction of variables v, € V, corresponding to the code K(x;) (I =
1,....,L).

In case of the MCU S3(I7) expression (1.15) is represented as a system of equa-
tions

ap = Zz1vg vVzivii;
ax = Z1v9 VZ1v12; (1.17)

az = zZ1vio V 21v13,
and expression (1.16) has now the form
71 = Vg0V Pgvix1 V vgixs. (1.18)

This formula specifies standard multiplexer with two control inputs and three
informational inputs in use. The first term of expression (1.18) corresponds to un-
conditional jump. Symbol "0" represents the fact that logical 1 should be connected
with informational input of the multiplexer corresponding to code 00; variables a,
from (1.17) coincide with variables D, (r = 1,...,R). Expressions (1.17) — (1.18)
determine the logic circuit of sequencer CFA of the MCU S3(T7), shown in Fig.
1.12. Operation of this circuit can be easily deduced from Fig. 1.12.

D;
ve — 0 |MX, —
"0'—{ 0 |MX vii— 1 |
X1— 1 1
Xo— 2 Z1
1 3]
Ve—] 1
vi— 2 Ds
Vio— 0 |MX3 —
Fig. 1.12 Logic circuit of Vie— 1 |
CFA of MCU S3(I7) !

Some problems of the control memory implementation are discussed in Chapter
2 of this book.

There are two microinstruction formats in case of natural microinstruction ad-
dressing [1]: operational microinstructions corresponding to operator vertices of
GSA T and control microinstructions corresponding to conditional vertices of GSA
I' (Fig. 1.13).



1.3 Control algorithm interpretation with microprogram control units 17

Fig. 1.13 Microinstruction

formats for MCU with natural 0 FY
addressing of microinstruc-

tions 1| Fx FAo

First bit of each format represents field FA, used to recognize the type of mi-
croinstruction. Let FA = 0 correspond to operational microinstruction and FA = 1
to control microinstruction. As follows from Fig. 1.13, next address is not included
in operational microinstructions. The same is true for the case, when a logical con-
dition to be checked is equal to 1. In both cases mentioned above current address
Alis used to calculate next address:

AT = AT 1. (1.19)

Hence the following rule is used for next address calculation

AT 1, if (¥ = 1) A ([FA] = 1);
AT [FAo]', if (»é =0)A([FA]' =1); (1.20)
[FAol', if ([FX]' = 0) A ([FA]' = 1)

Analysis of (1.20) shows that MCU with natural addressing of microinstructions
should include a counter CAMI. Corresponding structure is shown in Fig. 1.14.

FAo
FA Z

FX

At

cra & CAM | |—p» CM
X } FAL y
7 > L
f A cMO
Start
Clock Fetch FYy Ve
L1s|TF

|—R

Fig. 1.14 Structural diagram of MCU with natural addressing of microinstructions

This MCU operates in the following manner. The pulse "Start" initiates loading
of start address into CAMI. At the same time flip-flop TF is set up. Let an address
A’ be located in CAMI at time 7 (r =0, 1,...,). If this address determines an oper-
ational microinstruction, the block CMO generates microoperations y, € Y, and the
sequencer CFA produces signal z;. If this address determines a control microinstruc-
tion, microoperations are not generated, and the sequencer produces either signal zg
(corresponding to an address loaded from the field FAg), or signal z; (it corresponds
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to adding 1 to the content of CAMI). The content of counter CAMI can be changed
by pulse "Clock". If variable yg is generated by CMO, then the flip-flop TF is cleared
and operation of MCU terminated.

Let symbol Sy stands for this kind of MCU. Now we use an example of MCU
S4(I7) to discuss some particular problems of such design.

The transformation of initial GSA is executed in two consecutive steps. First
step involves the same transformations as in case of MCU §3. Addressing conflicts
between microinstructions [7, 8] are eliminated during the second step. Let us point
out that in case of MCU S4 operational microinstructions correspond to operator
vertices b, € By and control microinstructions correspond to conditional vertices
by € B,. Nature of addressing conflicts is the consequence of implicit transition
addresses, as expressed by (1.19).

Let some GSA include two arcs (b;,by,),(b;,b,) € E, where b;,b; € B, (Fig.
1.15a). Let indexes of vertices, corresponding microinstructions and microinstruc-
tion addresses be the same and take A; = 100. According to (1.19) we find that
A, = 101, which means that the address A; should be equal to 100. Thus, microin-
structions O; andO; should have the same address. We call this situation addressing
conflict. Some conditional vertex b, with logical condition xy should be inserted in
the initial GSA to eliminate this conflict. This condition corresponds to the uncon-
ditional jump, when FX = 0 (Fig. 1.16a).

Fig. 1.15 Addressing conflicts in MCU Sy

Now, if A; = 100, we have A, = 101, and the field FA, of microinstruction O,
contains address A, = 101. Addressing conflict is possible also between control
microinstructions (Fig. 1.15b), and its elimination requires inserting an additional
vertex (Fig. 1.16b).

Let us point out that GSA subgraphs, similar to ones shown in Fig. 1.15, can have
arbitrary number of vertices.

Addressing conflicts can arise also among operational microinstructions and con-
trol microinstructions [7].

The transformed GSA I3 (Ss4) contains M = 8 vertices (Fig. 1.17). As the result of
transformation, variable yg is inserted into vertex bg, vertex b; with yg is added, and
vertex bg is also added, to eliminate addressing conflict between microinstructions
corresponding to vertices b3 and bs.
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a) b)

Fig. 1.16 Elimination of addressing conflicts

As it was mentioned above, each operator vertex corresponds to an operational
microinstruction and each conditional vertex corresponds to a control microinstruc-
tion. It means that microinstructions are generated in a very simple way. For exam-
ple, the microprogram of MCU S4(I7) includes M = 8 microinstructions.

Y1YaYe bs
<
-
\ A
End by

Fig. 1.17 Transformed GSA T (S4)

Generation of special microinstruction sequences is needed in case of natural ad-
dressing of microinstructions. These sequences are created as follows. Let us build
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aset I(I"), elements of which are inputs of the sequences. Vertex b, € B UB; is the
input of a sequence, if the input of this vertex is connected either with the output of
vertex bg or with the output of conditional vertex, marked as "0".

In case of the MCU S4(I7), the set I(I') = {b1,bs,b7} and microinstruction
sequences are started by corresponding microinstructions. End points of these se-
quences are microinstructions corresponding to vertices connected with final vertex
bg, or conditional vertex with xg. Let a, denote a microinstruction sequence. There
are three such sequences in case of MCU S4(I7), namely a; = (O1,0,,03,03),
0 = (04,05,06), 03 = (O7). The zero address is assigned to the microinstruction,
corresponding to vertex b;, where (bg,b;) € E. Addresses of next microinstructions
belonging to this sequence are calculated according to (1.19). The address of cur-
rent sequence input is calculated by adding 1 to the address of last microinstruction
from previous sequence, and so on. Application of this procedure to the case of
MCU S84(I37), when R = 3, gives the microinstruction addresses, shown in Table 1.5.

Table 1.5 Microinstruction addresses of MCU S4(I7)

Om Am OV/I AV/I

0; 000 05 101
0, 001 O¢ 110
03 010 07 111
04 100 0Og 011

Encoding of operational and address parts of microinstructions is executed in
the same manner as in case of MCU S3. Let us take the case of MCU S4(I7), and
use one-hot codes for microoperations (n; = 5), as well as minimal-length codes
for logical conditions (ny = 2). Let corresponding codes for both MCU S3(I7) and
S4(I7) be the same.

Construction of the control memory content is executed due to the fact that the
usage of microinstruction bits depends on microinstruction type. The control mem-
ory of MCU S contains M microinstructions with

ng =max(n; + 1,ny+R+1) (1.21)

bits; for example, for MCU S4(I) it can be found that n4y = 6. The control memory
content of MCU S4(I3) is shown in Table 1.6.

Let us discuss now the design of sequencer CFA for MCU S,4. Variable z; =
1 should be generated either if x; = 1 or when an operational microinstruction is
executed at time #. Thus, the logical expression for calculation of z; can be obtained
by the following transformation of expression (1.16):

L
2= (lv1 Vm) Vi, (1.22)

where v = 0 corresponds to FA=0. It is clear that zp = Z;.
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Table 1.6 Control memory content of MCU S4(I3)

Address FA F);I;AO Formula of transitions

ayarasz vi Vvaviv4vsvg

000 O 11000 0O; — 0,

001 1 01100 Op; — %104V x103
010 0 00100 O3 — Og

011 1 00110 Og — XpO¢ V x00¢
100 1 10111 O4 — %07V x205
101 0 01100 05— Og

110 O 10011  Og¢ — End

111 0 00001 O7— End

Let the counter CAMI has input Cy, used to increment the counter content and
input C; to load the input parallel code into the counter under the influence of pulse
"Clock". The corresponding Boolean expressions for C; and C, have the form:

Cy = z1-Clock,

Cp = 71 -Clock. (1.23)

Expressions (1.23) serve to design the logic circuit of sequencer CFA for MCU
S4(I7) shown in Fig. 1.18.

0I5
X1— 1
Xo— 2
Fig. 1.18 Implementation vz_%
of the block CFA for MCU Va—) 2 |
S4(I7) v1i—CS

In this circuit multiplexer MX is active if v; = 1 is applied to the SenableT input
CS of the chip. It corresponds to a control microinstruction. Remaining elements
of this circuit follow directly from expressions (1.22) and (1.23). The methods of
control memory implementation will be discussed later.

The comparative analysis of Tables 1.4 and 1.6 shows that MCU S; is charac-
terized by longer microprogram, than the equivalent MCU S3. In case of MCU Sy,
control algorithm execution requires more time, than in case of the equivalent MCU
S3. A positive feature of MCU Sy is smaller microinstruction length. In case of our
example we find that n3 = 2.17n4.

Microprogram control units with combined microinstruction addressing (Fig.
1.19) represent a compromise settlement with average number of microinstructions,
of bit capacity and of control algorithm execution time.
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FY FX FAo

Fig. 1.19 Microinstruction format with combined addressing

[FAo), if [FX|' = 0;
AT = L [FA), if X = 0; (1.24)
[FA]', if X = 1.

It follows from (1.24), that addressing conflicts are possible only between mi-
croinstructions with [FX] # 0. A design method, which can be used for MCU with
combined microinstruction addressing , can be found in [1,7, 8].

Microprogram control units were very popular in the past [2, 13, 20], but they
have one serious disadvantage, namely inferior performance in comparison with the
equivalent finite state machines. As a rule, only single logical condition is checked
during one cycle of MCU operation. Thus, multidirectional transitions depending on
k > 1 logical conditions need k > 1 cycles for its execution, and the controlled data
path will have k£ — 1 idle cycles, when its resources are not in use. Positive feature
of MCU is the use of regular control memory to implement the microinstruction
system. Besides, the sequencer CFA is very simple and can be implemented using
standard multiplexers. As a rule, any change in the control algorithm leads to the
redesign of corresponding FSM, but only small modifications of the control memory
content in the equivalent MCU are needed.

1.4 Organization of compositional microprogram control units

The properties of the interpreted control algorithm have great influence on the hard-
ware amount of corresponding control unit [4]. One of such properties is the exis-
tence of operational linear chains corresponding to the paths of GSA, which include
operator vertices only. Let us call a GSA I the linear GSA (LGSA), if the number
of its operator vertices exceeds 75% of the total number of vertices. Existence of
operational linear chains allows simplification of input memory functions and re-
duction of hardware amount in the logic circuit of control unit. In this case either
shift register or up counter [15, 16] is used to keep state codes.

One of the approaches for linear GSA interpretation is the use of compositional
microprogram control units (CMCU), which can be viewed as a composition of the
finite state machine and microprogram control unit [9]. These units have several
particularities, distinguishing them from other control units:

1. Microinstruction format includes the operational part only. It permits to mini-
mize the control word bit capacity. Thus control words kept in control memory
have minimum possible length in comparison with all organizations of MCU
mentioned above.
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2. Microprograms have minimum possible length (the number of microinstruc-
tions), because the CMCU control memory is free from control microinstruc-
tions.

3. Multidirectional transitions are executed in one cycle of CMCU operation. It
provides minimum time of control algorithm interpretation. Thus, such control
units have similar performance, as compared with the equivalent FSM.

Let us introduce some definitions used in this book.

Definition 1.1. An operational linear chain (OLC) of GSA I is a finite vector of

operator vertices 0tg = (by,, ... sber, ), such that an arc (bg,, by, ) € E corresponds

to each pair of adjacent vertices bg;, bg, . |, where i is the component number of vector
ot,. Let D# be a set of operator vertices, which are components of OLC 0.

Definition 1.2. An operator vertex b, € D¢ is called an input of OLC o, if there is
an arc (b;,b,) € E, such that b, ¢ DS.

Definition 1.3. An input b, € D# is called a main input of OLC o, if GSA I" does
not include an arc (b;,b,) € E such that b, € B;.

Definition 1.4. An operator vertex b, € D¢ is called an output of OLC a, if there
is an arc (by,b,) € E, where b, ¢ DS.

It follows from the basic properties of GSA [3] that each OLC ¢, corresponding
to definitions given above should have at least one input and exactly one output. Let
I} stand for input j of OLC o, and O, for its output. Let inputs of OLC ¢, form a
set I(ay).

For GSA I' we have the following sets:

1. Asetof OLC C={ay,...,0g}, satisfying the following condition

D'U...uD% =By;
ID'NDI|=0(i # jii,j € {1,...,G}); (1.25)

G — min.

2. A set of inputs I(I") of the operational linear chains of GSA T
G
(I = J (o). (1.26)
g=1

3. A set of outputs O(I") of the operational linear chains of GSA I
o(I') ={0,...,0¢)}. (1.27)

Let the natural microinstruction addressing be executed for microinstructions
corresponding to the adjacent components of each OLC o € C:

A(bg,,) =A(bg) +1(i=1,...,F,—1). (1.28)
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In expression (1.28) symbol A(bg,) stands for the address of microinstruction
corresponding to component i of vector o, € C, where i =1,...,F, — 1. In this case
GSA T can be interpreted by compositional microprogram control unit with basic
structure of Fig. 1.20 [9]. Let us denote it as unit Uj.

-~

/

+1
Y
cc —|_Cﬂ—> CcM Y

A A

Start ve Fetch
etc
Clock R|TF

vy Start | ¢
k4 |RG|-|
T

Fig. 1.20 Structural diagram of compositional microprogram control unit with basic structure

In the unit U;, combinational circuit CC and register RG form a finite state ma-
chine S, which will be called microinstruction addressing unit or FSM S;. Counter
CT, control memory CM and flip-flop TF form microprogram control unit S, with
natural microinstruction addressing. The unit U; operates in the following manner.
The pulse "Start" initializes following actions: the zero code of FSM S| initial state
is loaded into register RG; start address of microprogram is loaded into counter CT;
flip-flop TF is set up (Fetch=1). If Fetch=1, microinstructions can be fetched out of
the control memory. Let at time t (r =0, 1,2,...) the code of state a,, € A;, where A}
is a set of FSM S states, be loaded into register RG and address A(I}) of the input j
of OLC o € C be loaded into the counter CT. Current microinstruction is read out
of CM and its microoperations y, € Y initialize some actions of the data-path. If this
input is not the output of current OLC o, € C (1 # Oy), additional variable yo = 1
is generated by MCU S,. If yp = 1, content of register RG is unchangeable and 1 is
added to the content of counter CT. It corresponds to a transition between adjacent
components of OLC o, € C. If the output Oy is reached, then yo = 0. In this case
circuit CC generates Boolean functions:

@ = &(1,X), (1.29)
¥ = ¥(1,X), (1.30)

where 7= {7],...Tg, } is a set of state variables encoding states a,, € A;. The mini-
mum number of these variables is determined as

Ry = [log, M, ], (1.31)

where M| = |A;|. If there is a transition from output O, to some input under influ-
ence of some values of logical conditions, functions (1.29) determine the address of
this input /; € I(I") which is to be loaded into the counter. Functions (1.30) calculate
the code of next state a; € A to be loaded into RG. Content of both CT and RG is
changed by the pulse "Clock". Outputs of the CT, T = {Ti,..., Tk, } determine next
microinstruction address. This set includes
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R2 = |—10g2 Mz—‘ (1.32)

variables, where M, = |B|. If CT contains the address of microinstruction corre-
sponding to vertex b, € By such that <bq,bE> € E, some additional variable yg = 1
is generated. If yg = 1, the flip-flop TF is cleared. Thus Fetch=0 and microinstruc-
tion fetching from the control memory is terminated.

As follows from (1.29), FSM §; of unit U} implements any multidirectional mi-
croprogram transition between output O, € O(I") and input I/ € I(I") in one cycle of
operation. At the same time MCU S, implements addressing rule (1.28), used to or-
ganize transitions between microinstructions corresponding to adjacent components
of OLC a, € C. Therefore, control memory CM should only keep microoperations
yn € Y and additional variables yg, yr. In other words, an address part is absent in the
microinstruction format in case of CMCU Uj. The main disadvantage of CMCU U,
is the loss of universality, because changes in the interpreted microprogram lead to
the redesign of circuit CC. Fortunately, as it will be shown below, current achieve-
ments in semiconductor technology permit to eliminate this drawback.

If we treat the concatenation of register RG and counter CT as the code of internal
CMCU state, then the CMCU is a Moore FSM, in which each state is represented by
the concatenation of FSM S state and by the address of MCU S, microinstruction.
Let us point out that all these models (FSM, MCU and CMCU) can be used to im-
plement control algorithms of any digital system, including computers and complex
industrial controllers. Some problems, which should be solved during the design of
compositional microprogram control units, are listed bellow:

1. Problem of finding the minimum partition C of a set of operator vertices of GSA

I', such that each class of this partition corresponds to some OLC.
A resulting set of OLC C should be a partition of set B, because in other cases,
the same operator vertices may appear in different OLCs. It results in the increase
of both microprogram length (the number of microinstructions) and size of the
control memory. It follows from the principle of CMCU operation, that amount
of hardware in the logic circuit of FSM S| depends on the total number of OLC
inputs. Thus minimizing hardware amount requires finding partition C, called
minimum partition, which minimizes the total number of OLC inputs.

2. Problem of microinstruction addressing for MCU S,. This problem corresponds
to the one we meet in the MCU design with natural microinstruction addressing
and could be solved using the well-known methods.

3. Problem of transformation of the initial GSA I'. The transformation should be
made in such a manner that output signals @ of FSM Sy, which interprets trans-
formed GSA I' (U,), form address A(I]) of input I} for each OLC ¢ € C to be
loaded into the counter CT. Transitions between operator vertices of the trans-
formed GSA I'(U) should correspond to transitions between outputs and inputs
of the operational linear chains of initial GSA I".

Methods of synthesis and optimization suitable for logic circuits of FSM and
MCU depend significantly on logical elements in use. The methods discussed in
our book are oriented towards field-programmable logic devices (FPLD) ; and
correspond to recent state-of-the-art in the design technique. These devices are
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very complex, and before discussing the compositional microprogram unit de-
sign, let us analyze both FPLD and various methods of hardware optimization
oriented towards these elements.
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Chapter 2

Synthesis of control units with
field-programmable logic devices

Abstract The chapter discusses contemporary field-programmable logic devices
and their evolution, starting from the simplest programmable logic devices, such
as PLA, PAL, GAL and PROM, and finishing with very sophisticated chips such
as CPLD and FPGA. This analysis shows particular features of different elements
and permits to optimize the control unit logic circuits, in which some particular el-
ements are used. The CMCU has some features of both FSM and MCU. Therefore
main design and optimization methods applied in case of these two types of control
units are presented in the main part of the chapter.

2.1 Evolution of field-programmable logic devices

This book deals mostly with synthesis methods oriented towards logic devices,
which are programmed by the end user. These devices are called field-programmable
logic devices (FPLD) [65]. The programmability of FPLD is intended for the hard-
ware level, contrary to microprocessors, which run programs but have fixed hard-
ware. A FPLD is the general purpose chip whose hardware can be configured by
the end user to implement some particular project. Our interest can be explained by
domination of FPLD in the design of modern digital devices [94].

Historically first representatives of FPLD are programmable read-only memory
chips (PROM), manufactured by Harris Semiconductor in 1970 [65]. They included
a fixed array of AND gates (AND-array) followed by a programmable array of OR
gates (OR-array), as shown in Fig. 2.1.

The AND-array implements address decoder DC, having S inputs and g = 25
outputs, where each output corresponds to the unique address of memory cell. The
content of OR-array is programmable and the sign "X’ in Fig. 2.1 shows the pro-
grammable connection.

This architecture perfectly fits for implementation of a system of Boolean func-
tions Y ={yi,...,yn} depending on Boolean variables from the set X = {x,...,x.},
represented by a truth table [66]. In this case, the system to be implemented can be
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Fig. 2.1 Architecture of
PROM

2 Synthesis of control units with field-programmable logic devices

represented by the table with

H=2

#

$S

DC

AND

OR

25

(2.1)

rows, where each row includes L input columns and N output columns. Let us denote
this system of Boolean functions (SBF) as Y (L,N) and discuss its implementation
with PROM(S,#), where PROM(S,#) means that PROM chip has S inputs and ¢
outputs. Combinations of parameters S, ¢, L, N give the following implementations

of SBF.

1. Incase when S > L,z > N, the system Y (L, N) can be implemented in a trivial way
using only one PROM(S, ¢) chip. This implementation is shown in Fig. 2.2, where
logical variables X are connected with PROM address inputs, and functions Y
appear on the PROM outputs.

Fig. 2.2 Trivial implementa-
tion of SBF with PROM

2. Incase when S > L, < N, it is necessary to have

{N
n = \|—

t

X1

XL

PROM

Y1

YN

(2.2)

PROM(S,7) chips to implement Y (L,N). Address inputs of all chips are con-
nected with logical variables x; € X, and each chip generates up to ¢ output func-
tions y, € Y (Fig. 2.3). This approach is called sometimes the "expansition of

PROM outputs” [15].

Fig. 2.3 Implementation of

SBF with expansion of PROM
outputs. The value of i can be
calculatedasi =1(n; — 1)+1

X

N

PROM

>

.

PROM

N1

4_>V|

-

3. If S < L,t > N, the expansion of PROM inputs [15] is used and
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L

25

ny =

=[H/q| (2.3)

PROM chips is necessary to implement the system Y (L, N) of Fig. 2.4.

In this circuit, the L — S leftmost bits of input assignment (xj,...,x;) form a
set of variables X!, which are connected with inputs of decoder DC, having n,
outputs. Outputs of the DC are connected with "enable" inputs of corresponding
PROMs. Address inputs of all chips are connected with S rightmost bits of input
assignment and these variables form a set X2. Partial functions Y are generated
as outputs of microchip i and correspond to subtables of the truth table with
rows from g(i — 1) to gi. As it can be seen from Fig. 2.4, OR-gates are used to
produce the final values of functions y, € Y. The approach considered above is
rather theoretical, because this level of the circuit could be implemented using

the three-stable outputs of PROM chips [65].
X1
v o Sy

PROM PROM

1 no

#YW # Yn2
Fig. 2.4 Implementation of | OR |
SBF with expansion of PROM #
inputs Y
4. If S< L,t <N, then

n3 =np-ny (2.4)

PROM chips are necessary for implementation of SBF. In this case both methods
of expansion (of outputs and inputs) are used together.

Thanks to regularity of their structure, PROM chips find wide application for
implementation of tabular functions. Main drawback of the PROM is doubling of
their capacity, if the number of inputs is incremented by 1. Besides, PROMs can not
be used for implementation of the SBF satisfying the following condition

H < H 2.5)

where Hj is the number of input assignments, such that at least one of functions
yn €Y isequal to 1.

Programmable logic arrays (PLA) were introduced in the mid 1970s by Signet-
ics [64] and were oriented to implementation of SBF, for which condition (2.5) is
satisfied. Particular property of PLA is the programmability of both AND- and OR-
arrays (Fig. 2.5), providing greater flexibility, than the PROM.
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1 .. |8
‘SlZ . ‘SlZ OR
1

AND

Yy
Fig. 2.5 Architecture of PLA 1t

Thanks to programmability of both arrays, PLA can be applied to implement SBF
represented by the minimal sum-of-products [66]. Programmability of the AND-
array leads however to the increase of chip area and reduction of both speed and
parameter g of the resulting circuit, in comparison with PROM-implementations
[12].

Let the PLA with S inputs, ¢ outputs and ¢ terms be denoted by PLA(S,?,q)
and discuss how they can be used for the SBF Y(L,N,H,;) implementation. The
following possible combinations of SBF and PLA parameters are listed below.

1. If S>L,t > N,q > Hy, the SBF Y is implemented in trivial way using one PLA
chip. Structure of resulting circuit is similar to the one shown in Fig. 2.2, where
PLA is used instead of PROM.

2. If S>L,t <N,q > Hy, logic circuit is implemented using n; PLA chips, where
the value of n; is determined by (2.2), and the circuit structure is similar to that
from Fig. 2.3.

3. If S > L.t > N,q < Hy, the "expansion of PLA terms" approach should be used
[12], and the circuit can be implemented using

ng = Fﬂ (2.6)
q

PLA(S,t,q) chips. Implementation of logic circuit in this case is similar to the
one, shown in Fig. 2.6, but decoder DC is absent, because inputs of all microchips
are connected with the same logical conditions X.

v v

PLA PLA
1 Ny
T i
Fig. 2.6 Implementation of | OR |
SBF with expansion of PLA ‘
terms Y

4. If S > L,t < N,q < Hj, both expansion methods mentioned above should be
applied simultaneously. Minimization of hardware amount can be made with



2.1 Evolution of field-programmable logic devices 31

application of sophisticated design methods [12], based on the search of some
partitions on the set of SBF terms.

More complex synthesis methods are used to implement SBF Y, when the fol-
lowing condition is satisfied
S<L. 2.7)

In this case we have also the second condition
Fnax < L, (2.8)

where F .« is the maximal number of literals [66] in the terms of SBF Y. If this con-
dition holds, the initial SBF can be implemented by the single-level circuit, shown
in Fig. 2.7.

X

v

yX(E) ¥X(E)

PLA PLA
1 o U
#Y(Eﬂ #Y(EU)
| or |
Fig. 2.7 Single-leve.l imple- ‘
mentation of SBF with PLA Y

During the design of logic circuit, a partition IIr of the set of terms F should
be found, in which |F| = Hj, and the number of blocks U attains minimum [12].
Let X(E,) be the set of logical conditions, which form the terms of set E, €
IIF{E,,...,Ey}, and Y(E,) be a set of functions depending on terms E, € IIf.
Partition Il should satisfy the following conditions:

(2.9)

Many different approaches to the solution of problem (2.9) minimizing the value
of U are known [5,90]. If condition (2.8) is violated, SBF Y can be implemented as
a multilevel circuit [12], in which resulting digital system performance is reduced.

It is clear, that PLA allows the implementation of combinational circuits only. In
case of sequential circuit implementation, the outputs of PLA should be connected
to the external register. This disadvantage can be eliminated by adding flip-flops
inside the chip, at each output of PLA. These chips are called registered PLA or
programmable logic sequencers (PLS) [65]. Design methods oriented towards the
PLS use decomposition of initial GSA into subgraphs in such a way that FSM cor-
responding to each subgraph can be implemented using only one PLS chip [12,94].
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As arule, real digital devices are specified by SBF with limited number of terms,
where the following condition is satisfied

[H (yn)| < 16, (2.10)

in which H (y,) is a set of terms, which are used in the SOP as products of Boolean
function y, € Y. Analysis of this condition shows that PLA have redundancy of
connections, because any term of PLA can be connected with arbitrary output of the
chip.

Programmable array logic (PAL) chips, introduced by Monolithic Memories in
1978 [65], were oriented to SBF implementation satisfying (2.10). The PAL chips
contain programmable AND-arrays and ¢ fixed OR-arrays (Fig. 2.8).

1 . S

v v,

OR; 1

Fig. 2.8 Architecture of PAL

Design methods used in case of PAL are oriented on minimizing |H (y,)| up to
some fixed value g, determining the number of AND-arrays connected with a sin-
gle OR-array [63,94]. To broaden the application area of these chips, additional
elements such as flip-flops, logic gates and multiplexers were added to each PAL
output. This new output cell was called Macrocell. It has a feedback path from
the output of the cell to the AND-array. All connections inside the macrocell were
also programmable and therefore PAL is more flexible than other solutions. These
PAL cells were called generic array logic (GAL) and were introduced by Lattice in
1985 [65,71]. Let us point out, that GAL chips are still manufactured in standalone
packages [71] by Lattice, Atmel, TI, etc. Typical example of GAL device is the
GAL16V8 chip, which has 16 inputs, 8 outputs and 20 pins. This device has 8 input
pins and 8 bidirectional input/output pins, which can be used either as inputs or as
outputs.

The chips PLA, PLS , PAL, GAL belong to the class of Simple Programmable
Logic Devices (SPLD), which have at most 40 inputs/outputs and are equivalent
to at most 500 NAND-gates with two inputs [65]. Development of semiconduc-
tor technology was yielded in producing Complex Programmable Logic Devices
(CPLD), which can be viewed as array structures of macrocells as their elements.
The simplified architecture of CPLD with PAL macrocells is shown in Fig. 2.9.

In this CPLD each macrocell PAL; (i = 1,...,I) is connected to S fixed chip
inputs and programmable input/outputs /0O;. Outputs of the blocks can be used as
input information for switch matrix SM. First CPLD were MegaPAL of MMI de-
vices [65]. Now several companies such as Altera, Xilinx, Cypress, Atmel, Lattice
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]

Fig. 2.9 Simplified architec-
ture of CPLD L |

manufacture CPLD chips [1, 2, 65,94]. A typical example of CPLD is the Xilinx
XC9500, where PLD devices, similar to 36V18 GAL, are used. Modern CPLD
chips contain some additional features, like JTAG support and interface to other
logic standards. Let us point out that such CPLD as CoolRunner family (Xilinx) are
based on PLA blocks instead of PAL [3]. For example, CPLD of the CoolRunner
XPLA3 family include from 32 to 512 PLA blocks, which can replace from 750 to
12 0000 equivalent gates. Such devices can have from 36 to 260 input/output pins
and the current consumption less than 0.1 mA.

Field-programmable gate arrays (FPGA) were introduced by Xilinx in 1985 [65].
They differ from CPLD chips in architecture, because they are aimed at the imple-
mentation of high-performance and large-size circuits. The simplest FPGA includes
programmable logic blocks PLB, based on the look-up table element LUT, flip-flop
and multiplexer (Fig. 2.10).

T
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Fig. 2.10 Architecture of Clock c
programmable logic block

In such a circuit, the LUT element implements an arbitrary Boolean function
y=y(x1,...,xs). The signal "Select" controls multiplexer MX and the choice of ei-
ther combinational or register mode of the PLB output. The "Clock" pulse is used for
the timing of flip-flop TT. Let us point out that LUT elements can be implemented
using either random-access memory blocks or programmable multiplexers [64]. For
example, FPGAs of Virtex E family include from 384 to 16 224 logic blocks, from
1 728 to 73 008 logic cells, that is the equivalent of 72K to 4M system gates. They
have from 176 to 804 input/output pins, include from 1 392 to 64 896 flip-flops and
operate with maximal internal frequency up to 240 MHz [3]. The blocks are con-
nected using matrix of programmable interconnections MPI. The wires of MPI form
a grid, in which PLBs are represented by nodes and input/output blocks represented
by endings (Fig. 2.11).
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Design process oriented on FPGA is very complex. First of all, initial SBF should
be transformed in such a manner, that each subfunction can be implemented using a
single PLB. As a rule, typical PLB has at most 5 inputs [65]. Methods of functional
decomposition are used [82] in order to transform the initial SBF. Resulting Boolean
functions y, € Y are implemented using multilevel circuits. Next, the routing and
placement procedures are applied and sophisticated optimization tasks are solved
during this design step. Let us point out that using FPGAs is impossible without
efficient CAD tools, but fortunately many of them are available [65]. Nowadays,
FPGA microchips are manufactured by several companies, such as Altera, Xilinx,
Actel, Atmel, Lucent and QuickLogic.

Development of different CPLD and FPGA families culminated in the appear-
ance of a system-on-a-programmable chip (SoPC) [65, 79] with several hundred
millions of transistors [52]. Modern SoPCs include tools for implementation of ar-
bitrary logic (PAL, PLA or FPGA) and system memory (dedicated PROM or RAM
blocks) with microprocessors. They are characterized by large variety of architec-
tures and their progress can be seen on the Web-sites of corresponding industrial
companies.

The most important conclusion following from this short analysis is that modern
FPLDs include several tools for implementation of arbitrary logic represented in the
SOP form (PAL, PLA, FPGA) and of memory blocks suitable for implementation of
tabular functions (PROM, RAM). It leads us to conclude that the CMCU structure
perfectly fits to modern logical elements. The problems of hardware optimization
are always very important regardless of characteristics of the FPLDs in use. Due to
irregular character of the control unit circuit structure, it cannot be implemented as
IP-cores. In consequence the design process involving control units appears to be a
real bottleneck of modern system design. The CMCU have some features of both
FSM and MCU. Hence it would be useful to consider some optimization methods
used in case of the control units with FPLDs .

2.2 Optimization of microprogram control units

The principle of microprogram control was proposed in 1951 [100, 101]. Micropro-
gramming was widely used in computers starting from 1964, when IBM announced
the System/360 [29,44,70,74,95]. After spectacular success of the IBM System/360
line, microprogramming became main implementation technique for most comput-
ers. Very fast and very simple computers were the only exception. This situation
lasted for about 20 years and, for example, practically all models of the IBM/370
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and all models of the DEC PDP-11 (aside from the PDP-11/20) were micropro-
grammed. The DEC VAX 11/780 can be viewed as a peak of the microprogramming
era. It appeared in 1978 and included 4K read-only control memory with 96 bits per
word and additional 1K read/write words were available for the end user [17]. The
analysis of early microprocessors shows that some models were microprogrammed
(for example, Intel 8080 and Zilog Z80), and some were hardwired (for example,
MC6800) [8]. The development of semiconductor technology stimulated present
situation, in which the principle of microprogram control is still used in computers,
but only few modern computers use microprogramming for implementation of their
instruction sets [89]. Microprogramming is still used in different Intel-86 compati-
ble microprocessors like the Pentium 4 and AMD Athlon [89]. On the other hand,
all RISC microprocessors are hardwired [89], as well as recent processors for IBM
System/390 [25]. Nevertheless, we can still use microprogramming to implement
control units of all digital systems.

Basic optimization methods for MCU were developed in the 1970s and 1980s
[6-8, 15,17, 50, 54, 89], but are still discussed today [5, 17]. Formal methods of
MCU design can be found, for example, in [5, 15]. One of the main goals of MCU
optimization is to obtain better performance of the controlled digital systems. To
achieve this goal, the time of cycle and/or the number of cycles needed to execute
the control algorithm should be reduced. The second goal is reduction of control
memory size. One solution of this problem is the length (bit capacity) reduction of
control words used for implementation of particular microprogram. Let us discuss
the second problem, because it is still of great importance, even after the appearance
of CPLDs and FPGAs.

One of the important factors, which affected the control word length, is the orga-
nization of microinstruction operational part. There are three main operational part
organization principles [17]:

e one-hot encoding of microoperations ;
e binary encoding of collections of microoperations;
e encoding of the fields of compatible microoperations.

Let us discuss application of these methods using an example of the MCU S,
with the following collections of microoperations in the interpreted control algo-
rithm: Y1 = 0, Y2 = {y7}, Y3 = {y1,94,96}, Ya = {32}, ¥5 = {y1,52,y4, 56}, Y6 =
{y27y55y65y8}7 Y, = {y3vy8}’ Yy = {y37y67y8}’ Yo = {y37y77y9}’ Yio = {y77y97y5}’
Y11 = {y1,y7} Thus, the control algorithm implemented by MCU S4 has the fol-
lowing parameters: number of microoperations N = 9 and number of collections of
microoperations Q = 11.

In case of one-hot encoding of microoperations the bit capacity of the operational
part of microinstructions is equal to

my = N. @2.11)

It means that the microoperation y, corresponds to the element v, (one bit of the
control memory output word) of the set of encoding variables V (Fig. 2.12).
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Main advantage of this approach, in comparison with other operational part orga-
nizations, is maximal flexibility of microprogramming. It means that any modifica-
tion of the microprogram is reduced to the modification of control memory content.
Let us point out that appearance of reprogrammable FPLD reduces the significance
of this factor. Besides, this method is characterized by maximum performance of
the controlled digital system. The main drawback of such organization is maximal
size of control memory and its inefficient usage because the following condition is
always satisfied

max(|¥1],...,|[Yp|) < N. (2.12)

This method can be used only when minimal cycle time is accepted as the control
unit design criterion.
For binary encoding of collections of microoperations, the number of encoding
bits is equal to
my = [log, Q1. (2.13)

Each collection Y, C Y corresponds to a binary code K(Y,) with m; bits. Ele-
ments of a set V are used for this encoding. Generation of microoperations y, € Y
is executed by additional circuit CFO, including decoder DC and coder CD (Fig.
2.13). The decoder DC generates some variables B, corresponding to the codes of
collections K (Y,):

my l;
Bq:ii\l‘)i (g=1,...,0). (2.14)
In (2.14) variable /; € {0, 1} represents the value of bit i of the code K(Y,), where
v? =, vi1 =v;i(i=1,...,m). The coder CD generates Boolean functions
0
3=V, CagBy(n=1,....N), (2.15)

where G, is the Boolean variable, equal to 1 iff y, €Y.

\2 VN
|
| o |
Ve i
| co |
Fig. 2.13 Generation of mi- ‘ o ‘

crooperations by CMO Y1 N
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Application of this organization permits to minimize the length of control word,
but the performance of such MCU is reduced in comparison with MCU with one-
hot encoding, due to the existence of additional system (DC,CD). This drawback
can be partially eliminated, if the encoding of collections ¥;; C Y is executed in such
a manner, that each Boolean function for each microoperation y, € Y is represented
by one term of the SOP (2.15) [17].

In case of MCU S4 we have m, = 4 and the following SOPs: y; = B, V Bs V By1;
Y2 =B4V BsV Bg; y3 = B;V BgV By; y4 = B3V Bs; y5s = BV B1g; y¢ = B3 V Bs V
BsV Bg; y; =B2V B9V BV B11;y8 = Bg VB7V Bg; y9 = Bg V Bjp. Let us encode
the collections ¥, C Y, as shown in the Karnaugh map of Fig. 2.14.

VsV,
ViV,

00| Y4 \ * Y,

00 01 11 10

01 Y3 Ys Ye Yg

Fig. 2.14 Encoding of collec-
tions of microoperations for 10| v, * * *
MCU S84

non

Taking into account the don’t care input assignments shown as "x", the system of
microoperations y, € Y of MCU Sy has the form: y; = v,3; yo = vivyg; y3 = v3vy;
Y4 = V1VaP3; Y5 = V343 Y6 = V1V2; Y7 = V1 Y§ = V1V3; Y9 = v1v3. In this particular
case the system (DC,CD) is represented by an array of AND-gates and provides
decrease of hardware amount and better performance of the control unit.

This encoding problem can be solved using well-known algorithm ESPRESSO
[64, 68]. Let us point out that this encoding algorithm can be modified to meet par-
ticular properties of logical elements used to implement the circuit, and in conse-
quence:

e when using PLA, encoding is executed in such a manner, that SOP for each
formula (2.15) has at most [g/t] terms, where t, g is the number of PLA outputs
and terms respectively;

e when using PAL, encoding is executed in such way that SOP for each formula
(2.15) has at most g terms, where ¢ is the number of terms in PAL macrocells;

e when using FPGA, encoding is executed in such a manner, that each microoper-
ation y, € Y can be implemented using one LUT element.

Let us point out that PROM can be used to implement CMO circuit. In this case,
the system of microoperations should be represented in tabular form.

The method of encoding of the fields of compatible microoperations represents
some compromise between hardware and performance in comparison with two ap-
proaches mentioned above. It is based on the partition of set ¥ into equivalence
classes By,...,B;, where each class includes only the microoperations, which are
not executed concurrently. It means that microoperations from one class always be-
long to different collections ¥, C Y. Each block B; € Iy, where Ily is the partition
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of the set Y, corresponds to the field Y/ in the microinstruction format. Bit capacity
r; of the field Y is determined as

ri=[logy(|Bi| + )] (i=1,....1). (2.16)

Let us point out that 1 in (2.16) is added to cover the case, when microoperations
from a given class do not belong to the particular collection Y, C Y. Each microop-
eration y, € B; corresponds to one binary code K(y,) having r; bits (i = 1,...,1).
The number of elements in the set of encoding variables V is given as

1
my =Y r;. (2.17)
i=L

The microoperations belonging to class B; € Iy are generated by correspondent
individual decoder DCi (Fig. 2.15).

B4 B
r n
Fig. 2.15 Organization of DC; - DG,
MCU with encoding of the
fields of compatible microop-
erations ! A

The main goal of finding partition Iy is the minimization of parameter (2.17).
This problem was formulated in [86], were this method was proposed. First solution
of this task was reduced to the classical task of partition with minimal cost. There
are many different solutions of the same problem, which can be found, for example,
in [17].

For the case of MCU Sy, solution gives the partition ITy = {By,...,Bs}, where
Y= {y1,y3,55. Y> = {32,97}, ¥ = {34,850}, Y* = {y6}. Result of the microop-
eration encoding is shown in Table 2.1.

Analysis of this table shows that the CMO of MCU Sy includes two decoders,
because they are not needed for the fields B, and B4 (Fig. 2.16).

Table 2.1 Encoding of the fields of compatible microoperations of MCU Sy

B,

Y 1 Y 2 B 3 Y 3 B 4 Y4
Vi M V3 V4 Vs Vg V7
o0 06 0 0 06 00 0 0 0
01 y 0 1 y 0 I ys 1 s
1 0 y3 1 0 y7 1 0 yg - -
1 1 A 1 1 * 1 1 Yo - =
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This approach provides less flexibility than the strategy of one-hot encoding of
microoperations, because any modification of the sets ¥, C ¥ may violate the com-
patibility for some fields of microinstruction. In this case some redesign of CMO
is needed. Let us point out that modern FPLD provide very easy way to solve this
problem due to their reprogramming ability. If the partition is performed in such
a way that each field of microinstruction is assigned to one functional unit of the
data-path (for example, microinstruction includes fields of adder, shifter, and so
on), resulting control unit is more flexible. In this case modification of the system of
microoperations does not violate the compatibility of microoperations. Disadvan-
tage of this approach is the increase of operational part length, as compared with
classical solutions [17].

The method of initial GSA verticalization is proposed in [17]. In this case all
microoperations of GSA are compatible and the operational part of each microin-
struction includes only one field having the bit capacity

my = [log,(N+1)]. (2.18)

It permits to use only one decoder DCy for implementation of the CMO. This
decoder has my inputs and N + 1 outputs (Fig. 2.17). The purpose of additional
signal yo will be explained later.

Vi S Vin 4
[ = ]

Fig. 2.17 Organization of

CMO for MCU with full com- # # Y #

patibility of microoperations Yo Y1 N

In the microprogramming theory a microprogram is called a vertical micropro-
gram if each its microinstruction includes one microoperation only. Similarly, let a
GSA T be called a vertical GSA (VGSA), if condition (2.19) holds for each vertex
by € By, and

[Y(by)| < 1. (2.19)

Here Y (b,) C Y is the collection of microoperations from b, € B;. As a rule, an
arbitrary GSA I is not a vertical GSA, and should be transformed, to make all
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microoperations compatible. This transformation is called a verticalization of GSA
[17] and gives the vertical GSA V(I") on the base of GSA I
The verticalization is reduced to splitting the vertex b, € By into n, = |Y (b,)|

operator vertices b('], . ,bzq, corresponding to the following condition:
|Y(b‘)\: (i=1,...,n9);
Y (b)Y ( f;): (i,j €{L,....ng},i # j); (2.20)
Y()U...UY (by") = Y (by)-

Operator vertices of GSA I' are transformed one-by-one and the following pro-
cedure is executed for each b, € By [17]:

1. If |[Y(by)| < 1, then go to step 7.

2. Exclude the arc (b;,b,) from the set of arcs E and add the arc (b, b(11> to the set
E.

3. Include the arcs (b}, b)), where i =1,...,n,— 1, to the set E.

4. Exclude the arc (b,,b,) from the set E and include the arc (b,’,b,) to the set E.

5. Exclude the vertex b, from the set of operator vertices By and include the vertices
b;, . ,qu to the set B;.

6. Include a unique microoperation y, € Y (b,) to each vertex bl (i = 1,...,n,) in
order to satisfy condition (2.20).

7. Ending the vertex b, € By transformation.

Applying this procedure to the operator vertex b3 of GSA I' (Fig. 2.18a) we get
a subgraph of vertical GSA V (I') (Fig. 2.18b). The purpose of additional signal y
will be discussed later.

It follows from Fig. 2.18b, that microoperations y»,y3,ys4 are generated in series.
In consequence, corresponding actions of the data-path are also executed in series
and performance of the system is reduced. Besides, data dependence [17] between
microoperations y, € Y (b,) may occur and they could not be executed consequently.
For example, if there are microoperations y;,y, € Y (b2), such that y;#S := A+ B,
yo#A := S&C, due to data dependence, any execution order of these microoperations
({y1,y2) or (y2,¥1)) leads to faulty calculations.

b1y 1 b3 bs bs
r Y2 >y > yayo

P2 | ys

by

-
o

Fig. 2.18 Subgraph of GSA I" before a and after b verticalization
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The drawbacks mentioned above can be eliminated, if additional register RA is
introduced between the control unit and data-path [17]. Microoperations y, € Y (b,)
are loaded into this register one-by-one; special signal yy is generated simulta-
neously with generation of the microoperation from vertex b, initializing the
data path operation. The tools of independent synchronization, available in mod-
ern FPLD, allow very easy implementation of this mode [65].

Let #1,1, be average execution time of the algorithm represented by GSA I and
VGSA V (I') respectively, 3,14 — the cycle time of data-path and MCU. Let each
collection Y (b,) include k microoperations. Then k cycles of MCU are executed, in
average, for each cycle of the data-path. Parameters #jand #, can be calculated as
follows:

t1 =n(t3+14);

2.21
= n(t3 +kl‘4), ( )

where 7 is an average number of digital system cycles needed to execute an algo-
rithm represented by GSA I'. As arule, 13 > t4, let t3 = mty4. Let us find the relation
between average times of algorithm execution for digital systems with control algo-
rithms represented by GSA I and VGSA V (I") correspondingly. This relation takes

the form: ( )
_t _ nlmiatts) _ m+l
n= 1y~ n(migtkty) — mtk” 2.22)
As can be seen in Fig. 2.19, where diagram of (2.22) is shown, if the control unit
operation speed is greater, in comparison with the data-path operation speed (greater
m), and if less microoperations in average each operator vertex includes (smaller k),
then smaller is the digital system performance decrease, due to verticalization of the
initial GSA T".

A
1
0,5
05 0 ‘15 20" 25 30 35 »
Fig. 2.19 Diagram of relation n 40 m

One method of reducing microinstruction length is the implicit representation of
logical conditions [15]. In this case, code K(x;) of corresponding logical condition
to be checked is placed in some dedicated bits of microinstruction address. This
step allows excluding the field FX from microinstruction format. For example, the
modified MCU structure with compulsory microinstruction addressing is shown in
Fig. 2.20.

Operation principle of the MCU of Fig. 2.20 can be explained very easily. Most
important is the fact that address register can be used to store some additional infor-
mation. We use this property for optimization of the CMCU basic structure.
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Fig. 2.20 Organization of MCU with compulsory microinstruction addressing and implicit repre-
sentation of logical conditions

Many optimization methods are oriented towards checking more than one logical
condition during one MCU operation cycle [17]. They are not interesting for us,
because the FSM with microinstruction addressing, in case of CMCU, can check an
arbitrary number of logical conditions x; € X during one operation cycle.

2.3 Optimization of Mealy finite state machines

Synthesis methods, used for finite state machines with FPLDs, are very similar to
the well known methods of combinational circuit design. Design of the FSM in-
volves however execution of two specific steps, namely minimization of the num-
ber of states and the state assignment (state encoding). Successful solution of these
problems permits optimizing such characteristics of control unit as the chip area
occupied by FSM logic circuit, maximal frequency of its operation, and so on. Nu-
merous methods of state minimization can be found in the literature, for example,
in [68,94]. We do not discuss them in our book, assuming that the FSM designed by
means of the marked GSA have minimal possible number of states. Let us charac-
terize briefly some methods of state assignment. This domain of computer science
is explored for more than 40 years [11, 39, 94]. Modern state assignment methods
are oriented towards the following goals:

e decrease of the chip area, occupied by control unit logic circuit [14,21,30,40,41,
43,48,49,73,77,88,94,98],
increase of the control unit performance [31,32,40,43,49,87,99],
decrease of the consumed power [10,26,28,51,71,99],
increase of the circuit testability [37,69].

Logical elements, used to implement FSM logic circuit have significant influ-
ence on the state assignment [55]. If the CPLD chips based on PAL or PLA macro-
cells are used to implement the FSM logic circuit, corresponding state assignment
methods are oriented towards two—level minimization of the FSM combinational



2.3 Optimization of Mealy finite state machines 43

part [4, 11, 12, 18, 34-36, 56-63, 78, 81, 90-94]. If, on the other hand, combina-
tional part of FSM is implemented with FPGAs, corresponding state assignment
methods involve the multi-level minimization [20, 47, 49, 53, 75, 76, 82, 85]. At
present, the state assignment methods, based on symbolic minimization of sys-
tems of Boolean functions representing FSM combinational part are the most pop-
ular [37,40, 67, 68, 97]. Besides, genetic algorithms are widely used to solve this
problem [27,28,42,96, 102].

Many modern CAD systems include special state encoding tools. The most pop-
ular among them, SIS [87, 88], is the developed version of the well known MIS II
system [22], and uses two state assignment algorithms [68]:

e algorithm NOVA, oriented on two-level FSM implementation;
e algorithm JEDI, oriented on multi-level FSM implementation.

There are also such well-known systems as ASYL [83, 84], which is oriented to
FSM circuit implementation with PLA and PROM, and the systems MUSTANG
[38] and MUSE [40], oriented to FPGA. Some original optimization and synthesis
methods are used in the systems DOMAIN [64], oriented to FPGA, and ZUBR
[94], oriented to CPLD with PAL macrocells.

Let us discuss general approaches used to organize Mealy FSM logic circuits.
Single-level combinational circuit (Fig. 2.7) corresponds to the single-level Mealy
FSM logic circuit implementation (Fig. 2.21), which is a generalization of different
structures described in [12, 15,90, 94].

X! XU
h 4 v
PLD; v PLD,
01 ®U
AAS v
# Start
Fig. 2.21 Single-level Mealy Y RG Clock
FSM logic circuit implemen-
tation T

In this figure X* C X is a set of logical conditions, used as literals of the SOP
for Boolean functions Y* C Y and ®@* C @, generated by microchip PLD,, (u =
1,...,U). Functions Y* belong to a set of microoperations Y; functions @ to a set
of input memory functions @. Codes of FSM states are kept in register RG and the
set of state variables T is used to represent these codes.

For example, if PLAs are used to implement the single-level FSM circuit, a par-
tition I1r of the set of SOP is to be found. This partition should include minimal

number of block terms Ej, ..., Ey, where each block satisfies the following inequal-
ities [12]:
|X*|+R < S;
Y]+ || <1 (2.23)

|Ey| <gq.
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Constraints (2.23) should be modified according to the properties of logical ele-
ment in use [94]. All these methods are based on using special partitions, which can
be found in [68].

Blocks PLDy,...,PLDy form the combinational part of FSM, which is very often
called a P block. The single-level FSMs are sometimes called P FSMs [90]. Main
advantage of the P FSMs is very good performance, but it is sometimes accompanied
by very high redundancy of logical elements in the FSM circuit, because different
blocks can have the same input and output information [15].

There are many methods applied in order to minimize the hardware amount of
Mealy FSM logic circuits [15,90,94]. Let us discuss some of them in detail.

Replacement of logical conditions. Let the transitions from state a,, € A depend
on logical conditions x;, of a set X (ay,,) with L, elements (m =1,...,M). As arule,
condition L,, < L holds for real control algorithms [12]. If G = max(Ly,...,Ly),
we create a new set of variables P = {py, ..., pg}. Let us replace the set X by the set
P. For this end, for each state a,, € A we replace variable x; € X (a,,) by the variable
Pg € P, such that if A,, = 1, then p, =x; (¢ =1,...,G;l =1,...,L). It means that
we have the following equation

M L
Dg= V V leAmX[(g = 17"'5G)a (2.24)
m=1L=1
where C,,; is a Boolean variable, equal to 1 iff variable p, € P replaces the variable
x; € X in the state a,, € A.

After this change of variables we can replace the systems

Y =Y(T,X), (2.25)

O = P(T,X) (2.26)
by the following ones

P =P(T,X), (2.27)

Y =Y(T,P), (2.28)

@ = O(T,P). (2.29)

Systems (2.27) — (2.29) describe the so-called MP Mealy FSM [12], having the
structure shown in Fig. 2.22. Here the block M implemented with multiplexers gen-
erates functions (2.27), and the block P implemented with PLDs generates functions
(2.28) — (2.29).

It is obvious that multiplexers of the block M can be implemented using PLA,
PAL or FPGA. Different methods of hardware optimization for the block M are
known [15]. For example, in case of optimal state encoding, information about log-
ical conditions to be checked is coded in the leftmost bits of state codes. The FSMs
based on this principle are called MPC Mealy FSM. Second approach is connected
with transformation of state codes into the codes of logical conditions. The FSM
based on this principle is called a MPL Mealy FSM.
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Besides, optimization of the block M can be executed due to the transformation
of initial GSA in such a way, that each FSM state satisfies the following condition

X (am)| <. (2.30)

This approach leads to the families of MiP—, MiPC- and MiPL Mealy FSMs, where
i=1,...,G, where the value of G depends on characteristics of the initial GSA.

Let us point out, that replacement of logical conditions makes sense, when PLDs
in use have restricted number of inputs.

Encoding of collections of microoperations. System (2.25) corresponds to one-
hot encoding of microoperations. Let us encode each collection of microoperations
Y, CY (¢g=1,...,0) by the binary code K(Y,) with R; = [log, Q] bits and use the
variables z, € Z, where |Z| = R;. In this case, Mealy FSM can be implemented as
the PY Mealy FSM (Fig. 2.23).
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In PY Mealy FSM, block P implements input memory functions represented by
(2.26) and the system of encoding variables

Z=Z(T)X). (2.31)
A block Y implements the system of microoperations, represented as
Y =Y(2). (2.32)

This approach can be applied for all types of FPLDs and the best way to imple-
ment the block Y is to use memory blocks, such as PROMs or RAMs.

Encoding of the fields of compatible microoperations. This method is the same
as the one used in case of MCU. Its application, in case of Mealy FSM, gives the
PD Mealy FSM, shown in Fig. 2.24.
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In the PD Mealy FSM, block P implements functions (2.26), (2.31), and the block
D with decoders generates microoperations represented by (2.32). Decoders of the
block D can be of course implemented using any PLDs.

Let I be the minimal number of the classes of compatible microoperations, which
can be found using classical methods [17]. In this case, block D includes I decoders.
The number of decoders can be reduced using the transformation of initial GSA
I' [4, 15], permitting to reduce the number of compatibility classes in comparison
with this fixed value of I. The extreme case of this transformation is the vertical
GSA V (I'), with only one class of compatible microoperations (I = 1). Thus, trans-
formation of GSA I' leads to PD—, PD,—, ..., PD;— Mealy FSM with different
hardware amounts.

Encoding of structure table lines. This method is based on encoding of each
line of the structure table Fj, by a binary code K (Fj,) with R = [log, H bits; using
variables z, € Z [90]. We obtain the PH Mealy FSM (Fig. 2.25), in which the block
P implements system (2.31), and block H systems (2.32) and

®—d(2). (2.33)
Xy 5 Y
P [ H
0]
L
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Fig. 2.25 Organization of PH c\oacrk
Mealy FSM

Application of PROMs or RAMs chips offers the simplest way to implement the
block H.

Non-standard representation of terms. According to [13, 15], the terms corre-
sponding to the structural table lines can be represented as pairs (a,,,a;), where a,,
is a current state of FSM and a is next state (a,,,a; € A). This approach permits to
simplify block CMO and leads to PR Mealy FSM (Fig. 2.26).

Here, the block P implements the system (2.26), register RG] keeps the code
of next state, represented by state variables 7, € T, register RG, keeps the code of
current state, represented by state variables v, € V (|T| = |V| = R), and block R
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generates the functions

Y=Y(V,T). (2.34)

Comparison of systems (2.25) and (2.34) shows that variables V replace variables
X in (2.34). As R < L, this replacement allows decreasing of hardware amount in
comparison with the equivalent P Mealy FSM. Besides, the block P of PR Mealy
FSM is not used to generate additional variables Z, which are formed by PY- or PD
Mealy FSM. It gives the reduction of hardware amount, in comparison with FSMs
mentioned above.

If the terms, corresponding to lines of structure table, are represented by pairs
(K(am),K(Y,)), we obtain the PT Mealy FSM (Fig. 2.27) [15].

In this case, the block P implements functions (2.31), block Y generates microop-
erations Y represented by (2.32), and block H implements functions @, represented
as:

O=9(T,Z). (2.35)

Lol
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Fig. 2.27 Organization of PT C\tjcrL 1
Mealy FSM S

Comparison of systems (2.26) and (2.35) shows that in case of PT Mealy FSM,
variables Z replace variables X in the system @. Since |Z| < L, this approach allows
reduction of hardware amount, in comparison with the equivalent P— and PY Mealy
FSMs.

Transformation of object codes. This approach, which can be found in [15,16],
defines the internal states and collections of microoperations as objects of FSM.
Some additional variables v, € V may be needed to express one object as a function
of another object. This approach gives the PF Mealy FSM of the first type (Fig.
2.28) or second type (Fig. 2.29), denoted as PF; and PF, Mealy FSM respectively.

T =T(V,2). (2.36)

It is clear that PF; Mealy FSM can be considered as the development of PR
Mealy FSM and PF, Mealy FSM as some development of PT Mealy FSM. Let us
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point out that blocks P of PF;— and PF, Mealy FSMs generate more output variables
than their analogies, but their blocks R and H have smaller number of inputs.

Combined application of the two methods explained above leads to the three- and
four-level organizations of Mealy FSM logic circuits [15]. All possible structures of
Mealy FSM logic circuits are shown in Table 2.2.

Table 2.2 Multilevel organizations of Mealy FSM

Levels A B C D
Blocks M, P H 2 Y 1
M] C R 2 Dl
ML Y 1
D 1 D; 1
Mg :
MsG Dy 1
MgL

Generation of multilevel Mealy FSM logic circuit structures can be interpreted
as a word-formation process [15], where the level A is used as a prefix of word S,
the level B as its base, the level C either as its suffix or ending, and the level D as
its ending. It is clear that the base should always be present in a word, but other
attributes can be absent. The digit 1 in Table 2.2 means that a given block is treated
as ending of a word and digit 2 means that a given block is treated as its suffix. For
example, the word S = M| % Px H %Y determines Mealy FSM with replacement of
logical conditions and initial GSA transformation. Each transition depends here on
at most one logical condition. Encoding of lines of the structure table, encoding of
collections of microoperations and organization of the FSM is shown in Fig. 2.30.
In this M1 PHY , Mealy FSM variables from a set Z encode the structure table lines
and variables from a set V encode collections of microoperations ¥, C Y.
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Let us form Table 2.3 to calculate the total number of possible organizations of
FSM circuit. Let V; be the number of certain structures of FSM circuit with j levels
and Vj be the total number of possible organizations of the FSM circuit with j levels
(j=1,...,4). It can be found that Table 2.3 represents

Vo=Vi+...+Vua=44+18G+1+9IG (2.37)

different structures of the Mealy FSM logic circuit organizations. It can be found in
[11] that for the FSM of average complexness we have / = G = 6 and in consequence
expression (2.37) gives Vy = 442 different structures of Mealy FSM logic circuit
organizations.

If the interpreted GSA I" is a linear GSA, the FSM logic circuit hardware amount
can be reduced due to the use of a counter instead of a register to keep the FSM state
codes [15]. This control unit is called C FSM [15]. Design process of the C FSM
involves generation of some linear sequences of states o, = (dy, ... »dgp, » Where a
transition (ag,,ay,. ) (ag,a, € A) exists for any pair of adjacent components of a
vector (i=1,...,Fp).

Table 2.3 Estimation of total number of Mealy FSM logic circuit organization

Single level ki Two levels ky Three levels k3 Four levels ky
P 1 M,P G M,PH G M PHY G
M,CP G M,CPH G M,CPHY G
M,LP G M,LPH G M,LPHY G
PH 1 M¢PR G M PHD; 1G
PR 1 M,CPR G M,CPHD; 1G
PY 1 M,LPR G M,LPHD; 1G
PD; 1 M,PY G M, PRY G
M,CPY G M,CPRY G
M,LPY G M,LPRY G
M,PD; 1G M, PRD; 1G
M,CPD; 1G M,CPRD; 1G
M,LPD; 1G M,LPRD; 1G
Vi=1 Vo =3+3G+1 V3 =9G+3IG V4 =6G+6IG

Obviously, the linear sequences of states are some analogues of operational linear
chains of CMCU, but there is one difference: conditional transitions between states
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of such linear sequences are possible. Design of the C Mealy FSM requires special
state encoding, for which the following condition holds:

Klag.,) = K(ag) +1. (2.38)

where i = 1,...,F,, g =1,...,G, G is the total number of sequences for GSA IT".
Let a symbol P, stand for the Mealy FSM with counter CT keeping state codes.
Organization of P, Mealy FSM is shown in Fig. 2.31.

% —— Y
g Inc +1
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®
B ™ cr |7
4
Fig. 2.31 Organization of P, %f 1
Mealy FSM
Block P generates functions (2.25) — (2.26) using a special signal
L. = f(T,X), (2.39)

which serves to increment the content of counter CT in order to obtain mode (2.38).
All optimization methods mentioned above can be used to reduce the hardware
amount of the C FSM logic circuit. In consequence we can double the value of
Vo.

Such variety of Mealy FSM logic circuit organizations requires the development
of formal methods used to find the structure with minimal hardware amount and
performance corresponding to technical requirements of particular task. Let us point
out that solution of this problem does not exist up to now.

2.4 Optimization of Moore finite state machines

In the simplest case a Moore FSM can be implemented as a single-level sequential
device (Fig. 2.32), called by analogy to the single-level Mealy FSM a P Moore
FSM [15,90].

Blocks PLD,, implement input memory functions ®*, belonging to a set @, and
output functions Y*, from a subset ¥p of asetY (u=1,...,U). Blocks PROM; im-
plement output functions YY+/ (j = 1,...,J), belonging to the complement of the
set Yp up to the set Y. As in case of P Mealy FSM, this circuit organization is charac-
terized by maximal performance due to maximal hardware amount. Optimization of
Moore FSM logic circuits can be realized using some methods discussed in Section
2.3, as well as some specific approaches based on existence of pseudoequivalent
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Fig. 2.32 Single-level Moore FSM implementation with PLD

states [13]. Let us point out that classes of pseudoequivalent states are equivalent to
the input constraints [31,67,68, 98] used, for example, in the program NOVA [99].

There are three main methods used to reduce the hardware amount of Moore
FSM logic circuit. They are based on partition of the set of FSM states A, into the
classes of pseudoequivalent states with I blocks, considered previously in [14, 15].
We have:

e optimal state assignment;
e transformation of state codes into codes of classes of pseudoequivalent states;
e transformation of initial GSA.

The principle of optimal state encoding was already discussed in Section 1.2. Ap-
plication of this method gives the PEY Moore FSM of Fig. 2.33. Let us point out
that the structures of P and P Y Moore FSM are identical.

Yy v

Y
Pe #
Y
Fig. 2.33 Organization of Start ‘(1)
Moore FSM with optimal Clock » RG T
state encoding - ™

The block Pg of Fig. 2.33 implements the system @ specified by (2.26), and
block Y corresponds to
Y =Y(T). (2.40)

Obviously, some functions y, € Y can be implemented using free resources of
the block P, but in order to simplify our discussion, this fact is not shown in Fig.
2.33.

Transformation of state codes into codes of the classes of pseudoequivalent
states can be used when optimal encoding is not possible for some classes B; € Iy.
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Assume that for some Moore FSM S we have got the following partition: Iy =
{B1,...,B4}, By ={a1}, Bo = {az,a3,a4}, B3 = {as,a¢,a7, B4 = {ag}. Now R =3
and Karnaugh map (Fig. 2.34) shows the result of optimal state encoding for the
Moore FSM S.

T2T3
T 00 01 11 10
0 aq ax as ay
Fig. 2.34 Optimal state en- 1 as as ar as
coding for the Moore FSM S

It follows from the Karnaugh map that class B corresponds to the code K(B) =
000, class B is split by classes B} = {a,} with code K(B}) =001 and B = {a3,a4}
with code K(B3) = 01x. The class Bj is split by classes B} = {as} with code
K(Bl) = 100 and B3 = {ag,a7} with code K(B3) = 1% 1 and the class By cor-
responds to code K(B4) = 110. Let H; be the number of transitions from state
am € B; (i=1,...,I) and assume that in case of Moore FSM S we have: H; =
3,H, = 6,H; = 4, Hy = 2. In consequence, the structure table of an equivalent
Mealy FSM has Hy = 15 lines. Transformed structure table of the Moore FSM S
has H = Hy + 2H, + 2H3 + H4 = 25 lines, which means that this result is far from
optimum.

Let us encode each class B; € Iy by a binary code K (B;) with Ry = [log, I'] bits
and use variables 7, € T for the encoding, where |7| = Ry. Now, Moore FSM can be
implemented as PrY Moore FSM [15], where code transformer TC implements the
transformation of state codes into codes of the classes of pseudoequivalent states
(Fig. 2.35).

In case of PTY Moore FSM, block P implements the following input memory
functions

D =9P(1,X), (2.41)

y Y
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tion of state codes >

Block Y implements (2.39), and TC implements the system

T=1(T). (2.42)
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This approach allows reduction of the number of lines of the Moore FSM struc-
ture table down to Hy.

In case of Moore FSM S, there are four equivalence classes (I = 4) and there-
fore Ry = 2, 7 = {71, 72}. Let these classes be encoded as follows: K(B;) =
00,...,(B4) = 11. Now, Table 2.4 represents the behavior of block TC.

Table 2.4 Table of code transformer of the Moore FSM S

am K(am) Bl' K(bl) Tm

as 100 Bz 10 T

am K(awm) Bi K(bi) T m
5
ag 101 Bz 10 T 6
7
8

ai 000 Bl 00 -
aj 001 Bz 01 T
as 010 B, 01 T
as 011 By 01 m

a; 110 B3 10 1
ag 111 By 11 7111

A wo e~ |3

In this table, column 1, contains variables 7, € T, equal to 1 in code K (b;), where
an, € B;. From this table we find system (2.42), in which; for example, 7; = As V
...VAg = T;. Let us point out that minimization of system (2.42) is needed only for
the implementation using PAL, PLA or FPGA macrocells.

This approach provides minimal hardware amount of the block P, but some FPLD
resources are needed to implement the block TC. Let us point out that introduction
of TC does not deteriorate FSM performance in comparison with P Y Moore FSM,
because variables 7, € T are generated concurrently with microoperations y, € Y.

Method of initial GSA transformation permits to get an FSM logic circuit with
average characteristics in comparison with two other methods discussed in this sec-
tion [15]. Let us consider the subgraph of GSA I' (Fig. 2.36a), corresponding to
some class B, € Il of Moore FSM S.

a)

bg

Fig. 2.36 Subgraph of GSA I'before a and after b transformation

The class B, = {a3,as,as} corresponds to the subtable of FSM structure table
including H> = 3 -3 = 9 lines. Let us introduce vertex bg (Fig. 2.36b). Now, the
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class B; corresponds to a subtable of FSM structure table having H> =3 -1 = 3 lines,
and state ag corresponds to a subtable with Hg = 3 lines. Next, the number of FSM
transitions corresponding to the subgraph of GSA I' isreducedto AH =H, —Hg =6
lines. Usually, the number of FCM structure table lines is reduced to

1
AH =Y Hi(K;—1) (2.43)
i=1

where H; is the number of transitions from some state a,, € B;, K; = |B;| (i =
1,...,I). This approach leads to Pr'Y Moore FSM with the same logic circuit struc-
ture as in case of PgY Moore FSM given in Fig. 2.33.
Further logic circuit optimization can be reached due to increase the number of
its levels. Let us discus briefly same approaches which make it possible.
Replacement of logical conditions is executed similarly as in case of MP Mealy
FSM and leads to the MPY Moore FSM of Fig. 2.37.

X
> Py Y
M
P Y
vo vy
Start RG
Fig. 2.37 Organization of Clock_,, T
MPY Moore FSM \

The hardware amount of block M can be reduced using either a special state
encoding (see Section 2.3), resulting in the MPCY Moore FSM, or generation of
logical condition codes (see Section 2.3), resulting in the MPLY Moore FSM. The
number of inputs in block M can be changed due to the GSA transformation (see
Section 2.3), after which we obtain M,PCY-, M PLY- or M;PY Moore FSM (g=
1,...,G). All these methods can be applied for each of the PY-, PgY- and PrY
Moore FSMs.

Maximal encoding of collections of microoperations involves introducing a
special transformer TC; generating codes of microoperation collections with R} =
[log, O] bits, where Q is the number of collections, obtained from state codes. This
approach gives the PTY Moore FSM.

Encoding of the fields of compatible microoperations involves introducing a
special transformer TC; converting state codes into codes of the fields of compatible
microoperations. This approach gives the PT D Moore FSM.

In both cases some additional variables from a set Z are used for encoding micro-
operations or their collections. Generalized structure of the Moore FSM is shown
in Fig. 2.38. In case of maximal encoding of collections of microoperations blocks
CMO and TC; represent blocks Y and TC| respectively. In case of maximal encod-
ing of the fields of compatible microoperations, the blocks CMO and TC; represent
blocks Y and TC; correspondingly.
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Both approaches belong to the class of object transformation methods, where
states are transformed into microoperations.

Encoding of structure table lines has no sense in case of Moore FSM, because
in this case block P generates the input memory functions & only.

Transformation of object codes is reduced either to the transformation of bi-
nary codes of microoperation collections and of some additional variables V into
state codes (PY4 Moore FSM), or to the transformation of the fields of compatible
microoperations and of additional variables V into state codes (PD4 Moore FSM).
The generalized structure of the Moore FSM logic circuit for these cases is shown
in Fig. 2.39.
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ture of Moore FSM logic Clock H
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mation T |

Codes of microoperation collections are represented here by variables from a set
Z and block H generates the functions

T=T(V,Z). (2.44)

Block CMO represents either the block Y (PY4 Moore FSM), or the block D (PD4
Moore FSM).

Mutual application of optimization methods mentioned above leads to three- and
four-level structures of Moore FSM logic circuits. All possible structures are listed
in Table 2.5.

Comparison of Tables 2.2 and 2.5 leads to the conclusion that implementation
of the Moore FSM logic circuit requires 4 times greater number of structures than
in case of the equivalent Mealy FSM. It is due to the fact that basic level B of the
Moore FSM contains 4 different types of blocks P, whereas the other levels of both
tables have equal number of elements. Transformation of expression (2.37) allows
estimating the number of different structures of Moore FSM logic circuit, which is
equal to:
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Table 2.5 Multilevel structures of Moore FSM logic circuits

Levels A B C D

Blocks M, P Y Y
MiC Pg Dy 1 Dy 1

M\L Pr
: Pr Dy 1 Dy 1
Mg TC2
MgC TC2
ML
Vo = 16+ 72G + 41 + 361G. (2.45)

In case of FSM with G = I = 6, expression (2.45) gives Vy = 1768 different
structures of Moore FSM logic circuit.

Let us point out that this number can be doubled using linear GSA, because in
this case a counter or a register can be used to keep the state codes [15].

2.5 Control unit design with FPLDs

Design is considered here as some process generating detailed specifications, al-
lowing fabricating the target product with specific properties and figures of merit,
such as performance and area. This process can be reduced to repeated decomposi-
tion of the initial object specification into sub-objects. It is accomplished when each
sub-object can be implemented using standard library elements. Each design step
is accompanied by synthesis, which means that an object function is transformed
into its structure. Next design step is the analysis, during which verification of syn-
thesis results is executed. Results of analysis may require repeated synthesis with
optimization of some figures of merit. Let us discuss some types of models, ab-
straction levels and digital system specifications, using some results found in the
literature [65, 68].

Huge complexness of modern digital systems requires application of computer-
aided design (CAD) tools, which help us to represent physical objects by their mod-
els. A circuit model can be viewed as some abstraction describing selected features
of the system, which are sufficient to perform synthesis procedure. There are two
forms of model classification, namely levels of abstraction and views. The following
levels and views are used in models of digital devices:

1. Architectural level, where a device performs some set of operations, such as data
computation or transfer. This level is called a-level.

2. Logic level, where a device evaluates a set of logical functions, such as AND,
OR, NOT. This level is called 1-level.



2.5 Control unit design with FPLDs 57

3. Geometrical level, where a device is represented as a set of geometrical entities,
such as floor plans or layouts. This level is called g-level.

4. Behavioral view describes the device function regardless of its implementation.
This view is called b-view.

5. Structural view describes a model as interconnection of specific components.
This view is called s-view.

6. Physical view describes the device with help of some physical objects, such as
transistors. This view is called p-view.

Models of different levels can be seen under different views. This fact is reflected
in Fig. 2.40, taken from [68]. This representation is often referred as Gajski and
Kuhn Y-chart.

b-view s—view
| a—level |
| I-level |
. . ~level
Fig. 2.40 Abstraction levels | oTleve | |
and views of digital device p—view
specification

Synthesis of control units belongs to the logic level of digital system design.
Model of the control unit can be represented either as a finite state machine state dia-
gram, or as a netlist, or as a text using some standard hardware description language
(HDL). In our book we have chosen one of the register transfer level languages,
namely the language of graph-scheme of algorithms, as the tool of initial specifi-
cation of control unit. This language is chosen due to its clearness allowing simple
explanation of particular properties of compositional microprogram control units
design and optimization. The outcome of logic design is the structure specification
of a target circuit, as for example the gate-level netlist.

Analysis of the literature, such as for example [9, 19,45, 46, 65, 80], shows that
design process used for digital devices is a formalized automatic process oriented
to particular logical elements. As a rule, an object to be designed is specified using
some HDL language, such as VHDL [23,72] or Verilog [24], or System C [23].
These languages allow control unit description on the register transfer level (RTL).
This description is next transformed using some standard synthesis tools. If the field-
programmable gate arrays chips are used as logical elements, simplified diagram of
the design process has the form shown in Fig. 2.41.

The control unit specification on RTL level is simulated using simulation part
1 of particular CAD tools. All deviations from the target device function are cor-
rected during this process. This correct model is next processed by the synthesis
part of CAD system, which performs the project optimization (minimizing the area
and maximizing performance) and generates the netlist of control unit. This netlist
serves as a base for more detailed simulation of the circuit by simulation part 2 of
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Configuration file

Fig. 2.41 Digital device design process with FPGA

the CAD system. The corrected netlist is next used to generate the configuration file.
This step consists on finding correspondence between logical elements and LUT
elements (mapping). These LUT elements are then combined into logical blocks
(packing), which are placed on the chip area (placement) and connected using some
resources of the programmable interconnection array (routing).

The outcome of this process is the configuration file, used to program the FPGA
chip. Design process of the control unit implemented with CPLD chips is very sim-
ilar to the one from Fig. 2.41. This process has however some particular features
described in [65]. Moreover, all tools used in the design process of this kind are
objects of constant improvement, because semiconductor industry offers frequently
new architectures of FPLD chips.

Program tools oriented towards the design using FPLD are developed by numer-
ous companies. For example, Altera manufactured such systems as MAX+PLUS 1I,
Quartus, Quartus II ; Xilinx proposed the ES Series . There exist several powerful
tools used to specify control units by state diagrams, such as Foundation developed
by Aldec for Xilinx; system Renoir of Mentor Graphics; programs StateCAD from
the package Workview of Viewlogic and other [1-3]. There exist also numerous
academic systems, oriented on the FPGA design (as for example, DOMAIN sys-
tem [64]), or CPLD based with PAL macrocells (as for example, ZUBR [93]), or
CPLD based on PLA macrocells (for example, SIS [87,88]).

Multiplicity of existing logical elements and design tools bring us to the conclu-
sion that every useful book on this area should include synthesis methods, useful for
creating some CAD tools. These methods should be free from any specific features
of the families of logical devices produced by particular industrial companies. We
have chosen this way, because the second solution implies rigid orientation towards
some particular chips and CAD tools. In that case our book would be the object of
interest to a limited circle of specialists involved in particular design processes and
using chips and CAD tools manufactured by a particular company. As the conse-
quence of our choice, outcomes of all original synthesis methods of compositional
microprogram control units can be presented in the form of tables, which can be
used to obtain systems of Boolean functions describing some parts of CMCUs. It is
clear that these Boolean functions can be represented in the form of netlists. Thus,
we can say that our book is devoted to methods of logical synthesis of the com-
positional microprogram control units. Their behavior is specified by means of the
language of graph-schemes of algorithms. Specifications of all CMCU blocks are
represented in tabular form, allowing generation of systems of Boolean functions
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and netlists of logical elements and their interconnections. As a rule, the design
methods proposed in this book allow to reduce the number of function arguments
and are oriented towards FPGA implementation. Corresponding design methods al-
lowing reduction of the number of product terms in these functions are oriented
towards CPLD with PAL and PLA macrocells. In order to unify the diagrams used
in the book, we use the PLA implementation of the combinational parts of CMCU,
but the reader should remember that all types of logical elements can be used to
implement this part of the system he wants to design.
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Chapter 3

Synthesis of basic circuits of compositional
microprogram control units

Abstract The chapter is devoted to the design and optimization of some basic
CMCU structures. Corresponding methods are discussed for the CMCU basic struc-
ture as well as for the CMCU with common memory. The problem of the set of
operator vertices of the initial GSA is solved first. The resulted partition includes
minimum possible number of OLCs. Next, the method of natural microinstruction
addressing is discussed and its solution in case of CMCU given. It is shown that
optimization methods used in the case of Moore FSM can be used to optimize the
CMCU hardware amount. All methods presented in this book are oriented towards
decreasing of hardware amount in the CMCU logic circuits.

3.1 Synthesis of compositional microprogram control unit with
basic structure

As was pointed out in Chapter 1, the compositional microprogram control unit with
basic structure (Fig. 1.20) includes combinational circuit CC, which generates input
memory functions for register RG(¥) and counter CT(®), control memory CM,
which keeps microoperations y, € Y together with additional variables yy (timing
control of RG and CT) and yg (control of fetch flip-flop TF). This device implements
the following systems of Boolean functions:

D = P(1,X), (3.1)
¥ =Y(1,X), (3.2)
Y =Y(T), (3.3)
yo = yo(T), (3.4
ve = ye(T). (3.5)
Here 7 = {71,..., g, } is a set of RG outputs, used for encoding M states of ad-

dressing FSM S; T = {Ti,...,Tg,} is a set of CT outputs, used for addressing

65
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microinstructions kept in the control memory. Total number of microinstructions
equals M, = |B;| and Ry, R, can be calculated using the expressions:

R1 = |—10g2M1-|, (3.6)
Ry = [log, M>]. (3.7)

It follows from Section 1.4 that the following problems should be solved during
the CMCU U; logic circuit design:

1. Construction of partition C = {0y, ..., 0} of the set of operator vertices of initial
GSA I with minimal possible G. This problem is represented by expression
(1.25).

2. Natural addressing of microinstructions, corresponding to operator vertices of
the initial GSA TI". This problem is represented by expression (1.28).

3. Construction of control memory content.

Construction of transformed GSA I'(Uy).

5. Synthesis of logic circuits of S; and S, units with given logical elements.

&

Let us discuss solutions of these problems [3] and illustrate them using example
of CMCU U, (I) design, with initial GSA I shown in Fig. 3.1.

Construction of the partition C satisfying condition (1.25) is proposed in [6]. It
includes the following steps:

1. Construct the set of main inputs M (I') of GSAT".

2. Putg=1.

3. Take an arbitrary vertex b, from the set M(I") and exclude this vertex from the
set M(I"). Let us call the vertex b, a base vertex of OLC o,.

4. Find the vertex b, = pry(by,b;), where (by,b;) € E. Let us call this step moving
through GSA down.

5. If b; € By, or b; = bg, or b, € D' (i # g), stop construction of OLC O (Og = by).
Go to point 7.

6. Include the vertex b; in OLC o, after the vertex b,. Go to point 4, using the
vertex b; as the base vertex of OLC o, for moving through GSA down.

7. If M(I") = 0, than go to point 8, else make g := g+ 1 and go to point 3.

8. End.

Let us call this construction procedure as procedure P;. Application of P; to
GSA I; gives the set C = {o,...,04}, where o = (b1,by), 111 = by, O1 = by;
O = <b4,b5,b(,,b7>, 121 = b4, 122 = b(,, IS = 02 = b7; o3 = <b117.. . ,b14>, 131 = b11,
O3 = big; ou = (by), IJ = 04 = by. In consequence, the graph-scheme of algo-
rithm I has the following characteristics:G = 4, I(I3) = {b1,ba,be,b7,b11,b9},
O(I3) = {ba,b7,b9,b14}. Let us point out that initial GSA I" should be transformed
to provide the stop mode of CMCU. This transformation is executed in the same
way as in case of the microprogram control unit with compulsory addressing of mi-
croinstructions. In case of GSA I3, it reduces to the insertion of variable yg into
vertex bg (Fig. 3.1).
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Fig. 3.1 Initial graph-scheme
of algorithm I3

be

Microinstruction addressing described by (1.28) can be performed by means of
the procedure used in case of the MCU with natural addressing of microinstructions,
described in [6]. It includes the following steps:

1. Construction of a vector o which is the concatenation of OLCs o, € C, where the
first component is the vertex b, € By, such that (by,b,) € E. It should be pointed
out that some additional vertex connected with output of initial vertex should be
inserted into GSA I in case, when output of the initial vertex is connected with
input of a conditional vertex.

2. Numeration of components of the vector ¢ using the consecutive integers
0,....,M,—1.

3. Replacement of the number i of the component b, of vector a by its binary equiv-
alent A(b,) interpreted as an address of corresponding microinstruction Y ().
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Let us call this addressing method as procedure P;. In case of the CMCU U, (I3)
we have Ry =4, T ={Tj,...,T4} and the result of procedure P, is shown in Fig. 3.2.

The microinstruction format of CMCU includes the operational part only. The
control memory content of CMCU U (I3) is shown in Table 3.1, where variable yg
is included in all microinstructions Y (b,), such that b, ¢ O(I"). The column "Com-
ment" contains information about particular vertex corresponding to given address,
belonging to the sets I(I") and O(T"), and to the particular OLC including this vertex.

T3T4
T1T2

00 | A(b1) | A(bz) | A(bs) [ A(bs)

00 01 1 10

01 | A(be) | A(br) [ A(b12) | A(bir)

11 * * * *

Fig. 3.2 Microinstruction 10 | A(bis) | Albra) | % | Atbs)
addresses of CMCU U, (I3)

Table 3.1 Control memory content of CMCU U, (I3)

Address Content Comment
0000 Y0,Y1,¥2 by Il oy
0001 v3 by Oy
0010 Yoy3 by I} o
0011 Yoy2Y4 bs
0100 Yoy3Ys b I3
0101 Ve by I3 0y
0110 ¥2,Y4,YE by I} 03013
0111 Yoy2y4 b I} o4
1000 Yoyi b1z
1001 Yoy1y2 b3
1010 s bis O4

Let us analyze main operation principles of CMCU U; and formulate basic re-
quirements for the transformed GSA I'(U)).

1. The finite state machine S| generates input memory functions serving to load into
CT the addresses of OLC inputs only. All other addresses are generated by unit
S according to (1.28). Thus, the transformed GSA I'(U;) should include only
the operator vertices corresponding to OLC inputs.

2. If GSA T includes a path from vertex b, € O(I') to vertex b, € I(I"), passing
through some conditional vertices, the transformed GSA I'(U;) should include
the same path. Thus, the sets of conditional vertices are identical for GSA I'" and
).
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3. If counter CT contains an address A(I}) of the input j of OLC o, € C (j =
1,...,J;), the state of FSM S| remains unchanged till the output address A(O,)
of this OLC is reached. It means that one state may correspond to all inputs of
any OLC. Thus, outputs of vertices corresponding to inputs of OLC o, € C can
be combined together in the transformed GSA I"(Uy).

According to these requirements, we can propose the following procedure Pz for
construction of the transformed GSA I' (U;) [5]:

1. Construct transition formulae [2] for vertices b, € O(I") and by of the initial
GSAT.

2. Replace vertices b, € I(I") from the left part of each transition formula by the
inputs, corresponding to these vertices. Replace vertex b, = O, from the right
part of each transition formula by all inputs of OLC o, € C .

3. Construct the transformed GSA using the system of transformed transition for-
mulae and methods given in [2]. '

4. If operator vertex b; of the transformed GSA corresponds to input I of OLC
0, € C, then write the input memory functions, which are equal to 1, into this

vertex b; to the address A(I3).

In case of CMCU U (I3), the initial system of transition formulae (STF) has the
form:

by — b1;by — x1b4 V X1x2b6 V X1x2D11;
b7 — x3b4 NV X3bg;b14 — b7;b9 — bE.

Execution of point 2 of procedure P; leads to STF of the transformed GSA
E(U 1):

by — I 1} — x| BV E x5V R 500}
D, 3,5 — x3B Vi I — br;
Ii *)IS.

In case of CMCU U (I3), the microinstruction address includes R, = 4 bits
and therefore the set of input memory functions includes also 4 elements (@ =
{D,,D;,D3,D4}). The transformed GSA I3 (U ) is shown in Fig. 3.3.

Symbols of OLC inputs of the initial GSA are shown near corresponding operator
vertices b; € B of the transformed GSA, which makes finding the content of these
vertices much easier. For example, in case of vertex /}, we find the address A(I}) =
0010 from Table 3.1 and place the function D3 € @ into the vertex I1. Contents of
all other vertices are formed in the same way.

Synthesis of FSM S logic circuit is executed using the well-known methods
given in [2]:

1. Construction of marked GSA I'(U;). For example under discussion, the states
are shown in Fig. 3.3.
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Fig. 3.3 Transformed GSA I3(U;)

2. State encoding for FSM §;. In our case there are 4 internal states and A =
{ai,...,as}, My =4, Ry =2, 7 = {11, »}. Let these states be encoded as:
K(a1) =00,...,K(as) = 11. The set of input memory functions for register RG
is: ¥ = {D5,D6}.

3. Construction of structure table of FSM S§;. This table contains H = 7 lines
(Table 3.2).

Table 3.2 Structure table of FSM S} of CMCU U (I3)

am K(am) as K(as) X @, Y, h
aj 00 a 01 1 - D6 1
ap 01 as 11 X1 D3 DsDg 2
as 11 X1X2 Dy DsDg 3
as 10 XX, DyD3Dy D4Ds 4
asz 10 ag 11 1 D2D4 D5D6 5
as 11 as 11 X3 D3 DsDg 6
aj 00 X3 D,Ds - 7
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4. Construction of systems @ and . The systems of Boolean functions (3.1) and
(3.2) depend on conjunctive terms represented in the form (1.6), where conjunc-
tion A,, represented as (1.7) includes variables 7, € 7. From Table 3.2 we can get,
for example, the following Boolean expression:

D) =FRVFEVEVF =TT V1T VT ;.

Now the implementation of CMCU U logic circuit is reduced to implementation
of systems (3.1) — (3.2) using PLDs and control memory, corresponding to systems
(3.3) — (3.5), using PROM or RAM chips.

A special unit is needed to provide the synchronization mode of CMCU Uj.
Assume that the counter CT has two inputs for synchronization, with: Ci#CT :=
CT + 1 and G#CT := (@) (loading of a parallel code). Then, pulse Clock should
appear at the input Cy, if yo = 1, and at the input C,, if yg = 0. Therefore, synchro-
nization unit is described by the following expressions:

C1 =yo - Clock;
Cy =Y, Clock. (3-8)
The pulse C; should appear also at the timing input of register RG.
Let both systems (3.1) and (3.2) be implemented with PLA chips. In this case the
CMCU U, (I3) logic circuit has the form shown in Fig. 3.4.

X1 1

10
e 2t | ea |1 [2d0bdo.| o1 |4 ? 1949| 4 |PROM| 1 |y,
xs 3l 2 2|22 11510, 2 (12-2%0 , 21—y,
—13] 3 D2 12L51Ds 3 [22-211] 3w
o afy® D: 13f131p i oof5q 2 ys
S 4 ¢ 4 22| 4 4 e v
r, 5|5 5 [P 14 o 5[0 6
T 5P S S ET: SA el ] S
Yo 6 E(% —|CS 7

17
Ve 7 — C2
Clock 8
—— [14]
Start 9 Di| Ra |1 [ 2

ﬁD?

9o ] 228

19 1D,

17D,

91 R

Fig. 3.4 Logic circuit of CMCU U (I3)

The parameters of PLA and PROM chips are chosen in such a manner that only
one chip can be used to implement a particular part of logic circuit. It is made to
avoid complex optimization procedures.

The main advantage of CMCU U is minimal possible number of feedback vari-
ables (state variables) . Using a special RG and increasing the number of combina-
tional circuit outputs, with respect to the minimal number R;, is needed however to
address the microinstructions. When condition (3.9) is satisfied
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R =Ry, (3.9)

the CMCU U can not be considered as the efficient interpretation of any particular
control algorithm, because the number of CC outputs is twice R,. To interpret the
control algorithms satisfying (3.9), a compositional microprogram control unit with
common memory is proposed [3]. In this CMCU, counter CT is used as a source
of both microinstruction address and the state code of FSM S;. This principle can
be used to interpret an arbitrary GSA I', even in case, when condition (3.9) is not
satisfied.

3.2 Synthesis of CMCU with common memory

The structural diagram of CMCU with common memory (called CMCU U,) is
shown in Fig. 3.5.

X +1¢ ]VO

O] T
CC [ CT > CM Y

YE
] Fetch
R|TF

Start
Clock Start s

Fig. 3.5 Structural diagram of CMCU U,

In this case, combinational circuit CC implements the system of input memory
functions of the counter CT:
o =(T,X), (3.10)

remaining blocks execute the same functions as in case of the CMCU Uj.

The address of first microinstruction of the particular microprogram is loaded
into CT using pulse "Start". This pulse causes also the set up of flip-flop TF (it means
that Fetch=1). Current microinstruction is fetched out of the control memory CM. If
it includes the variable yg, content of the counter is incremented and unconditional
jump executed between microinstructions corresponding to the components of the
same OLC «, € C. If yg = 0, functions (3.10) will change content of the counter
using pulse "Clock". It corresponds to the transition from output of OLC o, € C. If
yg = 1, the microprogram is ended. In this case flip-flop TF is reset and the operation
of CMCU terminated.

As can be seen from comparison of (3.1) and (3.10), multidirectional transitions
are executed during one cycle of both CMCU U; and U,. Output functions of the
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control memory are represented by (3.3) — (3.5) and therefore parameters of CM for
CMCU U; and U, are the same.
The synthesis method of CMCU U, (I') includes the following steps:

Preliminary transformation of the initial GSA T".
Construction of OLC C set for the transformed GSA I'(Us).
Natural addressing of microinstructions.

Construction of control memory content.

Construction of transition table for CMCU Us,.

Synthesis of logic circuit with given logical elements.

SNk L=

Let us discus an example of CMCU U, design using the graph-scheme of algo-
rithm I3 (Fig. 3.6), where only the operator vertices are numbered.

Preliminary transformation of GSA I'CA I is executed in the following man-
ner (procedure Py):

e if there is an arc (bg,b,) € E, where b, € By, vertex b; € B; is introduced into
GSA I',where Y (b;) = 0, and initial arc (bg,b,) € E is replaced by a pair of new
arcs (bo,b;) and (by,by);

e if there is an arc (b;,bg) € E, where b; € By, the vertex b, € By with yg is intro-
duced into GSA I and initial arc (b;,bg) € E is replaced by two arcs (b;,b,) and
<vabE>;

e if there is an arc (b,,bg) € E, where b, € By, the variable yg is inserted into
operator vertex b;.

The first transformation is essential for organization of conditional transitions,
after reset of the counter using pulse "Start". The second and third transformations
are essential to organize the termination mode of CMCU. Let us point out that GSA
can include more than one arc connecting conditional vertices with final vertex (Fig.
3.7a), but only single additional vertex with yg is introduced into transformed GSA
and it is common for all such conditional vertices (Fig. 3.7b).

Therefore, the transformed GSA I'(U) includes at most |B; |+ 2 operator ver-
tices, where B is a set of operator vertices of the initial GSA I".

In case of the GSA I3, this transformation is reduced to insertion of the vertex
b1g, connected to the output of vertex by, and the vertex b9, connected to the input of
vertex bg (Fig. 3.8). Thus, the transformed GSA I3(U,) includes M, = 19 operator
vertices, corresponding to 19 microinstructions kept in the control memory CM.
Therefore, Ry = 5 variables are sufficient to form the set T = {T},...,Ts }, necessary
to address all microinstructions of CMCU U, (I3).

Construction of the set of OLC reduces to the application of procedure P; to

the transformed GSA I'(U>). In case under consideration we have C = {a,..., 07},
with o = <b18>,111 =0 Zblg; o) = <b|,b2,b3>,]21 =b1, 02 =b3; 03 = <b4,b5,b6>,
I} =by, 03 =bg; 0u={b7,...,bio}, I} =b7,13 = by, Os = b1o; 0s = {b1,...,b1a},
I = b1, I2 = b1z, Os = big; o = (bis,bi6,b17), I8 = bis, O = bi7; 07 = (b1o),
I} =07=b.

Natural addressing of microinstructions is reduced here to the application of
procedure P,. For our example microinstruction addresses of the CMCU U, (I3) are
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(s Do
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Y3 by Yaya b7
Y3 o) # ‘
Y1Ya bs | Vs bg
YaY4 bs ¢
| Yays YaYe
»Ye
Y
y4Y6 ‘
YaYa bi2
-
A 4

b13
Y1y2 b7
Y2Ys b4

Fig. 3.6 Initial graph-scheme of algorithm I3
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Fig. 3.7 Fragment of initial GSA before a and after b transformation

shown in Fig. 3.9. This figure represents the addresses using a kind of modified
Karnaugh map with all possible input assignments. Symbol "*" is used to indicate
the "don’t care" assignments. The symbols of operator vertices are written in corre-
sponding cells of the table.

Construction of control memory content for CMCU U, is executed in the same
way as in case of CMCU Uj. In our example the control memory contains My = 19
microinstructions. The format of each microinstruction includes only the field FY.
This table is not presented here because its construction is obvious.

Construction of CMCU transition table. The addressing finite state machine
S1 of CMCU U, is represented by the Moore FSM, with states corresponding to the
operational linear chains ¢, € C, and the state codes corresponding to addresses of
OLC output microinstructions. Let C! C C be a set of OLC, such that their outputs
have no direct connections with the final vertex of transformed GSA U, (T"). Proce-
dure Ps is then proposed to construct a transition table of CMCU U, in the following
steps:

e construct the system of transition formulae for outputs of OLC o, € C >

e replace the vertex in the left part of each transition formula by symbol of corre-
sponding OLC output;

e replace vertices in the right part of each transition formula by symbols of corre-
sponding OLC inputs; ' .

e construct the CMCU transition table with the columns Og, A(Oy), I, A(I1,), Xp,

@y, h, where A(O,) is an address of OLC o, € C' output; A(f;,) is an address
of OLC o, € C input; Xj, is an input signal, which determines the transition
from Oy into I;,; @y is a set of input memory functions, which are equal to 1 in
order to change the content of counter CT from A(O,) to A(l}); h=1,...,H is
a transition number.

Application of points 1 and 2 of procedure Ps to the GSA I3(U,) leads to the
following STF:
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o

Y3 by | Yaya b;
Y3 b ¢ ¢
Y1ye bs | Ys bg
YaYa bs ¢
| YaYs bs | YaYe by
»le
Y

Fig. 3.8 Transformed GSA I3(U)
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T1T2T3

000 001 010 011 100 101 110 111
T4Ts

00 | bis D4 bg b1z b1e

01 b1 b5 bg b13 b17

11 by be b1o b1s b1g

¥ [ ok [ % [ ok
% [ ok [ % | ok
¥ [ ok [ % |k

10 b3 b7 b11 b1s *

Fig. 3.9 Microinstruction addresses of CMCU U, (I3)

01 — x1 [} VXX VX %ol
02 — Xl VIoxal} V4T3
03 — Xl Voxal} VX4 I3
04 — Xl VXoxal} VR4 I (3-11)
Os5 — x3152 vzl
O — X312V X311

Let us point out that the OLC a7 ¢ C!, and in consequence transitions from
the output O7 are not listed in (3.11). The transition table of CMCU U, (I3) (Table
3.3) contains H = 16 lines. Each line corresponds to one term of the system (3.11).
All addresses in the columns of Table 3.3 are taken from Fig. 3.9, the set of input
memory functions includes 5 elements, and @ = {D;,...,Ds}. The total number of
lines H is equal to the number of terms in (3.11).

Synthesis of CMCU logic circuit is reduced to implementation of SBF (3.10)
using PLDs and implementation of control memory CM using PROMs or RAMs.
System (3.10) is constructed using transition table in the following form:

" h
¢r:hY]Crh0th(r: 1,...,R2), (3.12)

where C,;, is a Boolean variable equal to 1 iff line h of the transition table contains
variable @,; OZ is a conjunction of state variables 7, € T, corresponding to address
A(Oy) from line h of the table (h=1,...,H).

Using Table 3.3, we can get, for example, the Boolean function:

D = TI hT; T4T§.Y3 \Y TITQT3T4T5X3.

Logic circuit of the compositional microprogram control unit U, (I3) is shown in
Fig. 3.10.

As in previous case and all cases presented below, parameters of both PLA and
PROM are sorted out in such a manner, that each block of any control unit discussed
in this book can be implemented using a single PLD chip. Let us introduce symbols
of some parameters needed to compare different structures of compositional micro-
program control units:
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Table 3.3 Transition table of CMCU U, (I3)

0, A0, I Al X» @, h
O; 00000 I} 00001 x Ds 1
Il 00100 ¥x» D3 2
Il 00111 %X D3D4Ds 3
0, 00011 1! 01011 x DyD4Ds 4
I} 01111 %x4 D,D3DsDs 5
I; 01001 %X DyDs 6
03 00110 151 01011 X2 D2D4D5 7
16] 01111 Xox4 DyD3D4Ds 8
IA% 01001 Xx4 D,Ds 9

04 01010 15] 01011 X2 D2D4D5 10

I(: 01111 Xpx4 DyD3D4Ds 11
IA% 01001 Xxx4 D,Ds 12
Os 01110 2 01101 x3 D>DsDs 13
I} 10010 %3 DDy 14
O¢ 10001 2 01101 x3  D;DsD; 15
I 10010 ¥  DDs 16
X4
x oz pea [+ R4 ot [1]0 s
BE D> 12|123p To 6
X 3 2 16| -2 2
S 37 3 3 [P3_13121D; 3 |Te 7
X4 4? 4 4 B‘l 14%D4 4 _-P 8
T 552 5|25 WSE% 5% 9
T 6 7 EC
8 1| 2
T3 7]9] g —C2
Ts 8
A BT
s 9 =11 |PROM[ 1 La "
Yo 104 Yo 20[7| 2 2w
I A
Ye 11 8 ‘>y
20 c 51 4 4 )4
Clock12— 5 5 Y9
Start 13 ] 6 b9
T M[R[ 7 |Fetch 22 22lcs 7 [
Fig. 3.10 Logic circuit of 315
CMCU Uy (I3)

e Ri is the number of feedback inputs of the combinational circuit of CMCU U;
(i=1,2,...);
REp(I7) is the corresponding symbol for R in case of CMCU U;(T;);
H;(I}) is the total number of terms in systems of Boolean functions implemented
by combinational circuit CC of CMCU U;(T;);

e S;(I}) is the number of input variables of combinational circuit CC of CMCU
Ui(I3);

e 1;(I}) is the number of output variables of combinational circuit CC of CMCU
Ui(T});
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If the symbols listed above use I instead of I';, the common value of correspond-
ing parameter is taken.
Let us introduce, for the block of GSA, some graphical symbol (Fig. 3.11), cor-

responding to OLC ¢, € C with inputs Ié} yeon ,Ig % and output O,.

Fig. 3.11 Block of GSA I”
corresponding to OLC o ‘

This block represents the part of GSA I', operator vertices of which are replaced
by blocks. Let us add the formula O; — b to system (3.11) and construct the block
GSA I3 (Fig. 3.12). Analysis of Table 3.3 and Fig. 3.12 shows that FSM S; of
CMCU U; is a Moore FSM, having the states corresponding to blocks of the in-
terpreted graph-scheme of algorithm I". Specific property of this FSM is that the
codes of its current states a,, € A are determined by output addresses of correspond-
ing OLC, whereas codes of its next states are determined by input addresses of the
operational linear chains o, € C.

Addressing FSM S (U,) of CMCU U, has the following parameters:

RZz = Ry; (3.13)
S»(I’) = Ry +L; (3.14)
0(I') = Ry; (3.15)

G
Hy(I') = Y C8H,, (3.16)
g=1

where C8 is a Boolean variable, which is equal to 1 iff o, € cl: H, is the number of
transitions from output O, (g =1,...,G).

In order to compare the characteristics of FSM S1(U;) and S;(U»), let us con-
struct the transformed GSA I3(U;) and mark it with states of Mealy FSM (Fig.
3.13).

In our case, Ry = 2, and comparison of both GSAs shows that a single state of
FSM S (U;) may correspond to more than one block of GSA I'(Us). Let us call
OLC, o4, aj € C, a pseudoequivalent OLC, if their outputs are connected with the
input of the same GSA vertex of GSA I'". Obviously, the existence of pseudoequiv-
alent OLC can be used to optimize combinational part of FSM S| (U,). Finite state
machine S} (U;) has the following parameters:

Rz =Ry; (3.17)

Si(I) = Ry +L; (3.18)
l‘](F)ZR]—‘rRz; (3.19)
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Fig. 3.12 Block representa- be
tion of GSA I3

M
H\(I') = Y Hy, (3.20)

m=1

where H,, is the number of transitions from the state a,, € A. Comparison of expres-
sions (3.13) — (3.20) shows that the following relations are true for CMCU U, (I")
and Up(I'):

Si1(I) < SH(I); (3.21)
1(r) > n(I); (3.22)
H\(I') < Hy(I"). (3.23)
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¢ | DDsDDs

le
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1X>O
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I7

Fig. 3.13 Transformed GSA I3(U;)

Thus, the values of S»(I") and H»(I") should be reduced to allow practical use of
the compositional microprogram control unit U,. All methods proposed further are
devoted to solve this problem.

3.3 Optimization of CMCU with common memory logic circuit

Methods of Moore FSM logic circuit optimization [4] can be applied to decrease
the hardware amount of the CMCU U,. These methods should be adapted to take
account of the fact that the main input address determines here unambiguously the
output address of corresponding operational linear chain and vice versa. This prop-
erty results in the necessity of operation by blocks of vertices, rather than by sep-
arate vertices. The following optimization methods considering this property are
discussed in our book:

special addressing of microinstructions;
optimal addressing of microinstructions;
transformation of microinstruction addresses;
transformation of OLC output codes;
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e transformation of transformed GSA.

Let us discus these methods in details.
Special addressing of microinstructions [1] is based on identification of the op-
erational linear chains o € C using

Ry <R, (3.24)

bits of microinstruction address. For the best case, this parameter can be found from
the following equation:
R; = |—10g2 G1-| s (3.25)

where Gy = |C!] is the number of OLCs in a set C! C C. This method is based on
findingaset 7’ C T, where T = {T},..., Tk, } is the set of address bits and |T’| = Rs.
Elements of the set T are used to address microinstructions and elements of set T’
are used for identification of the outputs of OLC o € C. This approach leads to the
compositional microprogram control unit Uz (Fig. 3.14).

+1 rﬁ
X Yo

D T
CC —» CT » CM |
T
Ye
A Fetch
Start 1 R|TF
Clock Start
Fig. 3.14 Structural diagram -8
of CMCU Us

Operation mode of CMCU Ujs is the same as in case of CMCU U,. Obviously,
synthesis methods for both control units are also identical; the only exception is the
addressing procedure in use.

Let us analyze the outcome of microinstruction addressing for the CMCU U, (I3)
shown in Fig. 3.9. In this case the OLC o ¢ C', |C!| = 6 and R3 = 3. Therefore,
the outputs of OLC o, € C ! can be identified using R3 = 3 variables and the set
T'={N,T», T3} C T. Let us use the elements of T’ C T to represent the output
codes K (0,) for OLC a, € C'.

In our example, the outputs of OLC ¢, € C! correspond to codes K(0;) =
K(02) =000, K(03) =001, K(04) =010, K(Os5) = 011, K(Og) = 100. Thus, ap-
plication of procedure P> does not allow unique identification of the OLC oy and
on. Analysis of Fig. 3.9 shows that it is the consequence of the fact that the outputs
of both OLCs belong to the same generalized interval 000 * * of the Boolean space
. Obviously, microinstruction addressing for CMCU Uj should be executed in such
a manner that the output of any OLC o € C belongs to a unique Rj3 - dimensional
generalized interval of an R, — dimensional Boolean space. The following procedure
Ps is proposed for this microinstruction addressing:

1. Put Ry = R3 and apply procedure P.
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2. Construct an addressing table with 2R0 columns, marked by variables T1,...,Tg,,
and with 2%27R0 rows, marked by variables T, ..., Tg,, where i = Ry + 1.

3. If outputs of OLC oy, 0t € C 1 where j > i, belong to the same column of the
table, make shift of information to the right starting from main input of OLC
o eC !, Fill up empty cells of the table by the sign "*". Continue the shift till
outputs of OLC o4, 05 € C !"are in different columns of addressing table.

4. If the shift resulted in spillover from the address space, find Ry := Ro + 1.

If Ry < Ry, go to point 2.

6. End.

9]

Application of procedure P, to the GSA I3 results in microinstruction addressing
(Fig. 3.9) with Rp = R3 = 3. Analysis of this addressing table shows that vertices
b1z = 01 and b3 = O, are placed in the same column. First shift to the right gives
the addressing table of Fig. 3.15a, where outputs O and O, are placed in different
columns. Now, outputs O, = b3 and O3 = bg are in the same column. Second shift to
the right starting from vertex b4 results in the addressing table of Fig. 3.15b, where
outputs Os = b4 and Og = b7 are in the same column. Third shift to the right
starting from the vertex b5 gives the final table of Fig. 3.15¢c. Now, the outputs of
OLCa;eC I are located in different columns of addressing table and each output
has a unique code, namely:K (O;) = 000, K(0O,) =001, K(03) =010, K(04) =011,
K(0s) =100, K(O¢) = 101. Therefore, OLC outputs are univocally identified using
minimal possible number of variables R3.

In order to implement combinational circuit CC of CMCU U; we should con-
struct a system of transition formulae and a corresponding transition table. In our
example, the system of transition formulae is represented by (3.11). In the transition
table of CMCU Uz column A(Q,) is replaced by column K (O,).

The final transition table allows finding the system of input memory functions:

HS(F) h
o=V CiOXi (r=1,....R), (3.26)

where 02 is a conjunction of variables 7, € T’, corresponding to the output code of
OLC 0 € C! from the line h of transition table (h = 1,...,Hs(I")). System (3.25)
can be represented in the form:

@ =T X). (3.27)

In our example, the transition table (Table 3.4) includes H3(I3) = 16 lines. The
addresses of OLC inputs and outputs are taken here from the addressing table shown
in Fig. 3.15c.

The parameters of combinational circuit CC of compositional microprogram
control unit Uz can be identified as:

S3 (F) =Ry -‘rL(R() < Rz); (3.28)

l‘3(r) = tz(F); (3.29)
Hs(T') = Hy(T'). (3.30)
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a) T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 18 3 7 11 15 * * *
01 * 4 8 12 16 * * *
11 1 5 9 13 17 * * *
10 2 6 10 14 18 * * *
b) T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 18 3 6 10 14 19 * *
01 * * 7 11 15 * *
1 1 4 8 12 16 * *
10 2 5 9 13 17 * *
c) T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 18 3 6 10 14 17 * *
01 * * 7 11 * 19 * *
11 1 4 8 12 15 * *
10 2 5 9 13 16 * *

Fig. 3.15 Addressing of microinstructions of CMCU U3(I3)

Thus, application of special microinstruction addressing allows higher number
of combinational circuit CC outputs, in comparison with the CMCU U;. It is clear
that the following condition is satisfied:

$1(F) < 85(I") < Su(T"). (331)

As follows from (3.30), special microinstruction addressing does not affect the
number of lines in the transition table.

Optimal microinstruction addressing is oriented towards decrease of the number
of inputs and terms of combinational circuit CC [1]. Let us address microinstruc-
tions in such a way that output addresses of pseudoequivalent OLC ¢ € C ! belong
to the same generalized interval of R,—dimensional Boolean space. Now, the inter-
val including pseudoequivalent OLC o, 0 € B; is considered as the code K(B;)
of a class B; € I, where I1. = {B;,...,B;} is a set partition of the set C' C C by
classes of pseudoequivalent OLCs. Last approach leads to CMCU Uy, having the
same structure as the compositional microprogram control unit U, (Fig. 3.14).

The CMCU Uy (I') synthesis includes the following steps:
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Table 3.4 Transition table of CMCU Ui (I3)

0, K(Op) I Alh) Xp @

=

O; 000 I} 00010 x; Ds
I} 00110 ¥x, D3D4
I} 01001 %X DyDs
0, 001 1! 01101 x, D,D3;Ds
I} 10010 *yx4 DiD4
If 01011 XpX4 DrDyDs
03 010 1! 01101 x, D,D3;D;s
161 10010 Xpx4 DDy
2 01011 %3X; DyD4Ds
04 011 1! 01101 x, D,D3;D;s
161 10010 Xpx4 DDy
2 01011 ¥3%4 DyD4Ds
Os 100 2 01111 x3  D,D3D4Ds
I} 10010 %3 DiD4
O¢ 101 2 01111 x3 D;D3D4Ds5 15
I} 10010 ¥3 DiD4

—_ =
— O O 0 NN N R W N =

—_—
A W

—
o)}

—_—

. Construction of OLC set for GSA I' (procedure P;).

2. Construction of partition IT, of the set C! C C.

3. Optimal addressing of microinstructions, corresponding to operator vertices b, €
B, which are components of OLC ¢, € C L

4. Construction of the control memory content.

Construction of the transition table of CMCU.

6. Synthesis of CMCU logic circuit using given logical elements.

|9,

Let us apply this method to the design of CMCU Uy (I3). In this case procedure Py
gives the set C = {a, ..., 07}, where o = (b13), ap = (b1,b2,b3), 03 = (bs,bs, bg),
oy = (b7,...,b10), s = (b11,...,b14), 0 = (b15,b16,b17), 07 = (b19). Let us point
out that the OLC o ¢ C'.

Partition I, can be obtained simply by using the transformed GSA I"(Uy), which
is the same as GSA I'(U). In our example, partition IT. = {B;,B2,B3} is formed,
where By = {a}, B, ={0p, 03,04}, By = {as, 06 }. Let m; be the cardinality num-
ber of class B; € Il;, and L; maximal number of components for OLC o, € B;
(i=1,...,I). Each class B; € Il corresponds to a single unique generalized in-
terval of the R,-dimensional Boolean space, iff each class B; € I, corresponds to a
subtable of Karnaugh map of the size:

V=21 Li(i=1,...,]), (3.32)

where r; = [log, m;]. In case of the compositional microprogram control unit Us(I3)
wehave V| =1,V, =4-4 =16, V3 =2-4 = 8. It is clear that optimal addressing is
possible here, because for R, = 5, the Karnaugh map has 32 cells and we have
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1
20 > 3V (3.33)

i=1

Optimal microinstruction addressing can be executed using some modifications
of well-known algorithms given in [7]. One possible version of optimal microin-
struction addressing for the CMCU Uy (I3) is shown in Fig. 3.16.

T1T2T3
000 001 011 010 110 111 101 100
T4Ts
00 | bg b1g * * b7 * b1 *
01| % * by by bg * b2 b1s
11 * * b2 b5 bg * b13 b16
10 * * b3 be b1o * b4 b7

Fig. 3.16 Optimal microinstruction addressing for CMCU Uy (I3)

We get from Fig. 3.16 that K(B1) = 00 x xx (the address A9 is treated as the
don’t care input assignment because only transitions from outputs of OLC ¢, € C !
are used), K(By) = 1 %%, K(B3) = 10 .

Transition table of CMCU Uy (I") can be constructed using the following proce-
dure:

e construct the system of transition formulae for outputs of OLC ¢, € C ! (proce-
dure Ps);

e replace the OLC outputs in the left part of each transition formula by the symbol
of corresponding class B; € I1;;

o if the transformed transition formulae include k equal transitions, only one of
them should remain in the final system;

e use this system for construction of the transition table with columns: B;, K(B;),
Ly A(L3), Xy, @y, b,

Let us denote this procedure as Py. Its application to GSA I3(Us) gives the fol-
lowing system of transition formulae:

By — x1121 \/flleé \/X]Xg[i;
By — x2151 \/XQX4I61 \/fz)?4]}; (3.34)

B; — X3152 \/f3171.

System (3.34) is constructed using (3.11); and it serves to construct the transition
table of CMCU Uy (I3), including Hs(I3) = 8 lines (Table 3.5).

This table is now used to construct system (3.27), serving as the base to imple-
ment logic circuit of CMCU Uy(T"). This system has the form:
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H4(r> h
O = hyl CrnBi X (F = 1,...,R2), (3.35)

where Bf.’ is a conjunction of variables corresponding to the code K (B;) of class B; €
I1, from the line 4 of transition table (k= 1,...,H4(I")). It means that conjunction
B! has the form:

Bl = ATV (i=1,....1), (3.36)

where [,; € {0,1, %} is a value of the bit r of code K(B;), T’ =T,,T! =T,, T} = 1
(I': 1,...,R2).

Table 3.5 Transition table of CMCU Uy(I3)

B, K(B) I Al X, @ h
By 00x#+ I} 00101 x| D3Ds 1
131 01001 Xjx; DyDs 2
Ii 11000 x1x, DD, 3
By #lsxx I 10100 x, DDs 4
161 10001 xpx4 D;Ds 5
IA% 11010 Xx»x4 D1D2Ds 6
By 10x#x 2 10110 x3 D\D;Dy 7
B 00100 ¥  Ds 8

Synthesis of CMCU Usj logic circuit is reduced to the implementation of system
(3.35) using PLD chips and of control memory using PROM chips. In this case
we can construct, for example, the Boolean function D4 = BSXG \Y, B;X7 =Dxox4 V
T, T>x3, using Table 3.5.

In our example T’ = {7}, T>}, thus R}5(I3) = 2 and we have the relation

Ri(I3) < Ry. (3.37)

Let us point out that this value R}(I3) = 2 is equal to RL5(I3), which represents
the minimum.
The number of lines in transition table of CMCU Uy is determined as

Hy(I') = kiH;, (3.38)

where k; is the number of generalized intervals in R,—dimensional Boolean space,
including microinstruction addresses corresponding to the components of OLC o, €
B;; H; is the number of transitions from the output of any OLC otz € B; (i=1,...,I).
In our example the condition

ki=1 (i=1,....0) (3.39)
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is satisfied for all classes B; € Il and Hy(I3) = 8 < H|(I3) = 9.

Thus, if condition (3.39) is true, the CMCU Uy (I') is characterized by minimal
values of S4(I"), t4(I") and H4(I"), in comparison with the equivalent CMCU U, —
Us. There are some GSAs, for which condition (3.39) is false. In this case, the values
of parameters S4(I") and H4(I") are far from minimum. For example, if B; = {04},
Bz = {062,063,064}, B3 = {0657066,067}, C= {051,...,0(8}, H] = 3, H2 = 5, H3 = 4,
R, = 4, minimal number of transitions is Hy(I") = 12. For optimal microinstruction
addressing we have k| = 1, kp = k3 = 2, and therefore Hy(I") =21 > H;(I") = 13.

Transformation of microinstruction addresses [3] is oriented towards reduction
of hardware amount in CMCU logic circuit, if condition (3.39) is not satisfied. This
method consists on transformation of microinstruction addresses of OLC outputs
into codes of the classes of pseudoequivalent OLC.

Let us encode each class B; € Il by a binary code K(B;) with

Ry = [log, I (3.40)

bits and use variables 7, € T, where |t| = R4, for encoding the classes B; € II,.
Now, the initial GSA I is interpreted by CMCU Us (Fig. 3.17), where an address
transformer AT transforms output addresses of OLC o, € B; into the codes of classes
B; € I1..

In compositional microprogram control unit Us, combinational circuit CC imple-
ments the input memory functions

D =P(1,X), (3.41)
and address transformer AT implements functions of the system
T=1(T). (3.42)

Let us point out that the control memory CM implements always functions
(3.3)—~(3.5). The CMCU Us operates as follows.

[ T
CC [ CT » CM |—»Y
YE
y Y Fetch
Start AT R|TF
Clock Start
E— — S
‘r

Fig. 3.17 Structural diagram of CMCU Us

Pulse "Start" is used to load a zero address into the counter CT and to set up
the flip-flop TF (it gives Fetch=1). If microinstruction Y (b,), where b, # O, (g =
1,...,Gy), is read out of the CM, signal yy is generated and content of the counter
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is incremented, in order to address next microinstruction, corresponding to next
component of the current OLC. If b; = O,, a transition address is generated by
combinational circuit CC using outputs of the address transformer AT and logical
conditions. If microinstruction with yg is read out of the CM, the flip-flop TF is
cleared and operation of CMCU terminated.

Synthesis of CMCU Us(I") includes the following steps:

Preliminary transformation of GSA I'.

Construction of the set of OLC for the transformed GSA I'(Us).
Natural addressing of microinstructions.

Construction of control memory content.

Construction of partition IT, of the set C'.

Encoding of the classes B; € I1..

Construction of the table of address transformer AT.
Construction of transition table of CMCU Us.

Synthesis of logic circuit of the CMCU.

WO s D=

Obviously, the first four steps give equal results for both CMCU U,(I") and
Us(I'"). Let us discuss an example of the CMCU Us(I3) design, starting from point
5 of the design method presented above.

Construction of partition IT. of the set C' = {,..., 04 } results in the partition
II. = {Bi,B»,B3}, where B = {o, }, B, = {0, 03,04}, B3 = {05, 0 }. This step is
executed in a trivial way using only the definition of pseudoequivalent operational
linear chains.

Encoding of the classes of pseudoequivalent OLC is executed in a trivial way
too. In case of the CMCU Us(I3) we have Ry =2, 7 = {71, T2 }. Let the classes have
the codes: K(B1) = 00, K(B,) =01, K(B3) = 10.

Construction of address transformer table is reduced to construction of the
table with columns Og, A(Oy), Bi, K(B;), T4, g, Where column 7, includes functions
T, € T, equal to 1 in the code K(B;) from line g of the table (g =1,...,Gy).

In case of the CMCU Us(I3), output addresses are taken from the addressing ta-
ble shown in Fig. 3.9. The address transformer table for the CMCU Us(I3) includes
G = 6 lines (Table 3.6).

Let us point out that functions 7, € T are specified here only for 6 from all 32
possible input assignments. Thus, it is better to use some PLD chips instead of
PROM chips to implement the logic circuit of address transformer for our partic-
ular example. Of course, in some other cases, PROM chips could be preferable.
It depends on characteristics of the interpreted graph-scheme of algorithm. If PLD
chips are used, the insignificant input assignments can be used to minimize disjunc-
tion normal forms of the functions 7, € 7. We can get, for example, the following
expressions from Table 3.6:

11 =T1LBTTsV T T2T3T4T5;

_ T 3.43
T =T TrT3Ty VT TrT3TyTsN T\ ThoT3T4T 5. ( )

Let us construct the Karnaugh map for function 7; (Fig. 3.18). Using this map,
the minimal form of function 7; can be obtained:
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Table 3.6 Table of address transformer of CMCU Us(I3)

Oy A(Oyg) B K(B)) g 8
0 00000 B 00 - 1
) 00011 B> 01 (7 2
03 00110 B, 01 T 3
Oy 01010 B> 01 (%) 4
Os 01110 B3 10 T 5
O¢ 10001 B3 10 T 6
T1=LTVT. (3.44)

T1T2T3
000 001 010 011 100 101 110 111
T4Ts

00 0 * * * * * * *
01| % * * | * * | * * 1

1" 0 * * * * * *

10| % 0 1 0 * | * *

Fig. 3.18 Karnaugh map for function 1
The same approach gives the minimal form of function 1:
»=TTsVT, 3V TTs;. (3.45)

Construction of transition table is executed by analogy with the case of CMCU
U, and both tables include the same columns. Transition table of the CMCU Us(I3)
includes Hs(I3) = 8 lines (Table 3.7).

Table 3.7 Transition table of CMCU Us(I3)

Bi K(B) L, AL X @, h
B 00 I 00001 X Ds 1
I 00100 Fx» D 2
Il 00111 %X  D3D4Ds 3
B 01 L 01011  xp D>D4Ds 4
161 01111 X2X4 DyD3DyDs 5
I 01001 %X  DiDs 6
Bs 10 Z 01101  x3 D>D3Ds 7
171 10010 X3 DDy 8
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This table serves as a base to get the system (3.41), represented in the form:

¢ = CaBIX, (r=1,...,Ry). (3.46)

Hs(I')
\
h=1
All terms of (3.46) have the same meaning as in case of (3.35); only the term
(3.47) given below is different:

Bl = A i, (3.47)

where [,; € {0,1} is the bit r of code K(B;), 77 =7, T} = 1, (r=1,...,R4). For
example, from Table 3.7 we find that D; = 71 7T2X3.

Synthesis of logic circuit of CMCU is reduced to the implementation of functions
(3.41) — (3.42) using PLD chips and functions (3.3) — (3.5) using PROM chips.
Logic circuit of the CMCU Us(I3) is shown in Fig. 3.19.

Analysis of Fig. 3.19 shows that PLA implementing the address transformer AT
has only 4 inputs, because functions (3.44) and (3.45) do not depend on variable 7.

General analysis of CMCU Us leads to the conclusion that its combinational part
is characterized by minimal values of inputs, outputs and terms, as compared with
all CMCU considered above:

Ryg = Ri=Ry;
ts(r) = Ry; (3.48)
Hs(I') = Hy(I)ifk; =1 (i=1,....I).

We should also remember that CMCU Us includes an address transformer AT. In
consequence, this method is useful only if the total hardware amount of blocks CC
and AT is smaller then the hardware amount of combinational circuit CC of other
compositional microprogram control units. As we know, the hardware amount can
be calculated either as the chip area or as the number of chips, needed for imple-
mentation of the CMCU logic circuit.

Transformation of output codes of OLC is oriented to reduction of the hardware
amount in combinational circuit CC [4]. Main idea of this method consists on ap-
plication of special microinstruction addressing (procedure Ps) and on the transfor-
mation of output code K(O,) into the code of class B; € I1., resulting in the CMCU
Us of Fig. 3.20.

The only difference between CMCU Uy and Us is the application of special
microinstruction addressing, resulting in replacement of (3.42) by the system of
Boolean functions:

t=1=(T"). (3.49)

Both CMCU Us and Ug operate in the same manner, and corresponding design
methods differ only in microinstruction addressing. Let us consider these peculiar-
ities using an example of CMCU Ug/(I3) synthesis. In this case, application of pro-
cedure Py gives the microinstruction addresses shown in Fig. 3.15¢c. Table of the
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X1

N | —

e 2|1, [pa |12 ufefo] or 1 2o
s 3|25 o P2 120502 o [Tz 21
]y 3 [Ps 13k 1D, 3 [T 22
7 472 D 14%D4 4? 23
r, s5|5|s| cc |s]P 155% 5|5 24
TS 6 10 E c1
Yo 7E Cy
Clock 81, . % 17
1 b y
Start 9 " % 1 [prom| 1 *y;
= Co 18[e1 2 2.
g—é 3 3 *w
>k 4
8 [ 1 |Fetch 19[o4 5 c ¥s
— 6 Yo 7
9| 5 19 7% 8
200 Tpia 1] 8
21] o 2|72 6
22| 3
Fig. 3.19 Logic circuit of 294 | cc
CMCU Us(I3)
+1 rﬁ
X Yo
(] T
CC | CT > CM |V
-
YE
4 Fetch
Start i R|TF =
. . Clock | AT Start |
Fig. 3.20 Structural diagram ‘ 7 S
of CMCU Ug

address transformer AT of CMCU Us should be replaced by corresponding table of
code transformer TC, with columns:Og, K(O,), B;, K(B;), T,, &.

Analysis of Table 3.6 shows that the number of terms in system (3.42) can be
reduced using some modification of the well-known state assignment method of
FSM with D flip-flops, used to implement its memory [2]. We use this method for-
mulated as follows: the more elements some class B; € Il include, the more ze-
ros should its code have. Application of this approach for the CMCU Ug(T3) gives
codes:K(B;) = 10, K(B2) = 00, K(B3) = 01. These codes are used in Table 3.8.

From Table 3.8 we get system (3.48) and in particular:T; = T1T,T3; T = T1 T 5.
Logic circuits for both CMCU Us(I3) and Ug(I3) are practically identical, but block
TC can be implemented using PLA chip with three outputs and two terms. There-
fore, application of special microinstruction addressing leads to the decrease of
hardware amount in this particular case.

Transformation of initial GSA is reduced to introduction of some extra vertices
corresponding to additional OLC o, € C? in GSA I'(U,), where

2| <1 (3.50)
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Table 3.8 Table of code transformer TC of CMCU Ug(I3)

O, K(O,) B KB) 1, g
0] 000 B] 10 T1 1
[0)) 001 B, 00 - 2
03 010 B 00 - 3
Oy 011 B, 00 - 4
Os 100 B3 01 T 5
Og 101 Bs 01 T, 6

This idea is an analogue of the one used for optimization of Moore FSM logic
circuit [4] and is presented for the block GSA I3 (Fig. 3.12). In this case OLC
0, 03,04 € By and total number of transitions from these OLC outputs is equal to
9. Let us add an extra block to this GSA I3, corresponding to the OLC og € C? with
input 7} and output Og (Fig. 3.21).

It is clear that the transformation of a subgraph i of GSA makes sense only if
condition (3.51) is satisfied:

AH; > 0. (3.5

T T
7 13 L]
(o2 O3 04

Fig. 3.21 Transformation of
subgraph of block GSA I3

Introduction of extra OLC should not cause exceeding the minimal value of R»,
thus cardinality number of set C should satisfy the following condition:

|C?| < 2R — M. (3.52)

If condition (3.52) holds, transformation of GSA is executed for all subgraphs
satisfying condition (3.51). Otherwise, the subgraphs should be ranked in order of
decreasing AH; value and only first K subgraphs from this list should be trans-
formed, where

K=2R_p,. (3.53)
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Let us call this method procedure Pg. Application of this procedure to the GSA
I3 is shown in Fig. 3.21.

In this case formula (3.53) gives the value K = 32 — 19 = 13. The number of
classes in partition Il is equal to 3, and therefore condition (3.52) holds and the
transformation is possible for all classes B; € Il... In our last example we have the
following values of parameters |B;|, H; and AH;: |B1|=1,H; =3,AH; = —1; |By| =
3,H, =3, AH; =3; |B3| =2, H3 =2, AH3 = 0. It means that the transformation has
sense only for the class B, € IT,. Thus only one extra OLC is added and C* = {og}.

Let the CMCU based on procedure P be denoted by U;. It is clear, that structures
of both CMCU U, and U; are the same. Optimization of the number of combina-
tional circuit CC inputs can be executed due to application of special addressing
for microinstructions, corresponding to operator vertices of the transformed GSA
r'(Uy).

Synthesis of CMCU U;(I") includes the following steps:

1. Preliminary transformation of initial GSA I" (procedure Ps) and construction of
GSA I'(Uy).

Construction of the set C for GSA I' (Uz) (procedure P).

Construction of partition IT,.

Construction of transformed GSA I' (U7) (procedure Fg).

Special microinstruction addressing (procedure Fy).

Construction of the control memory content.

Construction of CMCU transition table.

Synthesis of CMCU logic circuit.

NI R LD

Let us apply this method to the case of CMCU U;(I3). Application of points
1-3 gives the GSA I3(U,) shown in Fig. 3.8, the set C = {a, ..., 07} and partition
HC = {Bl,Bz,B3}, where Bl = {Otl}, 32 = {0627 0(37064}, B3 = {065, OC(,}.

Construction of transformed GSA have been already discussed and is reduced to
introduction of vertex by into the GSA I3(U,). The result of this GSA transforma-
tion is shown in Fig. 3.22.

Special microinstruction addressing is executed in the same way as in previous
example, with OLC outputs encoded using

Rs = |—10g2(G1 —|—G2)—| (3.54)

bits, where |G| = |C?|. Result of procedure Ps used for CMCU U5 (I3) is shown in
Fig. 3.23.

As follows from Fig. 3.23, outputs of OLC o, € C 1'UC? have the following
codes: K(01) =000, K(0,) =001,...,K(O¢) =101, K(Og) = 110.

Construction of transition table of CMCU is executed using the same approach
as the one used in case of CMCU Us. In this case, transition table has 13 lines
(Table 3.9).

Usually, the number of transition table lines for CMCU Uy can be found using
the following expression:
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Fig. 3.22 Transformed GSA I3 (Uy)
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T1T2T3
000 001 010 011 100 101 110 111
TaTs
00 18 3 6 10 14 17 20 *
01 * * 7 11 * * 19 *
11 1 4 8 12 15 * * *
10 2 5 9 13 16 * * *
Fig. 3.23 Special microinstruction addressing for CMCU U5 (I3)
1
Hy(I') =Hy(I') = Y, AH;-C;, (3.55)

i=1

where C; is a Boolean variable, equal to 1 iff the class B; € Il. was transformed.

Table 3.9 Transition table of CMCU Uy (I3))

0, KO, I Al X @, h
o 000 0 00010 x Dy 1
Il 00110  Xx» D3Dg 2
[‘{ 01001 X1X2 D, Ds 3
0 001 I 11000 1 DD 4
03 010 I 11000 1 DD, 5
O, 011 I 11000 1 DD, 6
Os 100 2 01101 3 DyD3D4Ds 7
I 10010 3 DDy 8
Os 101 2 0l x3 DyD3D4Ds 9
2 10010  x3 DDy 10
03 110 01101 x D>D3Ds 11
1 10010  Xx4 DDy 12
2 01011 %%  DyD4Ds 13

This transition table serves as the base for construction of the system (3.27), with
functions represented in the form (3.25).

Synthesis of logic circuit of CMCU U (I') is executed in the same manner as
in case of CMCU Us(T").

Let us point out that the transformation of GSA allows to reduce the number of
transition table lines in comparison with Hz(I"), but this merit is accompanied with
some negative effect, namely increase of the number of cycles needed to execute the
transformed control algorithm.

In Table 3.10 the main characteristics of CMCU U; — U; are compared. Symbol
Hin stays here for the number of transition table lines in case of CMCU U, (I'),
whereas symbol Hp,x is used for the number of transition table lines in case of
CMCU U,(T"). Analysis of this table leads to the conclusion that CMCU U4(T")
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has the best characteristics, but as should be remembered, these characteristics are
achievable only if condition (3.39) is satisfied. In case of CMCU Us(I") and Us(I")
the main characteristics are also minimal, but the use of additional blocks, consum-
ing either some area of the chip (if the control unit is implemented as a part of digital
system on single chip) or some additional chips if standard PLDs should be used to
implement logic circuit of the CMCU. Control unit U;(I") has an average hardware
amount, but performance of the controlled digital system decreases due to higher
number of cycles required to execute the control algorithm. Thus, a priori choice
of the best model of CMCU is not possible. Here, the expression "a priori" is the
equivalent of "without implementation of CMCU logic circuit". Final choice of the
best model of CMCU can be made only after implementation of logic circuits for all
microprogram control units U; — U7, using particular programmable logic devices
and particular control algorithm. As always in this book we assume that the best
model of CMCU is the one, which combines minimal possible hardware amount
(of all models analyzed) with performance meeting the initial requirements of the
digital system designer.

Table 3.10 Comparative characteristic of CMCU U, — Uy

Model Boolean systems Parameters of PLDs Comments
Uy O=0(1,X) ¥=¥(1,X) S(I')=R +L Minimum
tH(')=Ri+R Maximum
Hy(T') = Huin Minimum
U, D =P(T,X) S$2(I') =Ry +L Maximum
nH() =R, Minimum
H>(I') = Hnax Maximum
Us O = d(T',X) S3(I) =R +L > 851(I")
() =R, Minimum
H3(I') = Hiax Maximum
Us O =d(T' X) Sy(F) =Ry +L >8,(I)
() =R, Minimum
Hy(I") = Hpin Minimum if (3.39)
Us @ =&(1,X) 1=1(T) Ss(I') =Ry +L Minimum
ts5(I') =R, Minimum
Hs(I') = Huin Minimum
Us D=0(1,X) t=1(T") Se(I') =R4+L Minimum
(') =R, Minimum
He(I') = Hin Minimum
Uy O = d(T',X) S3(I) =Rs+L > 8§1(I")
t7(F') =R, Minimum

Huin < H7(I') < Hinax Average
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Chapter 4

Synthesis of compositional microprogram
control units with code sharing

Abstract The chapter is devoted to the design methods based on the so-called code
sharing , in which the microinstruction address is represented by concatenation of
the OLC code and the code of its component. This representation makes possible
using special methods of Moore FSM optimization adapted to the peculiarities of
CMCU. In this case, the OLC codes are viewed as analogs of the states codes of
Moore FSM. This approach permits to reduce the number of inputs and outputs of
the combinational part of CMCU. Additional decrease can be achieved due to the
application of elementary OLCs having only one input. In this case, the address of
first component of each OLC is represented by all zeros and permits to diminish the
number of functions generated by FSM.

4.1 Synthesis of CMCU basic model with code sharing

One of the main goals of all methods discussed in previous chapters is minimiz-
ing the number of feedback variables used as inputs of combinational circuit CC
for generation of transition addresses. One solution of this problem is the method
of code sharing proposed in [3] and adapted to the peculiarities of compositional
microprogram control units.

Let each operational linear chain o, € C corresponds to a binary code K(o)
with the following number of bits:

Re = [log, G, (“.1)

where G = |C|, and let variables 7, € T be used for this encoding (|7| = Re). Let L,
be the number of components in OLC ¢, € C. We find the following relation:

Liax = max(Ly,...,Lg). 4.2)

Let components b, € D% of OLC o, € C be encoded by binary codes K (b,) with
the following number of bits:

99
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R7 = [logy Limax |- (4.3)

Let some variables 7, € T, where |T| = R7, be used for this encoding. Let us
encode the components in such a way that any pair of adjacent components b;, b, €
D# of OLC a, € C, where (b, b,) € E, satisfies the condition:

K(by) = K(b;)+1. (4.4)

In this case an address A(b,) of microinstruction, corresponding to vertex b, €
Dé#, can be represented by a concatenation of the codes of OLC o, € C and its
component K(b,):

A(bg) = K(o) xK(by), (4.5)

where * is a sign of concatenation. The address presentation (4.5) is called code
sharing [3,7].

If microinstruction addresses are given in the form (4.5), the initial GSA I is
interpreted by CMCU with code sharing (Fig. 4.1), denoted in this book as CMCU
Us.

+1
X Yo
— @ v
cc 4|_CT—|—T> CM Y
A A -

Start Ve Fetch
Clock sl T |28

vy Start
- =s
Fig. 4.1 Structural diagram | RG |‘

of CMCU Ug

A

In the CMCU Ug, combinational circuit CC implements the following input
memory functions for counter CT

@ =d(1,X), (4.6)
and input memory functions for register RG
¥ =¥(1,X). 4.7

Control memory CM of CMCU Ug implements the system of output functions

Y =Y(1,T); (4.8)
yo =y0(7,T);
ve =ye(t,T). (49)

The CMCU Ug operates in the following manner. Zero codes are loaded into both
RG and CT using pulse "Start". It corresponds to the address of first microinstruction
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of a particular microprogram. This pulse causes also the set up of flip-flop TF (now
Fetch=1) and microinstructions can be read from the CM. Current microinstruction
is fetched out of the control memory CM. If concatenation of contents of register
RG and counter CT forms an address A(b,), where b, € D# and b, # Oy, variable
yo = 1 is generated together with microoperations y, € Y (b,). If yo = 1, content
of RG remains unchanged, but the content of CT is incremented according to the
addressing mode (4.4). If concatenation of the contents of register RG and counter
CT forms an address A(b,) of OLC a, € C output, then yo = 0. In this case transition
address is generated by combinational circuit CC. If the concatenation of contents
of register RG and counter CT forms an address A(b,), where (by,bg) € E, signal
yE is generated, flip-flop TF is reset and operation of CMCU terminated.
Such organization of CMCU gives the following advantages:

1. Microinstruction addresses are not used as state codes of addressing FSM. States
codes correspond to the codes of OLC and can be chosen arbitrarily. It means
that all known methods used for optimization of Moore FSM logic circuit can
be used to optimize the logic circuit of addressing FSM §; of CMCU with code
sharing.

2. Combinational circuit CC uses only Rg feedback variables and reduces the num-
ber of inputs, in comparison with CMCU U,.

3. Microinstruction address has

Ry =R¢+R7 (4.10)
bits and if the following condition holds
Rs =R», 4.11)

the number of outputs of combinational circuit CC attains minimum.

If however condition (4.11) is violated, and the following inequality is satisfied
Rg >R, (4.12)
control memory size is increased
2Rk (4.13)

times in comparison with its minimal value, determined as
Vimin = 252 -my, (4.14)

where my is the number of bits (length) of the control memory word. It depends on
encoding of collections of microoperations. Therefore, application of code sharing
makes sense only if condition (4.11) is satisfied.

Synthesis of CMCU Uy includes the following steps:

e Preliminary transformation of initial GSA I'.
e Construction of the set C for transformed GSA I'(Us).
e Encoding of operational linear chains o, € C.
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Encoding of OLC oy € C components.

Construction of control memory content.

Construction of CMCU Ug(I') transition table.

Synthesis of CMCU logic circuit using given logical elements.

Let us discuss application of this method for synthesis of CMCU Ug(1I3), with
the transformed GSA I;(Ug) shown in Fig. 4.2.

It should be pointed out that transformation of the initial GSA is reduced to
application of procedure P;. Obviously, in the case of GSA Ii, variable yg was
inserted into the vertices b14 and by7 of the initial GSA in order to organize the stop
mode of CMCU Ug(I3).

Construction of the set of OLC is executed using procedure P;. In our example
we get C = {061,...7066}, where o = <b1,b2>, ]11 =b,01=by, L1 =2, op =
<b3,b4,b5>, 121 = b3, 122 = 02 = b5, L2 = 3; o3 = <b6,b7>, 131 = b6, 03 = b7, L3 = 2;
o = (bs,bo,b1o), I} = bg, O4 = b1, La =3; 05 = (b11,...,b1a), I = b1y, Os = bya,
Ls =4; 0 = (by5,b16,b17), I} = bis, O = b17, L = 3.

Encoding of OLC is executed in a trivial way. In present example we have
G =6, and Rg =3, T = {71, T2, 3}. Let us encode the OLC o, € C as:K(ot) =
000,...,K(0g) = 101.

Encoding of OLC components is executed in such a way, that condition (4.4)
takes place for all components. To achieve this, it is sufficient to assign the number
0 to the first components of all OLCs, the number 1 to the second components of all
OLCs, and so on. Binary representations of these numbers using R7 bits are treated
as the codes required for these components.

In present example Ly.x =4, T = {11, >} and codes of components are shown
in Table 4.1.

Table 4.1 Codes of components for CMCU Ug(I")

Kbg) | o0 oo oz ou o5 o

00 by by be bs by bis
01 bz b4 b7 b9 b12 blﬁ
10 - bs - bio bz by
11 - - - - by -

Encoding of both OLCs ¢, € C and their components gives the table of Fig. 4.3,
representing microinstruction addresses (4.5).

Using this table we find, for example, that A(b4) = 00101, A(b7) = 10110, and
SO on.

Construction of control memory content is executed using the same approach
as for CMCU U,-Usg.

Construction of transition table of CMCU Uy is performed in the same order
as in case of CMCU U, but the OLC outputs in the left parts of transition formulae
are replaced this time by symbols of corresponding OLC ¢, € C'. In consequence,
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YaYs | bis

Y3 | big

Yoyaye | by7
-————
be

Fig.4.2 Transformed GSA I1(Us)
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T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00| by b3 be bg b1 bis

01] b, b4 b7 be biz | bis

1] % bs * b1o b3 b7

* | % [ | X
¥ [ ok [ % |k

10 % * * * b | *

Fig. 4.3 Microinstruction addresses for CMCU Ug(T")

the following system of transition formulae can be found for CMCU Ug(I"), where
set C' ={oy,...,04}:

o — x1121 \/Xlleg \/fllei;
o — X3122 \/X3)C4151 \/f3f411; @.15)
o3 — X3123 \/X3)C4151 \/f3f411; ’

oy — X3122 \/X3)C4151 Vf3f4[61.

Transition table of CMCU Ug includes the following columns: o, K (ch), I,
A(],{l), Xn, Y, Dy, h, where column ¥, contains input memory functions used to
load OLC code K(0,) into register RG, and column @, contains input memory
functions necessary to load the code K(b,) of some component of OLC ¢, into
counter CT, where b, = Iy, h=1,...,Hg(T"). The transition table of CMCU Ug(T")
has Hg(I1) = 12 lines (Table 4.2).

Table 4.2 Transition table of CMCU Us(I4)

o, K(og) I Al X YW, @ h
;000 I} 00100 x| Ds - 1
01000 ¥x» Dy - 2
IA{ 01100 XX D, D3 — 3
o 001 2 00110 X3 Dy Dy 4
110000 ¥x4 Dy - 5
I} 10100 %X DiDs - 6
oz 010 I3 00110 X3 Dy Dy 7
151 10000  X3x4 D, — 8
I6I 10100  x3x4 D1D3 — 9
oy Ol 2 00110 x3 Dy Dy 10
I} 10000 ¥4 Dy - 1
I} 10100 %X DDy - 12

This transition table serves for construction of systems (4.6)—(4.7), depending on
the terms
Fy=AlX, (h=1,....Hg(I')), (4.16)
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where Ag is a conjunction of variables 7, € T, corresponding to the code K (o) of
OLC o, eC ! from the line h of the table. From Table 4.2 we find, for example, that
Dy =T1Tot3x3 VT 1 7o T3X3 V T T T3X3.

Synthesis of logic circuit of CMCU reduces to the implementation of systems
(4.6)—(4.7) using PLD chips and of systems (4.8)—(4.9) using PROM chips. Logic
circuit of CMCU Us(I2) is shown in Fig. 4.4.

xe el e [1|2 12140 | ga |10 5
2] 2 > |D2_1319)p, 2|72 6
X3 313]3 3 [D:_14[14p, 307 7
X3 4lafq 4[4 m%T
7) 5%2 5(Ds 1621 C
¥ GI 7
Ti 5
73 7|8 C 151, c1 |1
17|16 T2 6
i P B G I

SE
e

Ye 9|8 . 0 18
Clock 10

18 C 19
Start 11[11 2 1975
9 Fetch 20
R T ol 1 [Prom] 1 >
10 ~12 2 4>y3
—1S L 713 3>,
53 4 4y
=4 5 5"
— 5 Yo 8
. . . . 20 Vi

Fig. 4.4 Logic circuit of cs 78

CMCU Ug(I")

In present case condition (4.11) holds and minimal values of both the number of
combinational circuit outputs and size of control memory are obtained. It is possible,
however, that condition (4.11) is violated, as can be seen from addressing table of
CMCU Us(I) (Fig. 4.5).

As follows from Fig. 4.5, the number of microinstructions M, = 19 and R, =5,
but Lyax = 6 (for the OLC 03), and in consequence R7 = 3. In this case the set C
includes G = 6 operational linear chains, shown in Fig. 4.5, and R¢ = 3 variables are
necessary for the encoding. Therefore, Rg + R7 = 6 and condition (4.11) is violated.
According to (4.13), the control memory size grows twice, in comparison with V.

In order to satisfy condition (4.11), some of the initial OLCs should be trans-
formed in such a way that the value of L« could be reduced. Let us call this trans-
formation a procedure Py, having the following steps:

1. Find the OLC o, € C with Ly = L.

2. Divide the OLC ¢, by two OLCs o, and 0g1 in such a way that L, is reduced
twice.

PutG:=G+1

Find new value of parameter L.

Find new value of parameter Rg.

If Rg = R», go to point 8.

SAINAE
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nnr3 A 2 a3 “4 as g

000 001 010 011 100 101 110 111

T1T2T3

000 by by b b1z b13 big * *
001 by bs by * b4 b1 * *
010 b3 * bg * bis * * *
011 * * bg * b1s * * *
100 * * b1o * b7 * * *
101 * * b1 * * * *
110 * * * * * * *
111 * * * * * * *

Fig. 4.5 Microinstruction addresses for CMCU Us(I;)

7. If Lmax = 1, go to point 8, else go to point 1.
8. End.

In case of CMCU Ug(I},), this transformation can be performed as follows. In
the first step, the OLC og is chosen (because L3 = Ly,x = 6), and two new OLCs
are constructed, namely o3 = (bg,b7,bs) and o7 = (by,b19,b11). Next, the OLC
o5 is chosen (because Ls = Ly, = 5), and two new OLC are constructed: o5 =
(b13,b14,b15), ag = (b16,b17). Now the following values are got: Ly,x = 3, R7 =2,
G =8, Rg = 3, R§ = 5 = R;. Their analysis shows that application of code sharing
method can be chosen. The microinstruction addresses for CMCU Ug (I ) are shown
in Fig. 4.6. They were obtained after application of procedure Py to the initial set of
operational linear chains.

717273 X a as ay as Qg aq ag
001 010 011 100 101 110 111
T1T2
00 b1 by bs b1z b3 b1s bg b1e

01 b, bs b7 * b1s b1z b1o b17

11 bs * bg * b1s * b14 *

10 % [ % | % | * | % | % | % | %

Fig. 4.6 Microinstruction addresses for CMCU Ug(T};) after transformation of OLC

If condition
Linax > 1 4.17)

is violated, then CMCU Ug degenerates into the Moore FSM (Fig. 4.7).
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X
4 T >

cC » RG CM
3
Fetch
R|TF

. M Start
Fig. 4.7 Structural diagram Clock | =
of degenerated CMCU Ug

The CMCU Ug can be considered as an intermediate variant between classic
Moore FSM (Fig. 4.7), and CMCU U,, where automaton memory of FSM S is
represented by a counter (Fig. 3.5).

Let us construct the block GSA I and mark it by states of Mealy FSM (Fig. 4.8).
Its analysis shows that R};B(IZ) =2,H\(I3) =7, 81(I2) =6, 11 (I1) = 7. Therefore,
the following relations are true for CMCU U; and Us:

Rhp(I) < R¥p(I); (4.18)
11(I') > t3(I") = Ry; (4.19)
H (") < H3(I") = Hppax. (4.20)

The form of relations (4.18) and (4.20) follows from the fact that the addressing
FSM S of CMCU U; is the Mealy FSM, but this very FSM is the Moore FSM in
case of CMCU Us. Obviously, parameter values of the addressing FSM of CMCU
Uy can be reduced by means of well-known optimization methods developed for the
Moore FSM [2,4], which should be adapted to the peculiarities of the code sharing.
This optimization should be oriented towards reduction of parameters ngE 5(I") and
Hg(T).

4.2 Optimization of logic circuit of CMCU with code sharing

The codes of OLC o, € C ! for CMCU Uy are analogues of the Moore FSM state
codes. In consequence, three methods serving to reduce the hardware amount of the
CMCU Ug combinational circuit can be proposed:

e optimal encoding of OLC ¢, € C';

e code transformation of OLC o, € C Uinto the codes of the classes of pseudoe-
quivalent OLC;

e transformation of initial GSA I"(Us).

Optimal encoding of OLC [6] can be obtained in the same way as the codes
K(oy) of OLC oy € B;, where B; € II., II. is a partition of the set C! into the
classes of pseudoequivalent OLC, belonging to the same generalized interval of Rg—
dimensional Boolean space. In this case, interval K(B;) is considered as the code
of the class B; € Il.. The OLC encoding can be performed using some well-known
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Fig. 4.8 Block presentation
of GSA I

methods, such as the one described in [1], or as the algorithm ESPRESSO [8, 10].
Optimal encoding of OLC results in the CMCU Uy of Fig. 4.9.

—» o y

cc CT—|—T> CM  |—mY
Start VE Fetch
Clock Rl TF etc

Start

v Yy ; s
Fig. 4.9 Structural diagram ‘ | RG |“

of CMCU Uy T

The set 7/ C 7 includes variables 7, € T, which are significant variables in the
sense of [9], used for determination of the codes K(B;) of classes B; € Il.. Compar-
ison of CMCU Ug and Ug shows the identity of their operation modes, but in later
case, combinational circuit CC implements the functions:
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@ =7 X), 4.21)
¥ =y(7,X). (4.22)

Synthesis of CMCU Uy(I") includes the following steps:

Transformation of initial GSA I" (procedure Py).

Construction of OLCs for the transformed GSA I'(Uy) (procedure P;).
Construction of partition IT, on the set C'.

Optimal encoding of OLC o, € C I and arbitrary encoding of operational linear
chains o, ¢ C'.

Encoding of components of OLC o, € C.

Construction of the control memory content.

Construction of CMCU Uy (I') transition table.

Synthesis of CMCU logic circuit with given elements.

Ll S

PN

Let us discuss an example of the CMCU Uy(I) synthesis, with sets C =
{oq,...,06} and C' = {0,...,04}. The partition of set C' into classes of pseu-
doequivalent OLCs is: I, = {B;,B,}, where B = {o}, By = {o, 05,04 }. We
have R¢ = 3 and one possible variant of OLC o, € C encoding is shown in Fig.
4.10.

$273
00 01 11 10
7
0 o a, a3 as
Fig. 4.10 Optimal encoding 1 * ay * @
of OLC for CMCU Uy(I3)

All intervals occupied by codes of OLC o, ¢ C I"are considered as insignificant
input assignments, because transitions from these OLC outputs are not included in
the transition table of CMCU Uy. Thus, in our case, we have the following codes:
K(By) =xx0,K(By) =*x1,and, 7 = {13}.

Encoding of the components of OLC ¢, € C is executed in the same way, as
for CMCU Ug. Microinstruction addresses for the CMCU Uy (I%) are shown in Fig.
4.11, from which we can get for example: A(bj2) = 01001, A(b;7) = 11010, and so
on.

Construction of control memory content for CMCU Uy is executed using the
same approach as for other CMCU discussed above. It could be done simply replac-
ing vertices b, € B; by corresponding sets of microoperations from the addressing
table. In the case of CMCU Uy(I3) it is shown in Fig. 4.12.

It follows from Fig. 4.12, for example, that microoperations yg,y2,ys should be
placed in the control memory cell addressed by 10101, and so on.

Construction of transition table for the CMCU Uy (I2) is executed using proce-
dure P, as in case of the CMCU Uy transition table. The initial system of transition
formulae (4.15) is replaced by STF (4.23):
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717273
001 010 011 100 101 110 111
T1T2
00 b b3 b1 be * bg bis *
01 by bs b1z by * by b1s *
1 1 b5 b13 * b10 b1 7 *
10 * b4 * * * *
Fig. 4.11 Microinstruction addresses for CMCU Uy (I7)
717273
000 001 010 011 100 101 110 111
T1T2
00 | Yoy1y2| YoYa | Yoytys| Yoy * | Yoy1Ya [ Yoy2Ys *
01| ys |Yoyiys| Yoys | Vs % | voyays| Yoys *
1" %* | Yoyaya * Ya |YoyaYe| %
10 * | viysyve * * * *

Fig. 4.12 Control memory content for CMCU Uy (I)

which is used for construction of Table 4.3.

B, — x1121 \/761)62[31 \/761%2141;

B, — X3122 \/763)64151 V)?3)74]61,

(4.23)

This transition table serves for construction of Boolean systems (4.21)—(4.22),
which depend on terms

/
Fh:B;Xh (h:175H9(F))7
where
R
/1 N Lir
Bi :ré\lfr (1217 ,I)
Table 4.3 Transition table of CMCU Uy (I3)
B K(B) In Alh) X W @ h
B K(B) L Al X» W @ h
B] %0 121 00100 X1 D3 - 1
131 01100 Xxjx; D,D3 = 2
Ii 10100 x1x, DiDj - 3
B $k 1 122 00110 X3 D3 Dy 4
151 01000  X3x4 D, - 5
161 11000 x3x4 DyDj - 6

(4.24)

(4.25)
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Conjunction (4.25) corresponds to code K(B;) of some class B; € Il from the
line h of transition table, /;» € {0,1,*} is the value of bit r of the code K(B;), where
©=7,,17 =1,7 =1(r=1,...,Rs). The following expression can be found, for
example, using Table 4.3: D> = F> V F5V Fg = T3X1x2 V T3X3X4 V T3X3X4.

Synthesis of logic circuit of CMCU Uy (I3) consists in implementation of systems
(4.24)—(4.25) with given PLD chips and control memory implementation using ei-
ther PROM or RAM chips.

The parameters of the combinational circuit CC of CMCU Uy are determined by
the following expressions:

Ry = |T| <Rs; (4.26)

t9(I") < Ry (4.27)
1

Ho(I') = Y kiH;. (4.28)
i=1

Here k; is the number of intervals of an Rg- dimensional Boolean space with
codes of OLC o, € B;, where B; € Il;; H; is the number of transitions from the
output of any OLC o € B;.

In this case all parameters (4.26)—(4.28) have minimal possible values among all
corresponding parameters of the CMCU U;~Us, namely: Ry5(I3) = 1 < RLp(I3) =
2,19(I2) =4 < Ry, Hy(I3) = 6 < H (I') = 7. Unfortunately, the optimal OLC en-
coding with k; = 1 for all classes B; € I, is not always possible. For example, if
C = {O(l,...,(xg}, B = {061}, B, = {0627053,064}, B3 = {065,(16,()57}, C1 = {058},
optimal encoding gives k; = 2 for the classes B,, B3 € I, and the increase of param-
eter values for combinational CC circuit.

Let us point out, that 79(I") < R, for the CMCU Uy (I2), but this result was ob-
tained by chance.

Transformation of OLC codes is executed by analogy with the transformation
of Moore FSM states, discussed in Section 2.4. Let each class B; € I, correspond
to a binary code K(B;) with R4 bits, determined from the formula (3.40) as Ry =
[log, I, where I = |I1.|. Let variables z, € Z be used for this encoding, where |Z| =
R4. The GSATT is interpreted here by CMCU Uy (Fig. 4.13). The code transformer
TC generates the codes of B; € I, classes, on the base of the OLC a, € B; codes.

The operation principle of both CMCU Uy and Us is identical. In case of CMCU
Ujo, block TC generates the functions

Z=27(1), (4.29)
and combinational circuit CC implements the systems:

@ = ®(Z,X),

¥ = ¥(Z,X). (4.30)

Synthesis of CMCU Ujo(I") includes the following steps:
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CcC

YE
Fetch
R|TF

Start
ar s

N

Fig. 4.13 Structural diagram of CMCU U

Transformation of initial GSA (procedure Py).
Construction of OLC set for transformed GSA I"(Uy).
Construction of partition IT, of the set C'.

Encoding of OLC o € C and of their components.
Encoding of classes B; € I1,.

Construction of the control memory content.
Construction of CMCU transition table.

Construction of the table of code transformer TC.
Synthesis of CMCU logic circuit with given elements.

XNk wbh =

Let us discuss application of this method for synthesis of CMCU Uy, using the
GSA I5(Uy) (Fig. 4.14).

Application of procedure P; to the GSA I5(Uy) results in the set C = {ai,..., 08},
where o = (b1,b2), 111 =by,01=by, L) =2; 0p = (b3,ba,bs), 121 = b3, 122 =0, =
b5, L2 = 3; o3 = <b6,b7>, 131 = b6, 03 = b7, L3 = 2; Oy = <bg7b9,b10>, Ii = bg,
O4 = b1g, Ly = 3; 05 = (b11,b12), I = b1y, Os = b1n, Ls = 2; a6 = (b13,b14,b15),
I} =b13, 06 =b1s,Lg =3; a7 = (big, ..., b19), I} = b1, I3 = b3, 07 =b19, L1 =4;
og = (by), Ig = 0g = by, Lg = 1.

It follows from Fig. 4.15 that class B; corresponds to the code K(B;) = 000,
the class B to the code K(By) = 1x** (input assignment 110 is considered as
"don’t care"), the class Bz to two generalized intervals of 3—dimensional Boolean
space (Re = 3) and to the codes: K(B}) = 01* and K(B3) = x10. Encoding of the
components of OLC ¢, € C results in microinstruction addresses, shown in Fig.
4.16, where we get the following sets and parameters: T = {7;,T2, 73}, R¢ = 3,
T={N,Tr},R; =2 (Lmax = L7 =4).

Let us encode the classes B; € I, in the following way: the more elements the
class B; € I1. includes, the more zeros its code contains. In our case I = 3, Ry = 2,
Z ={z1,22} and classes B; € I, have the codes: K(B;) = 10, K(B,) =00, K(B3) =
01. We call this approach a special encoding of equivalence classes.

As in previous cases, construction of the control memory content is executed in
a trivial way. Transition table of CMCU Uy includes the columns B;, K(B;), I,
A(I,J,l), X, W, Dy, h, and is constructed with help of procedure Py. In case of CMCU
U0(I3), corresponding system of transition formulae is:
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b b
o | v o | e |
— ! '
2 b 2 b,
Ve bs | Y2 7 | Y2Y4 9
1 AO
i 0 ¢_1‘0T
| YoY4 | by | Y1Yo | b3 Y1Ys | by
Y3 bz Ys | b4 Y2 | b7
v ,
| Va4 | b1s | Yays | big
Y
Y1 big

Fig. 4.14 Transformed GSA I5(Us)

113
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273
00 01 1 10
51
0 ) as ag ar
Fig. 4.15 Optimal encoding 1| o a3 ay ag
of OLC for CMCU Uy (I5)
717273 % as aq 273 [2%) ay ag ay
000 001 o010 011 100 101 110 111
T1T2
00 b4 b1 b1e b1z b3 be bao bg

01 b b1z b7 b4 by b7 * by

1" * * b1g b1s bs * * b1o

10 % [ % | b | * | % | * | % | %

Fig. 4.16 Microinstruction addresses for CMCU Uy (I3)

B, — X1121 \/fl)C213l Vfllei;
By — x3xs505 V x3XsI2 V X3xal) V XsXalh;
B3 — x3I VI3 5.

This system corresponds to Table 4.4 with Hyo(I5) =9 lines.

Table of code transformer TC is built by analogy with the table of OLC output
codes transformer for CMCU Uy and includes columns o, K(0t), Bi, K(B;), Zg, g,
column Z, with variables z, € Z, equal to 1 in the code K(B;) of line g of the table
(g=1,...,Gy). In our case the table of TC includes G| = 7 lines (Table. 4.5).

Transition table of CMCU is now used to construct functions (4.30), with terms:

F=2'%, (h=1,...,H()), 4.31)

where Z{“ is a conjunction of variables z, € Z, corresponding to code K(B;) of class
B; € I, from line h of the table. We can get (Table 4.4), for example, the expression
Dy = F4 V Fo = 7122%3%5 V 21 22X3.

Table of CMCU code transformer serves to build functions (4.29), where the
terms A, are determined as:

A= 0 (o1 .G 432
g v (¢=1,...,Gy), (4.32)

r=1

and I, € {0,1} is the value of the bit r of code K(ag), 0 =7T,, 1} =1, (r =
1,...,R). For example, we get from Table 4.5 that: 7o = A5V Ag V A7.

Optimal encoding of OLC permits to reduce the number of terms in (4.29).
For example, using OLC codes from Fig. 4.15, the following minimal form of the
Boolean function z; can be found: 2o =773 V T 1p.

As in previous cases, block CC is implemented with PLD chips and the control
memory with PROM or RAM chips. Block TC can be also implemented using PLD
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Table 4.4 Transition table of CMCU U (I3)

B K(B) I, A(l) X, ¥, @, h
B 10 b 10000 x| D - 1
131 10100  X1xo D D; — 2
Ii 11100 x1x» D\DyDs3 - 3
B, 00 2 10010 x3xs D) Dy 4
100100  x3%s Ds -5
I} 01100 ¥xsu  DoD3 - 6
I 01000 %%y D> - 7
B3 01 Ig 11000 X3 D]Dz - 8
172 01010 X3 D, — 9

Table 4.5 Table of code transformer of CMCU Uy (I5)

o, K(og) B K(B) Zg ¢
o 000 B 10 Z, 1
(053 100 B 00 - 2
o3 101 By 00 - 3
Oly 111 B> 00 - 4
(073 001 B3 01 Zy 5
Og 011 B3 01 Z, 6
o 010 B3 01 Z, 7

chips (if system Z includes less than 50% of all possible terms) or PROM chips
(otherwise). In this case, system (4.29) includes 3 terms and therefore PLA imple-
mentation can be used. Logic circuit of CMCU Uj(TI5) is shown in Fig. 4.17.

We find that the parameters of CMCU U)o (I3) and U, (I3), are: Ri%(I3) = 2,
to(I3) = 4, Hio(I3) = 9; Rh5(I5) = 2, 11(I3) = 7, H; (I5) = 10. This comparison
shows the following common rules:

RY% =Ry =Ry; (4.33)

tlo(r) < Rg; (434)
1

Hyo(I") = Y Hi <H(T). (4.35)

i=1

Thus, combinational circuit CC of CMCU U has minimal possible parameter
values, but the use of additional block TC, consuming additional hardware, is nec-
essary. These values could be reduced, due to optimal OLC encoding and special
encoding of equivalence classes B; € Il.. For example, if the classes B, and B3 are
interchanged (Fig. 4.15), function z would be equal to: zo = 1.

Transformation of GSA I'(Us) consists on introduction of additional operator
vertices and gives smaller number of lines in the transition table, without using addi-
tional TC block. Let symbol U;; stay for CMCU, based on this property. Structural
diagrams of both CMCU Ug and Uj; are the same. As in case of CMCU Uy, extra
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vertices correspond to additional OLC o, € C?. Synthesis method for the CMCU
Uy (I') is an analogue of the one used for CMCU U (I'), but condition (3.52) takes
now the form:

|C?| =28 —G. (4.36)

If the number of new vertices exceeds the value determined by (4.36), the number
of bits in OLC code increases and, therefore, the number of bits for microinstruction
addressing will also exceed the minimal value R;.

Synthesis of CMCU Uy (I") includes the following steps:

1. Transformation of initial GSA I" (procedure P;) and construction of the trans-
formed GSA I'(Us).

Construction of the set of OLC (procedure P;).

Construction of partition IT,.

Construction of transformed GSA I'(U;;) (procedure Py).

Optimal encoding of OLC ¢, € C L

Encoding of components of OLC o, € C luc?.

Construction of control memory content.

Construction of transition table for CMCU.

Synthesis of logic circuit for CMCU.

A S IR e

Let us discuss application of this method for synthesis of CMCU Uy interpret-
ing the GSA Ig. This GSA is transformed into GSA I¢(U,) using procedure Py
(Fig. 4.18).

Application of procedure P; to GSA I(Uz) gives the OLC set C = {ay, ..., 07},
where o) = <b1,b2>, Ill =b1,01=by, L1 =2;0p = <b3,b4,b5>, 121 = b3, O = bs,
Ly =3; 03 = (be,b7), I3 = bs, 03 = b7, L3 =2; ou = (bs,...,b11), I} = bg, I} = byo,
Os =bi1, Ly = 4; a5 = (b12,b13), 1§ = b1a, Os = b3, Ls = 2; 06 = (b1a, b5, by6),
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Fig. 4.18 Transformed GSA I(U)
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16] = b4, Og = b6, Le =3; 07 = <b17,b18>, 171 =b17, O7 = b1g, L7 =2. The output
of the OLC ¢ is connected to the final vertex b, and therefore C! = {ay, ..., a6}
Partition of the OLC set includes 2 classes, namely IT. = {B;,B,}, with B| =
{o,05,06}, By = {0, 03,04}.

Classes of partition Il have the following parameters: |B;| = 3, |H;| = 3,
AH, =3, |B;| =3, H, =4, AH, = 5. Tt means that the transformation of GSA
makes sense for both classes.

According to (4.36), the GSA I4(U,) can be transformed by introduction of
23 —7 = 1 additional operator vertices. In other words, the queue y = (B>, B;)
should be organized. Blocks B; € I1 are listed in the order of diminishing parameter
AH; > 0. Thus, only the subgraph of GSA corresponding to the class By € I, can be
transformed. The transformed subgraph of GSA I(U,) is shown in Fig. 4.19. This
transformation introduces the vertex bjg, all other connections in the GSA Ig(U>)
being the same as in the GSA Ig(Ua).

Further decrease of the number of transitions is possible due to optimal encoding
of OLC oy € C! UC?, where the set C?> = {05} with an extra OLC o5 = (by),
Ig = Og = by9. Code K(0ar7) corresponds to insignificant input assignment, because
o7 ¢ C'. Outcome of optimal OLC encoding is shown in Fig. 4.20.

YaYs bs b7 YoYa b1

Fig. 4.19 Transformed sub-
graph of GSA Is(Ui1)

273
00 01 11 10
31
0 a; as %6 a7
Fig. 4.20 Optimal encoding 1| a a ay ag
of OLC for CMCU Uy, (I)

Introduction of the OLC g results in new partition IT, = {B;,B,B3}, where
B3 = {og}. It follows from Fig. 4.20 that K(B;) = 0 * (code K(0oz7) is considered
as insignificant input assignment), K(B3) = 10, block B; belongs to the two gen-
eralized intervals of code space and thus is split into two blocks, namely: Bé coded
as K(B}) = 10% and B3 coded as K(B3) = 1 1.

Encoding of OLC components is executed in a standard way and the result is
shown in Fig. 4.21.
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Construction of the transition table is the same as in case of CMCU Uy. After
transformation of the initial SFT the following system of transition formulae is ob-
tained:

B, — xllzl \/fl)CQI:;] \/fllel;
1 I.
B, — Ig;
B} — Ii;
B3y — x2151 \/fzxg,lé \/X2X3X4I71 \/32)?3)?4172.

(4.37)

717273 @ s a; %3 ) a3 ag ay

001 010 011 100 101 110 111
T1T2

00 b b1z b1z b4 b3 be big bg

01 by b3 big bss by b7 * bg

1" * * * bie bs * * b1o

0] % [ % | > [ * [ * | * | % | bn

Fig. 4.21 Microinstruction addresses for CMCU Uy (Ig)

System (4.37) corresponds to the CMCU U (Ig) transition table with
Hi1(I) = 9 lines corresponding to the number of terms in the system of transition
formulae (4.37). In case of CMCU Us (I ), the transition table has Hg(Is) = 22 lines,
but in case of CMCU U (I;) it has only H; (I) = 8 lines. Therefore, the combined
application of GSA transformation and optimal OLC encoding allows reducing the
number of lines in the CMCU Uy (I;) transition table approximately to the same
value as in case of the structure table of addressing FSM S in CMCU U, (I').

Let us point out, that extra vertices can be treated as additional components of
OLC, available already before the transformation. For example, vertex b9 (Fig.
4.19) can be treated as output of some OLC @, € B>. Introduction of vertex b9,
either in the OLC o or in the OLC 03, does not lead to higher Ly,,x, but introduction
of this vertex into the OLC o4 increases this parameter and now R; = 3. Advantage
of this approach consists on preservation of the number of OLC in comparison with
the initial GSA. The analysis shows that the following rules should be used during
transformation of the initial GSA (procedure Pg):

e if the introduction of additional vertex does not increase the value of Ry, this
vertex is added in some OLC, already available;

e if the introduction of additional vertex increases the value of R7 and introduction
of additional OLC does not increase the value of Rg, then this vertex is treated as
the additional OLC;

e if the introduction of additional vertex increases the values of both Rg and R7, the
vertex is not added.

Let us take the case when vertex byg9 is inserted into the OLC oy and we
have the new OLC o = (b3,b4,bs,b19) with I} = b3, I3 = O = b19. Now, new
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partition I, = {By,B,B3} can be formed, where B; = {0y, 05,06}, By = {a},
B3 = {0, 04}, and the transition table is represented by the following STF:

B, — X1121 \/fl)CQIfjl \/fllei;
By — lef} \/sz3lé szf3)€4[71 \/X2X3X4I72;
B3 — 122 .
This system corresponds to the transition table having 8 lines, the same as the

structure table of CMCU Uj (Ig). Control unit Uy is characterized by the following
parameters:

tn(F) < Ry; 4.39)
1)

Hy(T) = Y kiH;, (4.40)
i=1

where /] is the new value of the cardinal number of partition I, after introduction of
additional vertices. Let us point out, that condition (4.38) holds only when procedure
P is used. Otherwise the number of feedback variables can exceed the value of Rg.

4.3 Synthesis of CMCU with elementary operational linear
chains

The method of synthesis of CMCU with elementary OLC is proposed in [3, 5].
Operational linear chain is called an elementary OLC (EOLC) if it has only one
single input. Structural diagram of CMCU Uy is shown in Fig. 4.22 and represents
basic structure of the CMCU with EOLC.

—— Y
cc O»‘_CT T M |

Start Ve Fetch
Clock r| TF |26
tart
v y v Star s
LFe b

Fig. 4.22 Structural diagram of CMCU U,

Let Cr be a set of elementary OLC of GSA I', including G elements. Let us
encode each EOLC by a binary code with
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Ry = [log, G| (4.41)

bits and use variables 7, € 7 for this encoding, where |T| = Ry. Let us encode com-
ponents of OLC by binary codes K (b,) with Ry bits and use variables T, € T, where
|T| = R7. Let us represent the address A(b,) of microinstruction corresponding to
vertex by € D8 (g =1,...,Gg) in the form (4.5). In this case CMCU U, (I") oper-
ates in the following manner.

Pulse "Start" initiates loading of zero codes into register RG and counter CT.
Simultaneously, flip-flop TF is set up and allows fetching microinstructions from
the control memory CM. If contents of RG and CT form an address A(b,), where
by # 0, (¢ =1,...,Gg), additional variable yy is generated together with microop-
erations from the set Y (b,). If yo = 1, the pulse "Clock" causes increment of CT,
which corresponds to the unconditional jump (4.4). If contents of RG and CT form
an address A(b,), where by = O, (¢ =1,...,GE), variable yy is not generated. In
this case pulse "Clock" causes reset of CT, corresponding to an input code of some
EOLC. At the same time functions (4.7) change the content of RG. If microin-
struction with yg = 1 is fetched from the control memory, flip-flop TF is reset and
operation of CMCU terminated.

Analysis of CMCU Uj, shows that its combinational circuit CC has Ry outputs,
which is the minimum for this parameter. The corresponding microinstruction ad-
dress has

R0 =Ro+R7 (4.42)

bits and if condition
Rio=R» (4.43)

holds, expression (4.42) gives the smallest possible number of address bits. Appli-
cation of this method has no sense if condition

Rio>R» (4.44)

is satisfied, because in this case the size of control memory exceeds the minimum
Viin, determined by (4.14).

Synthesis of CMCU U,»(I') is an analogue of the one used for CMCU Ug(I'),
but the set Cg is used in former case instead of the set of OLC C. Synthesis of the
CMCU U»(I") includes the following steps:

Preliminary transformation of initial GSA (procedure Py).
Construction of the set of elementary OLC Cg for GSA I' (Uy2).
. Encoding of elementary OLC.

Encoding of components for elementary OLC.

Construction of the control memory content.

Construction of transition table for CMCU U, (I").

Synthesis of logic circuit of CMCU.

N U

Construction of set Cr requires some modification of procedure P;, leading to
procedure P, and uses the set of main inputs IMg (I") of elementary OLC as a base
for construction of the chains. Main input of EOLC is an operator vertex, with the
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input connected either to the output of initial or conditional vertices or with outputs
of more operator vertices. Procedure P;; includes the following steps:

1. Construction of the set IMg(I").

2. Putg:=1

3. Choice of the vertex b, € B; with the least value of subscript in the set IMg(I").
Removing of this vertex from the set IMg(I").

4. Insertion of the vertex b, into the set D, used as a base vertex by of elementary
OLC o.

5. Choice of some vertex b;, such that (by,b,) € E.

If b, € By or by = bg, or b, € IMg(I"), go to point 8, else the vertex b, should be

included in the constructed OLC o, after the vertex by.

Fix vertex b; as a new base vertex by of EOLC ¢, and go to point 5.

If IMg(T") = 0, go to point 10.

Put g := g+ 1 and go to point 3.

End.

*

© 0o x N

All other steps of synthesis procedure for CMCU Uj»(I") are executed by analogy
with corresponding steps given already for CMCU Ug(I'"). Let us consider applica-
tion of this method for synthesis of CMCU Uy, using the transformed GSA I7(U>)
shown in Fig. 4.23.

Construction of the set of elementary OLC. In this case we have the set of in-
puts IMg(I") = {by,b3,bs,b7,b10,b11b14,b18}, therefore, the set of EOLC includes
Gg = 8 elements. Application of procedure Pj; results in the set Cg = {1y, ..., 03},
where o = <b1,b2>, L =b1,0,=b),Li =2; op = <b3>, L =0,=b3 L[, =1,
03 = (bs,bs,bg), Iz = by, O3 = bg, L3 = 3; o4 = (b7,bg,bo), Is = b7, O4 = by,
Ly =3; a5 = (bio), Is = O5s = b1o, Ls = 1; 06 = (b11,b12,b13), I¢ = b11, O = by3,
Le¢=3; a7 = (bia,...,b17), 1 = b4, O1 =b17, L7 = 4; og = (b1g), s = O3 = bys,
Lg = 1. Let us point out, that inputs of EOLC have only the subscripts.

Encoding of EOLC is executed in a trivial way. In case of the CMCU Ui, (I7),
Ro = 3 bits is sufficient to encode EOLC, thus T = {1}, T2, 73 }. Let the EOLC have
the following codes:K(a;1) = 000,...,K(ag) = 111.

Encoding of components is executed using the same approach as in case of
CMCU Ug. In this case it can be found that Ly,x =4, R7 =2 and T = {T1,T»}.
Microinstruction addresses for the CMCU U, (I7) are shown in Fig. 4.24.

Construction of control memory content is reduced here to the replacement of
vertices b, € By by microoperations taken from corresponding set Y (b, ). This step
is executed in a trivial way.

Construction of transition table of CMCU U, is executed by analogy with
corresponding synthesis step for CMCU Us. The transition formulae are constructed
only for EOLC ¢, € C}., where C}, C Cg is a set of EOLC, such that their outputs
do not include variable yg. In case of CMCU Uy»(I5) we have Cf = {a,..., 04}
and the system of transition formulae includes |C},| = 7 expressions:
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Fig. 4.23 Transformed GSA I7(U)
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17273
001 010 011 100 101 110 111
T1T2
00 b b3 ba b7 b1o b1 b4 b1g

01 b, * bs bg * b1z bis

11 * * bs bg * b1z b1s

10 % [ % [ % | * | » | * | b

Fig. 4.24 Microinstruction addresses for CMCU U, (I7)

o — x1L VXix3 VX1 X201y

o — Is;

03 — Xox4l3 V xpX415 NV Xox316 NV X X317,

0y — Xox413 V xpX415 NV Xox316 V X2 X317, (4.45)
o5 — Ig;

o — Ig;

o7 — Ig.

System (4.45) corresponds to the transition table of CMCU Ui, (I7), including
H2(I7) = 15 lines (Table 4.6).

Table 4.6 Table of code transformer TC for CMCU Uy (T50)

o K(ag) In Alln) Xy #, h
o 000 I 00100 X1 D3 1
L 01000 Xjxo D, 2
Iy 01100 =x1x» DyDs 3
(033 001 Iz 01000 1 D, 4
o3 010 13 01000 X2X4 Dz 5
Is 10000  xox4 D, 6
Is 10100  xx3 D\Dj3 7
I; 11000  xpX3 DD, 8
Oy 011 Iz 01000  xpx4 D, 9
Is 10000  xpX4 D 10

Is 10100  xx3 D\Ds 11
I; 11000  xpXx3 DD, 12
o5 100 I 10100 1 D D3 13
(073 101 I3 11100 1 D1DyDs 14
o7 110 I3 11100 1 D\D,D; 15

In contrast to the transition table of CMCU Ug, this table of CMCU U, does not
include the column @, because all components corresponding to inputs of EOLC
have only zero codes. This transition table is the base to construct functions of sys-
tem (4.7), the terms of which are determined by (4.16). For example, the following
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Boolean expression can be extracted from Table 4.6: D) = FgV F;VFgV Fig V...V
Fis =T T3x0Xa V... VT T2 T3.

Synthesis of logic circuit of CMCU U, is reduced to implementation of system
(4.7) using PLD chips and systems (4.8)—(4.9) using either PROM or RAM chips.
Logic circuit of the CMCU U, (I7) is shown in Fig. 4.25.

Let us find the values of some parameters of the CMCU Us(I5): G=6, RSz (I") =
3;13(I7) =342 =5; Hg(I7) = 12. It is helpful to use the following general relations
for comparison of CMCU Ug and Uj:

Rip = Rip; (4.46)
tg(r) > tlz(r); (4.47)
Hy(I') = Hy»(I'). (4.48)

Inequality (4.47) turns into equality if the following condition
[log, G| = [log, Gg| (4.49)

is satisfied. Parameter 712 (I") has the minimal possible value among all CMCU con-
sidered already. The number of transitions for CMCU U, can be estimated as

Hia(I') = Hy(I') + (Gg — G) + JE, (4.50)

where Jg is a variable equal to the number of OLC ¢, € C! with L, > 1. The second
term of expression (4.50) determines the number of new members corresponding to
unconditional jumps connected with transformation of initial OLC into EOLC. In
our case it can be found that Gg — G =2, Jg = 1. It means that Hj,(I") — Hs(I") =3,
as was already proved by previous calculations.

As in case of CMCU Ug, the number of feedback signals and lines of transition
table of CMCU Uj; can be reduced due to application of Moore FSM optimiza-
tion methods adapted to peculiarities of CMCU with elementary operational linear
chains.

4.4 Logic circuit optimization for CMCU with elementary OLC

In CMCU Uy, the codes of OLC o, € Cg are analogues of state codes of Moore FSM
S1. Therefore, three methods can be proposed for reducing the hardware amount of
CMCU Uy, logic circuit:

e optimal encoding of elementary OLC ¢, € C, L

e transformation of codes of EOLC a, € C}, into codes of the classes of pseudoe-
quivalent EOLC;

e transformation of graph-scheme of algorithm I'(Uy3).

Optimal encoding of EOLC requires finding a partition I of the set EOLC C}:
into the classes of pseudoequivalent EOLC. As in case of pseudoequivalent OLC,
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Fig. 4.25 Logic circuit of CMCU U, (I7)

elementary OLC o;,0; € C 1 are called pseudoequivalent EOLC, if their outputs
are connected with input of the same vertex of GSA I'. In case of GSA I7, where
IT. ={By,...,Bs}, partition Il, = {By,...,Bs} can be found, for which B; = {¢q },
By ={o}, B3y ={0a,04}, Bs = {ats}, Bs = {0, a7 }. The encoding is executed in
such a manner, that codes K (o, ) of EOLC ¢, € B; belong to the same generalized
interval of a Rg— dimensional Boolean space. This approach results in the CMCU
Uy3 of Fig. 4.26.

] Y
ce Q»FT T M |
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Fig. 4.26 Structural diagram of CMCU U3
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T

As in case of CMCU Uy, the set T C 7 includes variables T, € T, which are
significant for codes K (B;) of classes B; € I1g. Combinational circuit CC of CMCU
Uiz generates functions (4.22). Synthesis methods used for both CMCU Uy and
Ui3 are identical, but the later uses elementary OLC instead of OLC and partition
I instead of partition I1.. Outcome of optimal encoding of EOLC for the CMCU
Uy3(I7) is shown in Fig. 4.27.
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Fig. 4.27 Optimal encoding 1 ag as ay @
of EOLC for CMCU U3(I7)

The code K (o) = 100 is treated as insignificant input assignment and therefore
classes B; € I are determined by the codes: K(B;) = *00, K(B2) =001, K(B3) =
x11, K(B4) = 10%, K(Bs) = *10. It means that in this case equality T = 7’ holds and
the number of feedback variables in combinational circuit CC of the CMCU U3(I7)
is not decreased due to optimal encoding of elementary OLC.

Transition table of CMCU U,3(I") is constructed using procedure P;. It leads to
replacement of initial system (4.45) by the following system of transition formulae:

By — x1h VX103 VX1 X214

By — L

B3 — xox413 NV x0X415 NV Xpx316 V X2 X317, 4.51)
B4 — 16;

Bs — Ig.

System (4.51) corresponds to transition table of CMCU U;3(I7), which includes
Hj3(I7) = 10 lines (Table 4.7).

Table 4.7 Table of code transformer TC for CMCU Uy(I50)

B, K(Bi) I, A(I;;,) X ¥, h
B] *00 12 00100 X1 D3 1
I 01100 Xix» DyrDs 2
Iy 11100 x1x, DiDyD3 3
B 001 I 01100 1 DyDs 4
B3 *11 L 01100  xpx4 D,Ds 5
I5 10100  xoXx4 DD 6
Ig 01000  Xpx3 Dy 7
I 11000 xx3 DD, 8
By 10 Is 01000 1 D, 9
Bs *10 I 10000 1 Dy 10

Functions (4.22) depend on terms (4.24). For example, the following expression
for the first input memory function can be obtained from Table 4.7: D| = F3 V Fg V
F3V Fy = TrT3X 1% V T ToxoXa V Tp T3X2X3 V ToX3.

Parameters of combinational circuit CC, determined for CMCU U,3(I7), satisfy
the relations:

R = |T'| < Ro; (4.52)
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l‘13(r) = Rg < Ry; 4.53)
Ig

Hi3(I') = Y kiH;, (4.54)
i=1

where k; is the number of intervals of an Rg—dimensional Boolean space with codes
of EOLC o, € B;, where B; € I, |ITg| = Ig.

Transformation of EOLC addresses into the codes of classes of pseudoequivalent
EOLC allows minimizing the values of parameters Rrp and H(I") due to an addi-
tional block TC. In this case, each class B; € Ig is encoded by a binary code K(B;)
with

R]] = [lOgZIE—‘ (455)

bits and variables z, € Z, with |Z| = Ry; are used. This approach leads to CMCU
Uy4 (Fig. 4.28).

cc
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N

Fig. 4.28 Structural diagram of CMCU U4

Operation principles of both CMCU U4 and U are identical. In case of CMCU
U4, the code transformer TC generates functions (4.29) and combinational circuit
CC generates functions (4.30). Synthesis methods are identical for both CMCUs,
but in case of CMCU Uj4 elementary OLC and their equivalence classes instead of
OLC classes are used.

As in case of CMCU Ujy, it is advisable to combine optimal encoding of both
classes B; € Il and EOLC ¢, € B; to optimize hardware amount of the code trans-
former TC. Let EOLC of the CMCU Uj4(I7) be encoded as shown in Fig. 4.27.
Let us encode classes B; € Ilg using the following approach: the more elements
some class contains the more zeros its code includes. In case of CMCU U,4(I7) we
have I =5,Ry1 =3,Z={z1,22,23} and K(B;) =010, K(B,) =011, K(B3) = 000,
K(B4) = 100, K(Bs) = 001. These codes can be simplified using insignificant input
assignments of an Rjj—dimensional Boolean space. Outcome of optimal encoding
for classes B; € Ilg is shown in Fig. 4.29.

It follows from Fig. 4.29 that these classes have the codes: K(B;) = %10, K(Bz) =
x11, K(B3) =000, K(Bs4) = 1 %% and K(Bs) = *01.
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Fig. 4.29 Encoding of classes 1 B, * * *
for CMCU Uy4(I7)

Transition table for the CMCU U,4(I7) is built using system (4.51) and includes
Hy4(I7) = 10 lines (Table 4.8). It allows getting functions (4.30), depending on the
terms

F=27'X, (h=1,....Hy(I)), (4.56)

where conjunction Z! has the form:
n_ R
Z! = A (i=1,....I). 4.57)

Here [ € {0,1,*} is the value of bit r of the code K(B;) from line & of the
transition table, z‘,) =7 z} =2z,2:=1(r=1,...,Ry;). For example, the following

equation can be found from Table 4.8: D} = F3V FgV F3V Flo = 2073X1% V... VZ223.

Table 4.8 Transition table of CMCU Uy4(I7)

Bi K(B) I, All) X, ¥, h
B *10 I 00100 X1 D3 1
L 01100 Xix DD 2
Iy 11100 x1x» DiDyDs3 3
Bz *11 13 01100 1 D2D3 4
B3 000 LI 01100  xpx4 D;,Ds 5
Is 10100  xoxz D D;s 6
Ig 01000 Xox3 D> 7
I 11000  XpXx3 DD, 8
By 1% % Ig 01000 1 Dy 9
B5 %01 Ig 10000 1 D1 10

Table of code transformer TC is constructed by analogy to the corresponding
table of CMCU Ujy. In this case, table of TC has G; = 7 lines (Table 4.9) and is
used to construct system (4.29), with terms determined by analogy with (4.32):

Rg Lor
Ag:ré\lrrg (g=1,...,Gy). (4.58)
For example, from Table 4.9 we get: z; = 71T (taking into account the insignif-
icant input assignment 100) and zo = T|72; z3 = T1 7273 V T2 T3. We point out that
functions of this system may in general include up to G| = 7 terms, each term with
up to Ryg = 3 literals. Thus, the disjunctive normal forms of functions (4.29) include
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Table 4.9 Table of code transformer of CMCU Uy4(I7)

o, K(og) Bi K(Bi) Zg g
(04} 000 B, *10 Z> 1
(073 001 B, x11 V4Y 4
o 011 B3 000 - 3
oy 111 B;3 000 - 4
O5 101 By 1% % 7, 5
o 010 Bs 10 Zz 6
oy 110 Bs *10 Z3 7

up to Gy - Rg = 21 literals. In our case this value is reduced to 7, due to optimal
encoding of both elementary OLCs and their classes.

Comparison of Tables 4.7 and 4.9 shows that the use of TC has no sense in this
particular case, because it does not lead to decrease neither the number of lines of
transition table nor the length of code K(B;). Therefore, use of the CMCU U,3(I7)
gives the logic circuit with best parameters, in case of interpretation GSA I7 using
the CMCU model. In general case, CMCU U4 has the following parameters:

Ri = Rit <Ro; (4.59)

114(I') = R11 < Ro; (4.60)
Ig

Hy(I') =Y H; < Hi3(I). (4.61)
i—1

=

Transformation of GSA I'(Us) is reduced to insertion of additional operator
vertices, corresponding to elementary OLC o, € C%. The number of lines in the
transition table can be reduced without using of TC block. This approach leads to
the CMCU Ujis, having similar structure, as CMCU Uj,. Synthesis of CMCU Ujs
includes the following steps:

Transformation of initial GSA I" (procedure Py).
Construction of the set EOLC Cg (procedure Pjq).
Construction of partition Il for the set C};.
Transformation of GSA I'(U,): procedure F.
Optimal encoding of EOLC o, € CE U C2.
Encoding of components of EOLC o, € CFU C2.
Construction of the control memory content.
Construction of transition table of CMCU.
Synthesis of logic circuit of CMCU.

oSN d =

Let us apply this approach to logic circuit of CMCU U;5(Ig), where the GSA
I3(U,) is shown in Fig. 4.30.

Application of procedure Py gives the set Cg = {0,...,07}, where oy =
<b1,b2>, L =b1,01=by, Ly =2, 0p = <b3,...,b6>, L =b3, Oy = bg, Ly = 4,
o3 = <b7,b8>,13 =b7,03=bg,L3=2;04 = <b9, ... 7b]z>, Iy =byg,04=b1p,Ls =4,
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o5 = (b13,b14,b15), Is = b13, Os = b15, Ls = 3; 0 = (b16,b17), Is = b16, O = b17,
Le=2; 007 = <b187b19>, I; = b1g, O7 = b9, L7 = 2. Let us point out that the set
Cé = {OC],...,OC@} and partition Il = {Bl,Bz}, B, = {OC]}, By = {OC],...,O%}, is
obtained in this case.

1

‘ 1 % *
3

X1 )\
0 # 1 0 \0
| y bs | vyve |br| v | be 10
! ‘ '

bs

Y1Ya | b1o YaYs | bis | YaYs

bs | YoYs | b4 | Y4 | big Y1Y2Y3 b7

Y2 be | Y1 | b1 Y1y | bis

by | YaYs big

-
-

Fig. 4.30 Transformed GSA I3(U)
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Analysis of class By shows that |By| =5, Hy = 2, AH, = 7. It means that trans-
formation of the GSA I3(U,) makes sense.

Application of procedure P results in appearance of the vertex by, correspond-
ing to EOLC og, where I3 = Og = byy, Ly = 1 (Fig. 4.31). It means that the set
C% = {og} should be constructed.

Y2 be

YaYs bg Y1 b2 Y1Y2 | bis| Vvivays | bz

Fig. 4.31 Subgraph of transformed GSA I3(U;s)

Outcome of the optimal encoding of elementary OLC o, € Cg U C% is shown in
Fig. 4.32.

{273
00 01 11 10
7
0 23} a a3 ay
Fig. 4.32 Optimal encoding 1 ag as a @
of EOLC for CMCU Ujs(I3) _

In this case Gg =8, Ry =3, T = {11, T2, 73 }. As follows from Fig. 4.32, class
B, € I is split into classes: Bé ={op,03,0s5,06}, B% = {0y} with binary codes
K(B}) = xx1 and K(B3) = *1x (code K (o) is treated here as insignificant input
assignment). The class B; € I corresponds to code K(B;) = 000 and new class
B3 = {03} corresponds to the code K(B3) = 1 0. The microinstruction addresses
of Fig. 4.33 were found after encoding the components of EOLC o, € CgU Cé (in
this case R7 =2, T = {11, > }).

As in all previous cases, construction of the control memory content is executed
in a trivial way. Procedure P; is used to construct transition table of CMCU Ujs. In
this example, system of transition formulae has the form:

By — x1x0 V x1 X215 V X1x314 V X1 X3%415 V X1 X3X4165;
B} — I;
B3 — Is;

B3y — x1L VX1x2lh VX1 X207

(4.62)
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17273
001 010 011 100 101 110 111
T1T2
00 b b3 by b7 b2o b13 big b1e

01 b2 b4 b10 bg * b14 b19 b17

11 * bs b41 * * b1s * *

10 % be b1z * * * * *

Fig. 4.33 Microinstruction addresses for CMCU U,s(I3)

System (4.62) corresponds to the transition table with Hs(Ig) = 10 lines. In case
of CMCU Uy, the transition table includes H;»(Ig) = 20 lines, in case of CMCU
U3 it includes Hi3(I3) = 15 lines, and in case of CMCU U4 this table includes
Hy4(I3) = 8 lines (due to the use of additional block TC). In general case, CMCU
U;s is characterized by the following parameters:

R}, = Ro; (4.63)

t15(I') = Ry < Ry; (4.64)
Ig

His(T') = Y kiH,, (4.65)
i=1

where I = |IIg after introduction of an extra EOLC.

Let us construct the table with parameters of different models of CMCU with
code sharing (Table 4.10), where parameters S;(I"), #;(I") and H;(I') fori =8,...,15
can be found together with comments allowing comparison of these parameters with
other models of CMCU. As in case of corresponding Table 3.10 for CMCU U, - Uy,
only the parameters of combinational circuit CC are shown in Table 4.10. It follows
from the fact that the size of control memory CM is the same for all equivalent
control units.

It follows from Table. 4.10 that models U; (i =38, ..., 11) are analogues of models
Ui+4, but different approaches to find the set of operational linear chains are used.
Models Ujp and U4 have minimal hardware amount among all models from the
class considered, which is the consequence of using additional transformer TC, con-
suming some additional resources. Models based on EOLC have minimal number
of CC outputs, but need more inputs and terms in comparison with their analogues
based on OLC.

Introduction of extra vertices leads to CMCU with average values of analyzed
parameters, but is connected with the decrease of resulting digital system perfor-
mance.

Choice of particular model of CMCU depends on characteristics of the initial
GSA, logical elements and optimality criterion assumed for the designed control
unit.
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Table 4.10 Comparative characteristics of CMCU Ug-U; 5

Model Systems Parameters Comments
_ Ss(I') = Re+L Average
Ug $ B $E:§§ 3(') =Rs+R7=R» Maximum
B ’ Hs(I') = Hpmax Maximum
_p9
® — (7, X) So(I') = Rpp(I)+L < Sg(I')  Average
Uy ¥ — w(7.X) () <R, Average
o ’ H9 (F) = Hminki =1 Minimum
_ Sio(I') = Ra+L Minimum
Ui $ B $§Z’§§ tin(l') < Ry Average
-t Hyo(I') < Hy(T") Minimum
u ® = (7 X) S,“ER et ferage
11 ¥ = ¥(7,X) 11 ) verage
’ HIO(F) < H]](F) < Hmax Average
S12(I") = Ro+L > Sg(I") Maximum
Uy ¥ = ¥(r,X) t12(I') = Ry Minimum
HIZ(F) = Hmax Maximum
S13(I') = Ro+L Maximum
Uz ¥ =Y(7.X) 113(I) = Ry <Ry Minimum
H3(I') > H(IN) Average
S14(I') = Ri1 +L < R2(I') Average
Uis ¥ = ‘P(Z,X) t14(1") = Rg Minimum
Hy4(I') < Hi3(I') Average
Si5(I') = Ry+L Maximum
Uis ¥ = ‘{/(T,X) 115(1") =Ry Minimum
H5(I') > His(I') Average
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Chapter 5

Synthesis of compositional microprogram
control units with object transformation

Abstract The chapter is devoted to optimization methods based on the transfor-
mation of codes. This method can be applied, when the FSM performing microin-
struction addressing generates functions, which are subsequently loaded into two
different memory blocks (the register and the counter). Some of these functions are
treated as primary objects and the others as secondary objects. The FSM combina-
tional part generates codes of primary objects and some additional variables only.
This information is used to generate codes of secondary objects and permits to re-
duce the number of inputs in the block generating codes of secondary objects, in
comparison with the initial combinational part of FSM and to reduce the hardware
amount of resulting CMCU logic.

5.1 Optimization principles for CMCU with object
transformation

Main conception of object transformation [3,4] is the following one. Let some com-
binational circuit CC implement the systems of Boolean functions

A=A(C), (5.1
B=B(C), (5.2)

where |A| =11, |B| =12, |C| = S; (Fig. 5.1a).

In this case, CC has S; inputs and t; + 1, outputs. Let us call systems A and B
the objects of device CC. The number of outputs of the CC can be reduced, due to
presentation of functions of the system B, using the functions of system A and some
extra object V. In this case, device CC; implements functions (5.1) and some extra
functions

V=V(0). (5.3)

In this case, system (5.2) transforms to the form:

137
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a) ¢ o ) ¢ c ) ‘ o
CC CC;y CCs,
A# #B A‘ #v B‘ ‘vv
| CA | | cB |
Fig. 5.1 Principle of objects # B # A
transformation
B=B(A,V), 5.4

which is implemented by a code transformer CA (Fig. 5.1b). Assuming |V| = t3, the
number of outputs of CC| can be estimated as ¢ +#3, and the code transformer CA
has #; +t3 inputs. If 13 < t, and S| > #; + 13, introduction of the code transformer
CA reduces both the number of functions implemented by the device CC and the
number of input variables in the system B.

Let us represent function A using function B and some additional system of func-
tions W, where |W| = t4. In this case CC, implements both the system (5.2) and
extra system

W =w(C). (5.5)

System (5.1) takes the form:
A=A(B,W). (5.6)

System (5.1) is implemented by code transformer CB (Fig. 5.1c). Now the device
CC implements #, + 14 functions of S| input variables, and the block CB implements
t; functions, of 7, 414 input variables. If ¢4 < t{ and S| > #; + 14, introduction of the
block CB reduces both the number of functions implemented by the device CC and
the number of input variables of the system A.

This transformation makes sense only if the total hardware amount either in the
system (CCy,CB) or in the system (CC,,CB) is smaller, than the hardware amount
of the initial combinational circuit CC. Let us point out that introduction of code
transformers leads to deterioration of CMCU performance, due to its longer cycle
time. Let us analyze models U;-Ujs to find out, for which of them it would be rea-
sonable to use the object transformation. Of course, only the CC should be analyzed.

In case of CMCU U, the combinational circuit CC generates input memory func-
tions, @ and V. It means that two kinds of transformation are possible in this case,
namely the transformation of state code into the address of OLC input and the in-
verse transformation. Thus, two objects exist in case of CMCU Uj, namely the state
codes of the addressing FSM S} and input addresses of OLC o, € C.

In CMCU U, — U; the combinational circuit CC generates input memory func-
tions @. It means that only a single object exists in these cases and the object trans-
formation has no sense.

In CMCU Ug — Uy the circuit CC generates functions @ and Y. It means that
there are two objects and the transformation is possible. The transformation of input
address of OLC into code of OLC is not possible however, because only the codes of
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components are generated by functions @. In consequence, the bit capacity of new
object code is equal to bit capacity of OLC code. Therefore, only the transformation
of OLC code into component codes is possible in these cases.

In CMCU Uj; - Uj5 the circuit CC generates only one object and object transfor-
mation makes no sense. Therefore, the following object transformations are possible
for the CMCU U,-Us:

e transformation of state codes into addresses of OLC inputs (Uj);
e transformation of addresses of OLC inputs into state codes (U;)
e transformation of OLC codes into codes of OLC components (Ug — Uy ).

In case of CMCU with code sharing, if condition
R¢+R71 >R, (5.7

holds, the number of outputs of the circuit CC is minimal, but the size of con-
trol memory increases drastically in comparison with its minimal value Vp,;,. Let
us remember, that Rg = [log, G| is the number of bits in codes of OLCa, € C,
R7 = [log, Limax | is the number of bits in codes of components of OLC, where L,
is the maximal number of components in OLC ¢, € C, Ry = [log, M>] is the min-
imal number of bits in microinstruction address, M, = |B;|, where B is a set of
operator vertices of the interpreted GSA. In case of code sharing an address A(b,)
of microinstruction Y (b, ), corresponding to vertex b, € By, is determined by con-
catenation of the two codes, namely:

A(by) = K(0tg) #K(by), (5.8)

where K (o) is the code of OLC o, € C, K(b,) is the code of component of OLC
o, € C, corresponding to the vertex b,. Let C(b,) be an address of microinstruction
Y (b,) with R; bits. If condition (5.7) holds, the size of control memory CM can be
reduced, due to introduction of the address transformer AT, which transforms two
presentation forms of the same object. In this case, microinstruction address is used
as this object [2]. The address is not determined here by variables T (output of the
counter CT) and 7 (output of the register RG), as for the circuit shown in Fig. 5.2a,
but by some functions V, generated by the address transformer AT of Fig. 5.2b.

AT = CM |» Y

ae

) b)
a ] C,
T T
T
CM

Fig. 5.2 Address transfor-
mation for CMCU with code ¢ # ¢
sharing Yo Y Ve
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The address transformer AT generates functions
V=V(,T), (5.9)

which are treated as address bits to form an address C(b,) with R, bits. This ap-
proach allows to reduce the control memory size Vin, if condition (5.7) holds. Let
us point out, that application of AT increases the cycle time of CMCU.

In case of CMCU with elementary OLC, the control memory size is increased in
comparison with Vi, under the condition

Ro+R; > R> (5.10)

where Ry is the number of bits in the code of EOLC o, € Cg. This value can be
minimized through the use of address transformer AT.

Thus, two types of object transformation can be applied to reduce the hardware
amount of the logic circuit of compositional microprogram control unit:

e codes transformation for different objects (U, Ug—Uj11);
e transformation of different codes of the same object (Us—Uys).

Let us point out, that only the first approach is possible in case of CMCU Uy, and
it gives the three-level structure of logic circuit. Only the second approach can be
used in the cases of CMCU Uj,-Ujs. It leads also to the three-level structure of logic
circuits. Both approaches can be used for the CMCU Ug-Uy;. If only one of them
is applied, resulting circuit has a three-level structure. If both methods are applied
simultaneously, we obtain the four-level structure. All possibilities mentioned above
are shown in Fig. 5.3.

Codes transformation
for different objects

Uy \Ug = Usy Uip = Uss
Fig. 5.3 Possible transfor-

mations of object codes for Transformation of different
CMCU codes of the same objects

5.2 Objects transformation for CMCU with basic structure

Let us discuss the organization principle of CMCU U¢ (Fig. 5.4), produced by
adding special code transformer TSA to the CMCU Uj. This extra block TSA trans-
forms state codes of addressing FSM S into the microinstruction addresses of mi-
croprogram control unit S>.

In case of CMCU Ui, combinational circuit CC generates input memory func-
tions for register RG, which keeps codes K(a,,) of FSM S. These functions are
represented by the following system:

¥ =¥(1,X). .11
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The combinational circuit CC generates also some additional variables v, € V,
where|V| = Rj2, used to identify microinstruction addresses. These functions are
represented by the system:

V=V(1,X). (5.12)
+1 ﬁ
X Vi - y Yo
o T
TSA [—mf CT » CM Y

y YE
Start rlTF Fetch

Clock
Start s

Code transformer TSA generates input memory variables of the counter CT

Fig. 5.4 Structural diagram of CMCU U4

@ =d(1,V). (5.13)

The functions (5.13) represent microinstructions addresses corresponding to the in-
puts of operational linear chains o, € C.

Functions of all other corresponding blocks are the same for both CMCU U; and
Uje. Let us find some formula to express the parameter Ry,.

In the transformed GSA I'(U}), mark of the state a,, € A is the same at least for
all inputs of a single OLC «, € C. Let B(a,,) be a set of OLC inputs, marked by
state a,, € A, and K,,, be the number of elements in this set. It is clear that maximal
value of parameter K, can be found as:

Kimax = max(Ki,...,Ky, ), (5.14)
where M| = |A|. Now parameterR;, can be found in the form:
R12 = [log; Kiax]- (5.15)

Let us encode each input Ig € B(ay,) by a binary code K (Ig ) with Ry, bits. In this
case microinstruction address A(b,) corresponding to operator vertex b, = I3 is de-
termined as the concatenation

A(by) = K(an) *K(I}), (5.16)

where * is a concatenation sign. Expression (5.16) can be used to form the truth
table of code transformer TSA. Synthesis of CMCU U,¢(I") includes the following
steps:

1. Application of procedures P; — Py to initial GSA T".
2. Construction of the control memory content.
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3. Construction of the pairs ( state of FSM S, input of OLC o, € C) for transformed
GSA T'(Usg).

Encoding of states a,, € A and OLC inputs I} € I(I").

Construction of transition table for CMCU Ujs.

Construction of the table of code transformer TSA.

Synthesis of CMCU logic circuit with given logical elements.

Nowns

Application of procedures P; — P, gives the following results for some graph-
scheme of the algorithm Io:

1. Set of OLC C = {a,...,05}, where oy = (by,b2,b3), Il = by, I} = O} = bs;
0 = (ba,...,b7), L = by, I3 = bs, I3 = 01 = by; 03 = (bs,...,b12), I} = bg,
03 = bio; a4 = (bi3,...,bie), I} = ba, I} = b1s, O4 = bis; 05 = (b17,b13,b19),
1 = b7, 2 = 05 = byg.

2. Inputs [(rg) = {b17b3,b4,b57b7,bg,b13,b15,b17,b19}.

3. Microinstruction addresses A(b,) having R, = 5 bits (Fig. 5.5). Let us point out
that each OLC ¢, € C is now determined unambiguously by variables T1, T2, T5.

4. Transformed GSA I3(Ue) is shown in Fig. 5.6. The input memory functions
D, € @ are taken from Fig.5.5. Resulting GSA is marked by states of Mealy
FSM and form a set A = {ay,...,a3}.

T1T2T3
000 001 010 011 100 101 110 111
T1T2
00 | by bs by b3 b7

01 b be b1o b4 b1g

1 bs b; b1 b1s b1g

* [ ok [k | ok
¥ [ ok [k | *
¥ [ ok [k |k

10| b, bg b1z b1s *

Fig. 5.5 Microinstruction addresses for CMCUU ¢(I9)

Construction of the control memory content is executed in a standard way and is
not discussed in this particular case. ‘

Let us find the following pairs (ay,I3) for the GSA I3(Uiq), where each pair
contains a state a,, € A and input I3, corresponding to operator vertex with input
marked by a,,. The following pairs are formed in this case: f; = <a1,14{>, B =
(a1,13), Bs = (a1, 1), Ba = (ar,12), Bs = (a2, 1), Bs = (a2,1}). B7 = (a3,1}), Bs =
<a3,122>, Bo = <a37123>, Bio = <a3,131>. Now the sets B(a;) = {L{,I‘%,ISI,ISZ}, B(ap) =
{1},I?},B(a3) = {1, 13,13,1} } can be formed with K| = K3 =4, K, =2, and Kax =
4 can be found using formula (5.14). '

Encoding of the states a,, € A and OLC inputs I; € I(I") is executed in a trivial
way. In case of the CMCU Uj4(I9) it could be found that M =3, Ry =2, T =
{71, 12} Let the states have following codes: K (a;) =00, K(az) =01, K(a3) =10.1t
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| DiDs
9
D2D3 l4] D2D4Ds 5

| % v \

Fig. 5.6 Transformed GSA be
Is(Use)

is sufficient to have R, = 2 variables to encode the OLC inputs, when V = {v;, v, }.
Codes K (1) of the OLC inputs are shown in Table 5.1.

Codes of states of the addressing FSM and of OLC inputs are used to find input
addresses given by (5.16). It can be found, for example, that A(13) = 1001 = K (a3) *
K(13).

Table 5.1 Encoding of OLC inputs for CMCU Uj4(I3)

Blar) K(I}) Blax) K(f) Blas) K(If)

I 00 1! 00 I 00
L 01 s 01 B 01
1 10 15 10
Iz 11 n 11

Transition table of CMCU Ujg is represented by structure table of the address-
ing FSM S§;. It is constructed using standard approach given in [1] and includes
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the columns: @, K(an), as, K(as), I3, K(IJ), Xn, Wi, Vi, h, where column Vj,
contains variables v, € V, equal to 1 in the code K(I3) from line h of the ta-
ble (h =1,...,Hjs(I")). The transition table includes here Hi¢(I3) = 10 lines
(Table 5.2). '

The table of code transformer TSA describes transformation of codes A(I}) into

the addresses A(b,), where b, = I] (g=1,...,G). The number of lines is here
the same as the number NP; of different pairs (am,léf ), which can be found in the

transition table. Table of TSA includes the columns ay,, K (an), I3, K(I}), by, A(by),
@y, h and has H = NP lines. The column @), contains variables D, € @, equal to
1, and used to load an address A(b,) into the counter CT. In present case, the table
of TSA includes NP; = 10 lines (Table 5.3).

Table 5.2 Transition table of CMCU Uy¢(I9)

aw K(an) a5 Ka) I K1) X» ¥ Vi o h
ap 00 ap 01 1 ll 00 1 D7 - 1
a 01 as 10 12] 00 X2X3 D6 - 2
as 10 122 01 X2X3 Dg V) 3
as 10 B 10 Toxs  De¢ W 4
as 10 131 11 Xox4x3 D¢ viva 5
a 01 I 12 01 Xox4x3  Dry v 6
as 11 aj 00 1 4{ 00 X3X] - - 7
ap 00 1 5‘ 01 X3X] — Vi 8
ay 00 L } 10 X3X4 - % 9
ag 00 I 11 BX - vy 10

Synthesis of CMCU U g logic circuit is reduced to the implementation of systems
(5.11)—(5.13) using PLD chips and of the control memory CM using either PROM or
RAM chips. Systems (5.11)—(5.12) are constructed using the transition table 5.2 and,
for example, the following Boolean expressions can be found (after minimization):

D¢ = T1Tpx2 VT TaXoXq V T TapX2X4X3;
VI = T1TXoX4 V T1 TaXoX4X3 V T1 ToX3X] V T T2X3X4.

The table of TSA is used to construct system (5.13). In this example, we obtain:
D =T Toviva VT TaviVvy = T 1 T2V .-

In case of the CMCU Uj¢(I9), the set of microoperations includes five elements:
Y ={y1,...,ys}. Corresponding logic circuit of CMCU Uj4(I3) is shown in Fig.
5.7.

In general case, the combinational circuit CC of CMCU Uj¢4 has the following
characteristics:

RS — R (5.17)
ti6(I") = Ri +Ri3; (5.18)
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Table 5.3 Table of code transformer TSA for CMCU Ui¢(I5)
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am  Klaw) 1K) by  Alby) @, h
a 00 I} 00 b3 01100  DyDs 1
a 00 I 01 b5 01110 DyDDy 2
a 00 1 10 b7 10000 Dy 3
ai 00 A 11 big 10010 DDy 4
a oL 1l 00 b 00000 - 5
a 01 0l by 00010 Dy 6
a3 10 I 00 by 00011  D4Ds 7
az 10 L 01 bs 00100 Ds 8
a3 100 I 10 by 00110 D3Dy 9
as 10 o 11 bs 00111 D3D4Ds 10
Hyo(I') = Hi(T'). (5.19)
X4
1 D Dy
¥o 21| pLA |1 115 PLA |1 (119
: 2] 5 2 [P 12f6] ! 2 [Pz 20
3 3&3 3 [ 13§2 3D321
Xa 4|44 4 [V 14§3 4 |Da 22
14] 4 D
r s[5 cc TSA |5 |P523
1= { 6
T 6
7 1915 Ti 24
] o PY SR e I Y 1
YE 8 kv -51D3 3 Ts 26
7 0 16]22 T,
Clock 9 . 23 Bz ‘51 T: 5;
Starﬂo&.u%T
E
Fetch 18] |Ce
8 1r| T [Fetc
9 24175 n
9 |5 25| 5 [PROM ;:yz
11 - 3|
(0| Ra |10 51274 4>
12D, o[22 6|28 5 5w
Elgsy - 6 o7
Fig. 5.7 Logic circuit of 17 ¢ 8lcs 7P 8
CMCU U6(I3)

Structural diagram of CMCU U7 is shown in Fig. 5.8, where the address trans-
former TAS generates state codes using microinstruction addresses.
The CMCU U7 is based, therefore, on the transformation: { OLC input address,
next state code ). In this model, combinational circuit CC generates the input mem-
ory functions for counter CT

D =9P(1,X),

(5.20)

and address transformer TAS generates the input memory functions for register RG

V= ‘P(T/)7

(5.21)
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+1 -
X 4 Jyo

(D Lt
cC » CT CM Y
YE
A Fetch
Start R|TF
Clock
tart
Star s

Fig. 5.8 Structural diagram of CMCU Uy

where T’ C T. The OLC input determines unambiguously the state a,, € A, which
marked this input of GSA I'(U,7), and therefore no additional variables should be
used in this case. Let |T’| = Ry3. If condition

Ri3 <Ry (5.22)

holds, block TAS has minimal possible number of inputs. In order to satisfy condi-
tion (5.22), the first Ry3 leftmost address bits should determine unambiguously the
code K(I3) of input for OLC @ € C. Analysis of Fig. 5.5 shows that Rj3 =5 for
the inputs 112 and 12], because corresponding addresses differ only in the rightmost
address bit. Let us apply the algorithm of special microinstruction addressing (pro-
cedure Ps), which should be modified as follows: shift to the right is continued till
inputs of different OLC o, € C are placed in different columns of the addressing
table. Let us denote this new procedure as procedure Pj,. Application of this proce-
dure to microinstruction addresses of the CMCU Uj4(I9) gives the new addresses
shown in Fig. 5.9.
Synthesis of CMCU U;7(I") includes the following steps:

Application of procedures P,—FP; to the initial GSA I".
Construction of the control memory content.

Construction of CMCU transition table.

Construction of the table of address transformer TAS.

Synthesis of CMCU Uj7 logic circuit with given logical elements.

A

Let us apply this method to the CMCU U,7(Iy), microinstruction addresses of
which are shown in Fig. 5.9. Transition table of CMCU Uy includes columns a,,,
K(aw), I, A(I3), Xu, @y, h. In case of the CMCU Uy7(I3) it includes Hy7(I5) = 10
lines (Table 5.4).

This table is the base to construct the functions of system (5.20). For example,
the following expression could be found from Table 5.4 (without minimization):
D = 11 Trx3x1 V T1 T2x3X1 V T1 TaX3x4 V T) ToX3X4. This expression can be minimized
to get the final Boolean function: D; = 71 7>. ' '

Table of the address transformer TAS includes the columns I, K(17), am, K (an),
W, h. Code K(I7) is constructed using insignificant address assignments. For ex-
ample, as we find from Fig. 5.9: A(11) = 10100, and the inputs of OLC o, € C are
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T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 b1 b4 bg b1z b3 b1z

01 by bs bg * b1s b1s

1" bs be b1o * bis b1g

* | % [ | X
* [ ok [ % |

10| % b7 b1q * b1e *

Fig. 5.9 Microinstruction addresses for CMCU U7 (I9)

unambiguously identified by Rj3 = 3 address bits 717, 73. In consequence we obtain
at first the code K (151) = 101 % *, and using the generalized interval 111 * x of ad-
dress space, the code K (151) = 1 % 1 % is finally obtained. Application of the same
approach leads to the following input codes of OLC o, € C for control unit U;7(I9):
K(I}) =000, K(I?) = 000 %, K(I1) = 001 %, K(I3) = 001 %, K(I3) = 001 %,
K(I}) =105, K(I}) = 1% 0%%, K(I7) = 1x0%%, K(I}) = 1 Lk, K(I2) = 1% 5.
Some of these codes are the same and therefore the transformation of only one of
them should be shown in the table of TAS. Let us take the input with the least su-
perscript value. This TAS table includes NP, = 5 lines (Table 5.5).

Table 5.4 Transition table of CMCU U7 (I9)

am  Klaw) 1 AW X @, h
a 00 Il 00000 1 - 1
a 01 00100  xx3 Ds 2
[22 00101 X2X3 D3Ds 3
I, 00111  Xx4 D3DsDs 4
0 01000 x5¥x; D> 5
I 12 00010  xpx4x3 Dy 6
a3 10 1} 10000  x3x; Dy 7
1110100 xsxy DiD; 8
I Z% 10010 X3X4 DDy 9
152 10110 X3X4 D1D3D4 10

The system (5.21) with T’ = {T},T», T3} is constructed using this table and in
particular Dg = T\T2T3; D7 =T T3V T, T5.

Logic circuit of the CMCU U,7(I9) is shown in Fig. 5.10.

In general case, combinational circuit CC of CMCU Uy has the following char-
acteristics:

R =Ry (5.23)
17(I') = Ry; (5.24)

H7(I') = H{(T'). (5.25)
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Table 5.5 Table of TAS for CMCU U7 (Ig)

I K aw K(aw) W h
Il 000x% a 01 Dg 1
L 00lxx a3 10 D; 2
131 #*10xx a3 10 Dy 3
Ij 1x0x% a 00 - 4
151 1x1xx a 00 - 5
X1
1
X2 2| 11| PLA WB‘ 11?1 PLA | |Ps 25
xs 3[3]2 2\ 12en 2 5 |D7 26
= 3 3|3 13le<f 3 [ TSA
Xa 4414 4 [P 14
5|5 Ds 15
7 54 CC |5
6
o ol L8 290, re |1 |29
2 26|p 7, §
7 G 169 = 2
P e
_ 18 ¢
e 8lyg 1LY 17
Clock 9 ) y
1
start 1017 Ca 18129 1 [prom] 1 |,
— (10 21f o 2 7
23 3 V£
8 [g] 1 |Fetch 19[27 4 j;»yzl
2 5 5"
915 — 607
19CS 7 YE 8
o] ot [ 1120
ﬁDg o |2 21
21D, 3|l 22
2D 2 Tes
(D5 5 |Ts 24
RANE
16
, o 18|
Fig. 5.10 Logic circuit of —Co
CMCU Uy4(I3)

Let us point out, that both CMCU Uj4(I") and U;7(I") have smaller number of out-
puts than CMCU U, (I'), and equal number of inputs and lines in the transition
table. Optimization of logic circuit can be made with help of either TSA (Uj¢) or
TAS (U,7), but in both cases some extra hardware is needed. The final choice among
models U;, Ujg and Uy7 can be made, therefore, only after implementation of their
logic circuits, using particular elements. It should be pointed out, that the use of
state transformer TSA increases the cycle time of CMCU U,4(I"), in comparison
with U (I") and Uy7(I").
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5.3 Object transformation in CMCU with codes sharing

Application of the transformer of OLC code in the OLC component code for CMCU
Us results in CMCU Uyg, where block TOK executes the object transformation de-
scribed above (Fig. 5.11).

YE
Fetch
R TF

Start s

Here, the combinational circuit CC generates functions (5.11)—(5.12), where
variables 7, € 7 are used to encode OLC ¢, € C, and block TOK generates func-
tions (5.13). In this case, system (5.12) includes R4 elements, where parameter R4
is determined in the following way.

Let Nlyax = max(NIy,...,NIg), where NI, is the number of inputs for OLC
o, € C. The parameter R4 can be calculated using the following expression:

Fig. 5.11 Structural diagram of CMCU U3

R]4 = |—10g2NImax-|- (526)

Let us encode each input Ig of OLC o, € C by a binary code K (Ig) with R4 bits. In
this case input address A(/7) is determined by concatenation

A(I)) = K (o) < K(I]). (5.27)

Code transformer TOK generates component code K (b, ), where b, = I, and this
code is loaded into the counter CT.
Synthesis of CMCU U,g(I") includes the following steps:

Preliminary transformation of initial GSA I" (procedure Py).
Construction of the OLC set for transformed GSA.

Encoding of operational linear chains o, € C.

Encoding of components of operational linear chains o € C.
Encoding of the OLC inputs I3 € I(T").

Construction of the control memory content.

Construction of transition table for CMCU U,g(I").
Construction of table for code transformer TOK.

Synthesis of CMCU logic circuit with given elements.

WO D=
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Let us discuss application of this method to the design of CMCU U,g(Io), for
which the transformed GSA TI¢(Uig) is shown in Fig. 5.12.

In case of the GSA TIjo(Us) application of procedure P; leads to the set C =
{ou,...,08}, where oy = (b1,bs), I} =b1, 01 =ba, Ly =2; 0p = (b3,...,bg), I =
b3, 122 =bs, Oy = bg, Ly = 4; a3 = (b7,bg,by), 131 =b7, O3 =0bg, L3 =3; a4 =
(b1o,b11), I} = bro, I} = O4 = b1, Ls = 2; 05 = (b12,b13), 13 = b1a, Os = by3,
Ls =2; a6 = (b1a,b1s,b16), I} = bia, O¢ = b1s, Lo = 3; 07 = (b17,b13,b19), 03 =
(b20), Ig = 0g = by, Lg = 1.

The transformed GSA Ijo(Ug) is characterized by G = 8, Rg = 3, which
means that 7 = {7y, 7, 73}. Let us encode OLC ¢, € C in a trivial way: K(a) =
000,...,K(og) = 111. Analysis of OLC a, € C shows that Ly, = Ly = 4, and
therefore, R7 =2, T = {7, T> }. Microinstruction addresses for the CMCU U,g(I39)
are shown in Fig. 5.13.

The value of parameter NIj,x = max(1,2,1,2,1,1,1,1) =2 and therefore R4 =
1, V.= {v1}. Now the OLC inputs can be encoded as: K(I;) =0, K(Ig) =1
(g =1,...,8). Construction of the control memory content for CMCU U,3(I3)
is performed in a trivial way. Transition table of CMCU U3 is constructed using the
same approach, as the one used to construct transition table of CMCU Us,. First step
is reduced to construction of the system of transition formulae for outputs of OLC
o, €C ! In the discussed case this system is:

0, — x1121 \/fl)QIzz \/flfz)@@l \/flfzf3li;
0,,03,04 — 31 V3xall ViR L, (5.28)
05,046,007 — )Cglgl \/)lef.

Transition table is constructed on the base of this system. It includes the columns o,
K(ctg), Oy K (04, Iy K(Iy), Xns Wiy Vi, b, Where o is an OLC corresponding to
output O, in the initial SFT; o, is an OLC corresponding to input I;, from the right
part of transition formula, such that O, = b;, I, = b,. The initial GSA I includes
transition from b; into b,, determined by input Xj. The column ¥, includes input
memory variables D, € 'V, corresponding to 1 in the code K(¢,); the column V,
includes input memory variables v, € V, corresponding to 1 in the code K (I;,). The
number of lines Hig(I") is determined by the number of terms in the system of tran-
sition formulae. In our example, this table includes H;3(I79) = 19 lines (Table 5.6).

This table serves as the base for construction of functions (5.11)—(5.12). For ex-
ample, it could be found (after minimization), that: D1 =T T) 3 VT T3 VT T2 T3 V
TiX2; VI = T T2XoX1X2 V T1 X3.

In this particular case the input assignment 111 is treated as insignificant one,
because the OLC og ¢ C'. From Table 5.6, we obtain the set of input memory
functions ¥ = {D;,D,,Ds}.

Table of code transformer TOK includes the columns o, K (), Iy, K(I3), by,
K(bg), @y, h, where vertex b, corresponds to input I, and codes K(b,) can be
found from microinstruction addresses. This table describes the transformation of
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| Y1 | b7

!

| YaYa | bis | Y2Ys | big

!

'

| Y1YaYs |b16 | Y1 |b19

Fig. 5.12 Transformed GSA Iio(Us)
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717273
001 010 011 100 101 110 111
T1T2
00 b4 bs b7 b1o b1z b4 b7 b2o

01 b, by bg b1 b1z bis big

1| % bs be * * b1s big

10 % | bs | % | % | % | * | %

Fig. 5.13 Microinstruction addresses for CMCU U;s(I3o)

Table 5.6 Transition table of CMCU Ug(T5o)

o K(og) 0 K(otn) I K(I)) X ¥, V. h
a 000 a 001 I O X1 D; - 1
o 001 B 1 F122 Dy v 2
oz 010 I 0 Xwxs Dy - 3
oy 011 Ii 0 X1X2X3 D>rDs - 4
o 001 O5 100 151 0 X3 D - 5
O 101 161 0 X3X4 D D3 - 6
o 110 I 0 ¥»xz DDy - 7
a; 010 as 100 I 0 X3 D - 8
a 101 1L 0 Bxs DDy - 9
a; 110 I 0 B DD, - 10
o Ol o5 100 I} 0 x3 D - 11
a 100 110 Yxs DDy - 12
o 110 171 0 X3X4 D1D2 - 13
as 100 oz 111 K 0 x2  DiDDy - 14
ap Ol 121 k%) DDy v 15
Og 101 og 111 Ié 0 X2 D1D>D3 - 16
oy 011 12 1 523 DDy vy 17
o 110 oz 111 I 0 x2  DiD;D3 - 18
oy Ol 121 koY DD3y v 19

component addresses (5.27) into the component codes with Ry bits. The number of
lines in TOK table can be found from the relation

G
H(Uig) = Y Nl,. (5.29)
i=1

In the discussed case, TOK table includes H(Ug(I70)) = 10 lines (Table 5.7).

This table is now used to construct functions (5.13). In our case @ = {D4,Ds}
and the equation: D4 = T1T2 T3V V T1 T2 T3V1, can be extracted from Table 5.7.

Synthesis of logic circuit of CMCU U;g(I") is reduced to implementation of sys-
tems (5.11)—(5.13) using PLD chips and control memory with either PROM or RAM
chips. Logic circuit of the CMCU U,g(I30) is shown in Fig. 5.14.
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Table 5.7 Table of code transformer TOK for CMCU U;s(I3o)
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o K(og) I K() by K(by) @ h
a; 000 I 0 b 00 - 1
o 001 6B 0 by 00 - 2
o 001 B 1 bs 10 Dy 3
o3 010 O 0 b 00 - 4
ag Ol I 0O by 00 - 5
ag Ol 2 1 by 10 Dy 6
as 100 1L 0 bp 00 - 7
[073 101 I6I 0 by 00 - 8
o 110 B 0 b7 00 - 9
ag 111 L 0 by 00 - 10
X1
1 D 13 7, 5
X2 2fA 1| PLA | 1 |2 13510 | RG |1 L
2], o [D2 1414, 2|72 6
% 3ls]3 3 [Pz_18|19p, 3l 7
Xa 4144 4 [V 16l 1MRT
n sl 5] cc 19 ¢
6|7~
73 719 21[p | o1 [4[T 22
o afiz s o—1elo)|  |2fes
yo 9le [ ¥ 1811 R]
Ye 10 I—r EC1
:D18 C2 19[8c
Clock 11[12 & 2
Start 12
—10 Fetch 20
SR T -2{ 1 [PRoMm 1*51
512 2 [
111 g 7 Y3
-4 3 3
5 24 44>Y4
511 | PLA 23 5 5 |
CH Sl Y S
—— 20
Fig. 5.14 Logic circuit of fie| o | TOK 2%cs 7 [Y 19
CMCU Uig(Tio)
18 .
Rrp = Re; (5.30)
118(I") = Ro + Rua; (5.31)
Hig(I') = Hy(T'). (5.32)

In case of optimal encoding of OLC o, € C, introduction of TOK transforms
CMCU Uy into CMCU Ujqg: the structural diagram of the later being the same as
for CMCU U g. Synthesis methods for both CMCU Ujg and U,g are practically the
same, but in the case of CMCU Ujg optimal encoding of OLC is executed during
step 3 of the synthesis procedure. It allows to reduce the hardware amount of combi-
national circuit CC, in comparison with the equivalent CMCU Uyg. If OLC ¢, € C !
of the CMCU Ujg(Ip) is encoded as: K(oy) = 000, K(oz) = 100, K(o3) = 110,
K(o4) =101, K(as) =001, K(0g) =010, K(0;7) =011, K(og) = 111, the number
of lines of the CMCU U ¢(Ip) transition table is equal to Hj9(I79) = 11. It means
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that transition table has now 8 lines less, than the one corresponding to arbitrary
OLC encoding (Table 5.6).

Introduction of the code transformer TOK in CMCU Ui leads to CMCU U,
(Fig. 5.15), where block TC generates the codes of classes B; € Ilc.

+1
X Vi 4 Yo

T

[
TOK [ CT CM  |—»Y

y YE
Fetch
Start r|TF etc

Clock
tart
Star s

Fig. 5.15 Structural diagram of CMCU Uy

In CMCU U, combinational circuit CC generates functions

¥ = ¥(Z,X), (5.33)
V =V(Z,2), (5.34)

block TOK implements functions (5.13), and block TC generates functions
Z=17(1), (5.35)

which are next used to encode classes of pseudoequivalent OLC ¢, € C !. Synthesis
method for CMCU Uy (I") includes the following additional steps (in comparison
with synthesis method used for CMCU U,3(I")):

e construction of the partition I for set C!;
e encoding of the equivalence classes B; € Ilc;
e construction of the table of code transformer TC.

Let us discuss application of this method to synthesis of the CMCU Uy(I70).
Obviously, outcomes of the steps 1 - 6 are the same for both the CMCU U,3(I3o)
and U20(F10)'

It follows from analysis of the GSA To(Ujg) that C' = {@y,..., 04} and the
partition I'Tc = {B}, B, B3}, where By = (01), B, = {0, 03,04 }, B3 = {0is5, 06, 07 } .
Thus, it could be found that I = 3, Ry =2, Z = {z1,22}. Let us encode the classes
B; € Ilc using the following principle: the less OLC particular class includes the
more zeros its code contains. Now the classes B; € Tl have the codes: K(B;) = 10,
K(By) =00, K(B3) =01.

It is necessary to replace outputs of OLC ¢, € C !in the system similar to (5.28)
by corresponding classes B; € Il to construct transition table of CMCU U, (I"). In
the discussed case system (5.28) is transformed giving the following system:
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B, — )C112] \/f]XzIzz VX1XQX3I31 \/f]fzf3li;
By — )C3151 \/X3X4161 \/f3f4171; (5.36)
By — xoIi VI I3,

Transition table of CMCU U, (I") includes the columns: B;, K(B;), Oy, K(04),
L, K(I2), X, s Vi h. Some codes K (B;) may include insignificant variables, as for
example in case of the CMCU Uy (I7¢) where the code 11 is not used and we have
the codes:K(B;) = 1* and K(B3) = *1, whereas the code K (B,) remains unchanged.
Transition table of the CMCU Uy (I79) includes Hao(I70) = 9 lines (Table 5.8).
Comparative analysis of Tables 5.6 and 5.8 shows that in our case the number of
lines in the transition table reduces more, than twice, and the number of feedback
variables is 1.5 times smaller.

Table 5.8 Transition table of CMCU Uy (I5o)

Bi K(B) owm K(ow) I, K(I) Xy ¥, Vi h
B Ix oo 001 I 0 X1 Ds - 1
o 001 2 1 X1 D3 v 2
o3 010 I% 0 X1X2X3 D, — 3
o) 011 Ii 0 X1X2X3 DyDs — 4
B» 00 o5 100 2 0 X3 Dy -5
(073 101 ]61 0 X3X4 DDs — 6
(07 110 171 0 X3X4 DD, — 7
By #l og 111 I 0 x2 DiD;Ds - 8
ay Ol I 1 % DDy v 9

This table is now used to construct functions (5.33)-(5.34). For example, the
following equations can be got from Table 5.8 (after minimization): D1 = 7122 V
22X2;V1 = 721X1X2 V 20X2.

Table of code transformer TOK used for the CMCU Uy (Ijg) is the same as the
one for the CMCU U,3(Io). Table of code transformer TC includes the columns: o,
K(0y), Bi, K(B;), Zg, g, where g = 1,...,|C"|. In this example the table includes
G =7 lines (Table 5.9).

Table 5.9 is now used to construct functions (5.35). Taking into account the in-
significant input assignment 111, one can obtain the following expressions: z; =
T1T2T3, 22 = T1. Logic circuit of the CMCU Uy (Ip) is shown in Fig. 5.16, where
logic circuits of the blocks CC, TOK and TC are implemented using PLA chips, and
control CM is implemented with PROM.

In general case, combinational circuit CC of CMCU Uy has the following char-
acteristics:

R, — Ry: (5.37)
t20(I") = Re + Ri4; (5.38)

Hao(I") = Hyo(T"). (5.39)
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Table 5.9 Table of code transformer TC for CMCU Uy (T30)

o, K(og) Bi K(Bi) Z; ¢
o 000 B 10 711
o 001 B 00 - 2
03 010 B> 00 - 3
0y 011 B, 00 - 4
os 100 B3 01 5
(073 101 B3 01 2 6
oy 110 B3 01 22 7
X1 1
x> 2P 1T eia 121l o | me [1]020
; 332 > |P2_12[19p, 5 |72 21
——1313 3 [P 18]'3p, 3|2 22
Xa_4l4lq 4 [V 14%?
2 5[ g cc 11 ¢
z 6|7] 7
| T
vo 7|7 c (01p,| cT |1]28
ve gfo_|& 15fi0p, 2 [Tz 24
Clock 97 [ % 16|9[R]|
15
Start 10 —1C1
16 Ca 174 ¢,
10 &
BR[| T Fetch 18 0] T +y1
QZ 24>y2
=k 22| 5 3
23 Y4
14, 1 E 4 4 4>y5
>0 PLA D 5 5
1] = g Yo7
gi TOK 18ics 7 e 8
20 1| PLA Z1 5
21] 11
. o o2 2|2 8
Fig. 5.16 Logic circuit of ==13| TC
CMCU Uso(o)

Introduction of code transformer TOK in CMCU Uy leads to CMCU U,;, hav-
ing the same structural diagram as the CMCU Ujg. Comparative characteristics of
compositional microprogram control units with object transformation is represented
in Table 5.10.

As follows from this table, each model of U;4—U,; has some positive and neg-
ative features. In order to choose the best model, it is necessary to find the best
basic model for a given GSA and logical elements. This particular model should be
modified by introduction of TOK, TSA or TAS.
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Table 5.10 Table of code transformer TC for CMCU U,g(I30)
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Parameters of FSM

Comments

RS =R
t16(I") = Ri+R13
Hys(I') = Hi(I')

R, =R
117(F) =R

H7(I') = H|(T')

Ri = Re
113(I') = Rg+Ria
H3(I') = Hy(I'")
Ry < Rs
tio(I") = 113(I")
Hio(I') < Hy(I')

Rig = Rs
Zz](F) = Z]g(r)
Hi(I") < Hy(T') < Ho(T)

REp =Ry
l‘zo(r) =tlg(r)
Hy(I') =H(I')

Cycle time increases in com-
parison with cycle time of
CMCU U,;. Combinational
circuit CC has nearly mini-
mal number of outputs.

Maximal number of circuit
CC inputs. Cycle time is the
same as for CMCU Uj.

Cycle time increases in com-
parison with the cycle time
of CMCU Us.Optimal en-
coding of OLC and initial
GSA transformation are ori-
ented towards reduction of
the number of lines of transi-
tion table.

Cycle time increases in com-
parison with cycle time of
CMCU Ujy. Minimal num-
bers of inputs, outputs and
terms of addressing is con-
nected with use of extra block
TC.

U; Addresing FSM
Uie )
vl
- cc \Pf TSA CDT
RG
U
X T
cc i T
TAS
m
Ui )
U19 - cc : TOK i CT T
U r %o | F
Uso
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Chapter 6

Control memory optimization for compositional
microprogram control units with code sharing

Abstract The chapter considers some optimization methods used to reduce the size
of CMCU control memory keeping the microprogram. These methods are based on
the use of special address transformer permitting to keep the control memory size,
which is the same as in case of the CMCU basic structure. One of the methods is
oriented towards keeping only the original sets of microoperations and some addi-
tional variables in the control memory, in order to provide natural addressing and
operation termination operating modes. The second approach assumes that a spe-
cial CMCU block, which is not the part of its control memory, generates additional
variables mentioned above. The methods proposed here permit to reduce control
memory volume in comparison with the CMCU basic structure. Negative feature of
this approach is decreasing of the CMCU performance because duration of the cycle
becomes greater than in case of the CMCU basic structure.

6.1 Principles of control memory optimization

Use of code sharing principle allows minimizing parameter values of combinational
circuit CC. Unfortunately, if condition

R¢+R7 >Ry 6.1)

holds, the size of control memory of CMCU Ug — U increases in comparison with
its value for the equivalent CMCU Uj. Also, if condition

Ry+R7 >R, (6.2)

holds in case of CMCU U, — Ujs, the control memory size also increases. The size
of CMCU Uj control memory is minimal and let us denote it by Vp;,. It should be
remembered that equations (6.1) and (6.2) use the following parameters express-
ing bit capacity of particular codes: Rg for OLC code; Rg for component code of
OLC or elementary OLC; Ry for elementary OLC code; R, for address A(b,) of

159



160 6 Control memory optimization for CMCU with code sharing

microinstruction corresponding to vertex b, € By:

R, = |log, Ms|; (6.3)
R¢ = ]log, G[; (6.4)
R7 = ]logy Limax[; (6.5)
Ry = |log, Gg|. (6.6)

In these equations M, = |By|, G = |C|, Gg = |Cg|,Lmax is the maximal number
of components among either all OLC o € C or elementary OLC o, € Cg, By is a
set of operator vertices of GSA I'.

Methods discussed in this Chapter are based on our results from [1,3-9]. If con-
dition (6.1) is satisfied, the three following approaches can be applied to minimize
the size of control memory:

e transformation of microinstruction address, represented by concatenation of the
OLC code and its component code, into microinstruction address having R, bits;

e transformation of microinstruction address, represented by concatenation of
OLC code and its component code, into the address of expanded microinstruc-
tion;

e transformation of microinstruction address, represented by concatenation of
OLC code and its component code, into address of the microinstruction, cor-
responding to collection of microoperations y, € Y.

All three approaches are oriented towards transformation of microinstruction ad-
dress (object) from some particular form of representation (code sharing) into an-
other form of representation, which guarantees preservation of control memory size
on Vi level. In some cases, this level can be even make lower. First transformation
is connected with introduction of additional address transformer block AT; into the
CMCU Ug - U11 (Fig. 6.1).

—(D>| C:' |—T> Jyo

A A Z. » Y
Start ATy CM
Clock > Ve
. . vy
Fig. 6.1 First approach to ¥

address transformation

In this case block AT; transforms microinstruction address A(b,), represented by
the concatenation
A(bg) = K(0) *K(bg), (6.7)

into microinstruction address B(b,), obtained after application of procedure P». The
transformation is reduced to generation of some functions
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Z=27(T,), (6.8)

used to address microinstructions Y (b,), |Z| = R,. Thus, application of address
transformer A7} allows preservation of minimal possible control memory size, if
condition (6.1) is satisfied.

Let us call a collection of microoperations y, € Y and additional variables yy,
YE, written in some vertex b, € By, as an expanded microinstruction (EMI) and let
us denote it by Yz(I"). We find now a set Yz(b,) of expanded microinstructions
for GSA I', where |Yg(I")| = M3. Obviously, the same expanded microinstructions
can be written for different operator vertices b, € By; it corresponds to inequality
M5 < M,. Let R;5 be the number of bits sufficient to address all expanded microin-
structions. We have

R15 :] logzMg[. (69)

Expression (6.9) corresponds to the case, when each unique EMI is determined
by a unique address of control memory CM. If condition

Ri5s <Ry (6.10)
holds, the control memory size for CMCU Ug — Uj can be
Acy = 2R Ris (6.11)

times less, than the value of parameter Vy;,. Resulting reduction of the control mem-
ory size is connected with the use of address transformer AT, in CMCU Us — Uy,
(Fig. 6.2).

-Hg

A
—>|® cT |—>T JVO
A A

Ze
start AT, o CM Y
Clock | Ve
) vy
Fig. 6.2 Second approach for ¥ RG Lt
address transformation
The address transformer A7, generates functions
Zg :ZE(Ta T)v (6.12)

which are used to generate an address Ag (b ), corresponding to a code Kg(by) of
expanded microinstruction.

Further optimization of the control memory size is connected with encoding of
collections of microoperations Y (b,) C Y. If some GSA I includes My different
collections of microoperations, then

Ri =|log, My] (6.13)
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binary variables is sufficient for their encoding. If condition
Ris=R, (6.14)
holds, the control memory size can be reduced
Ay, = 282 7Ris (6.15)

times, in comparison with Vpni,. In this case, control memory CM keeps only mi-
crooperations y, € Y. Special combinational circuit should be used to generate ad-
ditional variables yy and yg. Let us denote this circuit by CCS. If condition (6.14)
takes place, models Ug — U} can be modified by introducing the address transformer
ATz and block CCS (Fig. 6.3).

+1
v
—»ICD cr |1 Yo

| »
A

Start |

Clock > > VE

[} ccs

—»| RG [T

ATs | CM | Y

Fig. 6.3 Third approach to address transformation

In this case, block CCS generates functions

Yo = yO(Ta T)v (616)
ve = ye(T,7), (6.17)

and address transformer AT3 generates a code C(b,) of some collection of microop-
erations on the base of address A(b,) represented by (6.7). Obviously, this approach
offers the greatest possibilities for control memory size optimization. Address trans-
former ATz generates functions

Zn = Zu(T, 7), (6.18)

used for addressing collections of microoperations, where |Zy| = Ry¢.

Let us use the initial GSA I7; for further discussion (Fig. 6.4). Application of
procedure P; for the GSA I7; results in the following set of operational linear chains:
C= {061,...,066}, where o) = <b1,b2>, Ill =by, 01 = by, L1 =2; 0p = (b3,b4,bs),
121 = b3, 122 = b4, 02 = b5, L, = 3; o3 = <b6,b7>, 131 = b6, 03 = b7, L3 = 2; oy =
(bs,bo), I = bg, Oy = by, Ly =2; a5 = (bio, ..., b1a), I3 = b1o, I3 = b1z, Os = by,
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X DY
| Yy b7 Y2Ys bg
YaYa by
1 Xs 0
1 Xa 0
A
1 0 Y3 bis
| YiYa | bio | YaYaYa | bie
| Y2Ys | by | Y2Ys | b7
" !
| YaYe | b1z | Y1Ya | big
¢ \
| YaYa | big | Y2Ys | big
\
Yiy2 bis

Fig. 6.4 Initial GSA I3
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Ls=5; 06 = <b]57 e 7b19>, 16] = b5, Og = b19, Lg = 5. In this case G = 6, Rg = 3,
Lmax =5, R7 =3, My =19, Ry = 5. Thus, condition (6.1) is true and application of
the address transformer possible.

Application of procedure P;; for the GSA Ij; results in the following set of oper-
ational linear chains: Cg = {0,..., 08}, where o) = (b1,b2), L1 = 2; 0p = (b3),
L2 =1; o3 = <b4,b5>, L3 = 2; Oy = <b6,b7>, L4 = 2; Os5 = <bg,b9>, L5 = 2;
Olg = <17157 . ,b19>, L6 = 5; o = <b12,b137h14>, L7 = 3; Oog = <b15, e ,b19>, Lg =5.
Here Gg =8, Rg =3, Lnax =5, R7 = 3, My =19, R, = 5. Thus, condition (6.2)
holds and the address transformer can also be used.

All approaches mentioned above are connected with decrease of performance,
because introduction of address transformer causes the longer CMCU cycle time. If
cycle time exceeds maximal possible value determined by the designer of control
unit, application of the code sharing approach becomes useless.

All these approaches can be applied to minimize the control memory size of
CMCU with elementary OLC only, when condition (6.2) takes place. Structural
diagrams of these CMCU are identical to corresponding structures of CMCU based
on OLC, but no input memory functions are connected with inputs of the counter CT.
Application of the first approach allows preservation of minimal size of the control
memory. Application of the second approach reduces the control memory size Acy
times in comparison with Viin, where Acys is determined by (6.1). Application of
the third approach reduces the control memory size Ay, times in comparison with
Vinin, Where Ay, is determined by (6.15).

Synthesis methods applicable for CMCU Ug — Uy, are similar to the optimization
methods described above. We now take the CMCU Ug model and use the same
explanation. The methods used to reduce the control memory size of the CMCU
with elementary OLC will be discussed for the CMCU Uj, model.

6.2 Synthesis of CMCU with generation of microinstruction
addresses

Use of address transformer AT} converts CMCU Ug into CMCU U,,, which is shown
in Fig. 6.5.

Operation principles are practically identical for both CMCU Uy, and Ug, but
in case of the CMCU U»,, microinstruction address A(b,) is generated by an ad-
dress transformer ATj. Synthesis method applied for CMCU U,; can be viewed as
some modification of the synthesis method used already for CMCU Us, obtained
by adding the steps involving procedure P> and construction of the table of address
transformer ATj. Let us discuss an example of synthesis of the CMCU U (I3).

It is clear, that the transformation of GSA I7; s reduced to insertion of variable yg
into operator vertices b14 and by9. It was found previously, that in this particular case
Rs=3,7={1,72,13}, R =3 and T = {11, >, T3 }. Let us encode OLC o, € C
in a trivial way: K(a;) = 000,...,K(0g) = 101. Encoding of components, which
satisfies condition (4.4), gives the microinstruction addresses shown in Fig. 6.6.
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+1

Zz
cc st T 1 AT, [“wf oM |-
tart |
Clock > Ve
\ Rl TF Fetch
Yl R H *
Start s
Fig. 6.5 Structural diagram of CMCU U,,
17273
000 001 010 011 100 101 110 111
T1T2T3
000 b4 bs bs bg b1o b1s * *
001 b, by b7 bg b14 b1 * *
010 * bs * * b1z b7 * *
011 [ % * * * biz | big [ * *
100 | % * * * b1s b1g * *
101 % | % * | * * *
10 | % * * * * *
111 * * * * * *

Fig. 6.6 Microinstruction addresses for CMCU Uy (I31)

Application of procedure P, for this particular case results in microinstruction
addresses shown in Fig. 6.7, which are the same as microinstruction addresses of
the CMCU U, (I—i 1 )

Z1Z3Z3
000 001 010 011 100 101 110 111
Z4Z5
00 [ by bs be b1s b7

01 b, be b1o b14 b1g

10| bs b; b1 b1s b1g

* [ * | ¥ [ *
¥ [ ok [ %k | ok
¥ [ ok [k | ok

11 by bsg b1z b1s *

Fig. 6.7 Microinstruction addresses for CMCU U, (I3;)

The content of CMCU U, (I7;) control memory is identical with the control
memory contents of CMCU U — Uy (Table 6.1).
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Transition table of CMCU Uy (I') is constructed by analogy to the case of
CMCU Ug(T'). In the first step we construct a system of transition formulae for
OLC. During the second step, each term of transition formula is replaced by a sin-
gle line of the transition table. In our case C' = {0, 00,03,04} and the system of
transition formulae for a, € C ! takes the form:

o — )C112] \/fl)C213l \/flfz)qli Vf1f2f316l; 6.19
00,053,004 — X3122 VX3X4X5152 \/)73)(435]52 \/73)64?5]51 \/X3X4I61' (6.19)
System (6.19) determines the transition table including Hy;(I7;) = 16 lines
(Table 6.2). This table is used to construct input memory functions ¥ and @,
represented by (4.7) and (4.6) respectively. In the case of CMCU U22(I3;, the
Boolean functions have the form, as for example: D5 = F5 V Fio V F14 = To T3X3X4X5 V
TrT3X3X4X5 \V Tp T3X3X4X5. This formula was produced using the property, that codes
for all OLC o, € C Linclude 1, = 0.

Table 6.1 Control memory content for CMCU U, (I31)

Address
2122232435

Content Comments

00000 Yoyiy2 I 1] by

00001 3 01by
00010 Yoy1y2 Lbs
00011 Yoy1y4 Bbys
00100 yays Osbs
00101 yoy2y3ya Lbs
00110 yiv O3b7
00111 Yoy2ys I}bs
01000 yavs Oubs
01001 Yoy1y2 Libio
01010 Yoy2ys b1y
01011 Y0Y3Y6 Lbp,
01100 Yoy2y4 b1z
01101 VIV2YE O4by4
01110 Yoy3 Ibis
OITIT  yoy2y3ys bis
10000 Yoy2ys b7
10001 Yoy1Ya big

10001 V2V5YE Osb19

The address transformer AT is represented by a table with columns b, o,
K(otg), K(by),A(by), 24, g and the operator vertex b, € D$(g=1,...,G). In general,
this table includes M, lines, which in case of the CMCU Uy (I31) gives My = 19
lines (Table 6.3).

This table serves as the base to construct system (6.8). For example, the equation
=Tl 1HLT3VTTaiT 1 LT3V 11721311 T2 T 3 can be obtained from Table 6.3.
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Table 6.2 Transition table for CMCU Uy, (I31)

o, K(og) o K(o) I, K(I) X, Y, Vi, h
o 000 o 001 I} 000 x Dy - 1
(07} 010 131 000 X1X2 D; - 2
[ 011 IA} 000 Xx;Xox3 DoD3 - 3
(073 101 Ig 000 Xx;xox3 DD3 - 4
o 00l o 001 BB 001 X3 Dis D¢ 5
as 100 2 010 Xxaxs D Ds 6
s 100 I 000 ¥u¥s Dp - 7
O 101 16] 000 xX3x4 DDy - 8
oz 010 o 001 2 001 X3 D; D¢ 9
as 100 2 010 Xaxuxs Dy Ds 10
as 100 I 000 Xzxxs Dy - 11
Olg 101 16] 000 X3x4 D1D3 - 12
o4 011 o 001 2 001 x3 Dy Dg 13
O 100 152 010  X3xgxs D, Ds 14
O 100 ISI 000  X3x4X5 Dy - 15
a 101 I} 000 X% DDy - 16
Table 6.3 Table of address transformer for Ua»(I71)
by oy K(ag) K(bg) Alby) Zq q
by oq 000 000 00000 - 1
by o 000 001 00001 Z5 2
bz o 001 000 00010 74 3
by o 001 001 00011 2425 4
bs o 001 010 00100 z3 5
bg oz 010 000 00101 2325 6
b7 oz 010 001 00110 7324 7
bg Oy 011 000 00111 732425 8
by o4 Ol1 001 01000 22 9
by os 100 000 01001 2275 10
b1 o5 100 001 01010 2224 11
b1y o5 100 010 01011  zpz4zs 12
bis as 100 011 01100 2z 13
by 05 100 100 01101  zpz3z5 14
bis o 101 000 OL110 zaz3z4 15
big g 101 001  O1111 zpz3z4z5 16
b7 o 101 010 10000 21 17
big o 101 011 10001 2125 18
bio o 101 100 10010  zjz4 19

167

Insignificant input assignments can be used for minimization of functions z, € Z.

The Karnaugh map, generated for our particular case, is shown in Fig. 6.8.

The minimal disjunctive normal form z; = 7373 V 71 7» T> can obtained, for exam-
ple, from the table of Fig. 6.8. This formula corresponds to the first bit of all codes
taken from all cells of the Karnaugh map.
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QLrix]

000 001 o011 010 110 111 101 100

T1T2T3
000 {00000 [00010{00111[00101| % | % |01110|01001
001 {00001 [00011{01000[00110| % | % [01111]01010
11| % | % | » | » | % |[ % [10001)01100
010 | % |00100| % | % | % || % [10000]01011
M0 % |[% | %) = | % || % | * || *
M| ok || % | x| x| x| x| x| %
101 % || % | % | % | % | * |10010]01101
100 % [l % | % | % | * || | % || *
-} - |

Fig. 6.8 Karnaugh map for CMCU U, (I3)

Synthesis of logic circuit for the CMCU Uy (I71) is reduced to the implementa-
tion of systems (4.6), (4.7) and (4.8) using PLD chips, and implementation of the
control memory CM using either PROM or RAM chips (Fig. 6.9).

By analogy, introduction of address transformer A7} converts CMCU Uy into
CMCU Uz, CMCU Ujg into CMCU Uy, CMCU Uy into CMCU Uys. Synthe-
sis methods applied for CMCU U,z — U,s can be viewed as some modifications of
synthesis methods used previously for CMCU Uy — Uy respectively, based on ap-
plication of procedure P> (microinstruction addressing) and on construction of the
table of address transformer ATj.

Introduction of address transformer AT} in CMCU Uy, leads to the CMCU Uy
of Fig. 6.10.

Operation principles of both CMCU U, and U,g are practically identical, but in
case of CMCU Uy, address A(b,) is produced by the address transformer AT7. Syn-
thesis method used for CMCU U, is a modification of the one applied for CMCU
Ui, which consists on using procedure P; and the table of address transformer ATj.
Let us discuss an example, in which this method is applied to the CMCU Uy (I31).
The set of elementary OLC Cg for the case of GSA I]; was constructed in Section
6.1, where we obtained: Rg = 3; R7 = 3; R, = 5.

Let us encode elementary OLC o, € Cg in a trivial way: K(a;) = 000, ...,
K(og) = 111. Encoding of components satisfying condition (4.4) leads to microin-
struction addresses for the CMCU U,¢(I3; ), shown in Fig. 6.11.

Application of procedure P> results in microinstruction addresses shown in Fig.
6.7, and the control memory content for the CMCU Ups(I7;) is the same as for
CMCU Ux(Ii}), and is given in Table 6.1.

Transition table for CMCU U,4(I") is constructed using the same approach as
the one, used for CMCU Uj,(I") . The first step is connected with construction of
transition formulae for elementary OLC o, € C 1. The second step consists on re-
placement of each term of the equation system by a single line of transition table. In
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Fig. 6.9 Logic circuit of = Ce
CMCU Up,(I3y)
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Fig. 6.10 Structural diagram of CMCU Uyg

case of CMCU Uy (T31) we have the set C. = {0, ..., 0%} and system of transition
formulae:

o — X1 VX 1x04 V X1 X0x315 V X1 XX313;
o — I

03,0y, 05 — X313V X3x4x517 V X3X4X51¢6 VX3X4)75151 V X3x4lg;
O — 17.

(6.20)

Transition table includes the columns o, K(0tg), G, K(0), Xu, Wi, b, and in
case of the CMCU Uy (I71) it has Hps(I71) = 18 lines (Table 6.4).

This table serves to construct the input memory functions ¥'. For example, from
Table 6.4 we get: D1 = F3VFE,VF; VRV RV F VFoVF3VF5V...VFg=
T1T2T3X1X2x3 V...V T1 T2 T3.
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717273

001 010 011 100 101 110 111

T1T2T3

000 b1 b3 b4 be bs b10 b12 b15
001 b, * bs b7 bg b14 b3 b1e
010 | 4 * * * * * b1s b1z
011 | % * * * | % * * big
100 * * * * * * * b1g
101 * * * * * * *
110 * * * * * * *
" % * * * * * | *

Fig. 6.11 Microinstruction addresses for CMCU Us4(I31)

As in case of CMCU U,,, address transformer is represented by a table with the
columns: by, otg, K(0t), K(by), A(bg), 24, q. In case of CMCU Upg(I71) this table
includes M, = 19 lines (Table 6.5).

In Table 6.5, some bits of codes K(b,) are marked by symbols *. These sym-
bols correspond to insignificant input assignments for component codes of some
EOLC. These assignments allow minimizing the number of literals in the disjunc-
tive normal forms of functions z, € Z. This table allows to derive functions (6.8).
The equation z; = 7172312 V T1 T2 7311 can be found, for example, from Table 6.5
(after minimization).

Synthesis of logic circuit for CMCU Us4(I") is reduced to the implementation
of systems (4.6), (4.7) and (6.8) using PLD chips, and implementation of control
memory using either PROM or RAM chips.

Introduction of address transformer AT} into CMCU U3 — U;5 converts them into
CMCU Uy — Uyg respectively. Structural diagrams of CMCU with code sharing
and transformation of microinstruction addresses A(b,) from the form (6.7) into
corresponding addresses with R, bits are shown in Table 6.6.

Let us point out that only four models among all shown in Table 6.6, namely U,»,
Us4, Usg, Upg are original ones. All other models are some modifications of them,
obtained either using different approach to encoding of OLC (U,3), or elementary
OLC (Uy7), or using different method of GSA transformation (U,s, Uag). The vari-
ables used to encode OLC (U,4) or EOLC (U,g) form a set W, and elements of the
set Z are used to address microinstructions kept in the control memory CM.
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Table 6.4 Transition table of CMCU Uy4(I31)

o, K(og) o K(ow) X ¥, h
o 000 o 001 X1 Ds 1

Oy 011 X1X2 D>Ds 2

[0 100 X1X2X3 D, 3

o 111 X1X2x3 D1D2Ds3 4

[07) 001 o3 010 1 D, 5

[07) 010 [07) 010 X3 D> 6
oy 110 X3x4x5 DD, 7

O 101 X3X4X5 DD 8

og 111 X3X4 D1D;Ds3 9

oy 011 o3 010 X3 Dy 10
[07] 110 x3xaxs DDy 11

O 101 X3X4X5 DD 12

og 111 X3xs DiDD3 13

o5 100 o3 010 X3 D, 14
oy 110 X3x4x5 DD, 15

O 101 X3X4X5 DD 16

og 111 X3x4 DiD>D3 17

073 101 og 110 1 DD, 18

Table 6.5 Table of address transformer for CMCU Uy (I3;)

by og K(ag) K(bg) Albg) %q 9q
by o 000 xx0 00000 - 1
bz o 000 * 5k 1 00001 25 2
bz o 001 xxx 00010 24 3
by o3 010 x*x0 00011 2425 4
bs a3 010 xx1 00100 23 5
be o4 Ol1 x*x0 00101 7325 6
b7 o4 Ol1 xx1 00110 7324 7
bg 05 100 x*x0 00111  z32425 8
by 5 100 xx1 01000 22 9
by 0 101 x*x0 01001 2225 10
b1 o 101 *x1 01010 2224 11
by, o 110 %00 01011 2zpz4z5 12
bz oy 110 «x1 01100 2223 13
by oy 110 #1x 01101 207375 14
bis og 111 000 01110 zpz3za 15
big o 111 *01  OI111 zpz3zazs 16
b7 og 111 *10 10000 21 17
big og 111 *11 10001 2135 18
b9 og 111 1% 10010 2134 19

6.3 Synthesis of CMCU with addressing of expanded

microinstructions
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Introduction of the address transformer AT, into CMCU Ug gives the CMCU Uszg

with structural diagram shown in Fig. 6.12.
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Table 6.6 Structural diagrams of CMCU U,y — Uy

*E Structural diagram Comments

Analogue of Ug

Analogue of Uy, set T’ C 7 is input of
CC

Analogue of Uy

Analogue of Ujg [W|=R4

Analogue of Ujp

Analogue of U3, set T’ C 7 is input of
CC

Analogue of U5

Analogue of Ujs [W| =Ry,

cc 44 AT, Sl oM Y

v Yy rlTF Fetch
RG T
Start s

Fig. 6.12 Structural diagram of CMCU Uz

Q‘
8
v

Operation principles of both CMCU Usg and Uy are the same, but address trans-
former AT, generates code Kg (b,) of the expanded microinstruction on the base of
address A(bq), represented in the form (6.7). In case of GSA I, the set of expanded
microinstructions Yz (I71) includes the elements: Y| = {yo,y1,y2}, Y2 = {y1,y2},
Y3 = {y1,y2,5e}, Ya = {yo,y3}, ¥5 = {3}, Yo = {y0,y1,¥4}, Y7 = {y0,y2,¥5}, Y5 =
2,35}, Yo = {y2,¥5,5e}, Y10 = {0,¥2,¥3, 94}, Y11 = {y2,54}, Y12 = {y0, 32,4},
Y13 = {y0,¥3,Y6}. Therefore, M3 = 13, Rj5s = 4, condition (6.10) is satisfied, and
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this method can be successfully used for the GSA I . Synthesis method used for
CMCU Us is a modification of the one applied for CMCU Ug, when the steps of
expanded microinstruction encoding and construction of the table of address trans-
former AT, are added.

By analogy, introduction of address transformer A7, into CMCU Uy results in
CMCU Usy, having the same structural diagram as CMCU Usg. There is one dif-
ference however, namely feedback inputs 7’ of the combinational circuit CC form
some subset of the set 7 . Synthesis method used for CMCU Us; has the following
steps:

Transformation of initial GSA I" (procedure Py).
Construction of the set of OLC (procedure P;).
Construction of the partition I'lc for OLC set C.

Optimal encoding of operational linear chains o, € C I"and arbitrary encoding of
OLC o, ¢ CL.

Encoding of components for OLC o € C.

Encoding of expanded microinstructions.

Construction of the control memory content.

Construction of transition table for CMCU.

Construction of the table for address transformer A7>.
Synthesis of CMCU logic circuit with given logic elements.

el o e

SN S RSN

Let us discuss application of this method to the CMCU Uz (I3;), remembering
that the OLC set for the GSA I7; was already found in Section 6.1.

Partition of the set C! = {a,..., 0} results in the set Ilc = {B,B,}, where
By = {0}, B, = {a, 03,04 }. Result of optimal encoding of OLC ¢, € C is shown
in Fig. 6.13. Now, each class B; € Il corresponds to a single generalized interval
of a three-dimensional Boolean space.

7273

00 01 11 10
71

Fig. 6.13 Encoding of EOLC 1

[2%] [24] ay
for CMCU U31 (H])

In this case OLC oz, 0 ¢ C! and corresponding codes can be used to minimize
the codes K(By) and K(B,). Taking this possibility, we obtain the codes: K(B;) =
0%+ and K(By) = 1 *x; and in consequence 7’ = {11 }.

Components of OLC a, € C are encoded in a trivial way and corresponding
microinstruction addresses are shown in Fig. 6.14.

Encoding of expanded microinstructions is now performed, using the state en-
coding method presented in [2], namely: the more operator vertices includes ex-
panded microinstruction ¥, € Yg(I") the more zeros its code includes. Let n,,, = |Y;,|,
and the following values of parameter n,, can be found in case of the GSA Ii;:
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717273

001 010 011 100 101 110 111

T1T2T3

000 | by bo | * bis bs be * bs
001 by b1q * b1e by b7 * by
010 * b1z * b1z bs * * *
011 * b3 * b1g * * * *
100 * b4 * b1g * * * *
101 * * * | * | * | %
110 * * * * * *
1M % * * * * * *

Fig. 6.14 Microinstruction addresses for CMCU Us; (I31)

m=3m=m=1l,m=ns=1,n=2,n=3,ng=1,n9=1,n190=2,n;; =1,
nip=n;3=1.

The following codes of expanded microinstructions for the CMCU Uz (I7) were
obtained using the approach given above (Fig. 6.15).

Z1%2
2334
00 Y4 Y7 Yo Yo

01 | Yqo Y3 Y1 Ya

1
Fig. 6.15 Encoding of ex- v Ve * *
panded microinstructions for 10 v, Yis * Ye
CMCU Uz (Iy)

These codes represent the control memory addresses of expanded microinstruc-
tions. The control memory content is constructed by replacement of the symbols of
expanded microinstructions by corresponding collections of microoperations y, € Y
and variables yg, yg (Fig. 6.16).

213
" 00 o1 11 10
73%4

00 | Yoy1y2 | Yoy2Ys | Yoy1Ya | Y2YsYE

01 |yoyaysyd y1yaye | Yoys | Yaya

1] viv2 | Yoyaye | Yays *

Fig. 6.16 Control memory 10
content for CMCU Us; (I71)

Y3 | Yoy2ya | % *
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Construction of transition table for CMCU Us; is executed using the same
method as the one used for CMCU Uy. In our particular case system (6.19) is re-
placed by the following system of transition formulae:

B, — x1121 \/31)6213l \/leg)«gli \/flfzf3lﬁl;

21
By — X3[22 \/f3)€4)€5[52 \/f3)€4f5151 \/763)74]61, 621

which corresponds to the transition table with H3; (I7) = 8 lines (Table 6.7).

Table 6.7 Transition table for CMCU Us; (I3;)

B K(B) 0w K(otw) Ih K(Ih) X ¥ O h
By 0xx oy 100 I 000 x Dy -1
s 101 I 000 xx DDy - 2
oy 111 I} 000 X%ox3 DiDD; - 3
a Oll I} 000 X%x; DyD; - 4
B, 1xx a 100 I3 001 X3 Dy D¢ 5
as 001 2 010 Xaxaxs D3 Ds 6
o5 001 151 000  X3x4X5 D3 - 7
o 01l Il 000 x% DD - 8

This table allows to construct disjunctive normal forms of functions (4.6) and
(4.7). The equations D3 = T|X| V T1X3; D5 = T{X3x4X5; can be found, for example,
from Table 6.7 (after minimization).

Address transformer A7, generates functions (6.12), and its table includes M,
lines and the columns: by, oy, K(oy), K(by), K(Yg), z¢, g. Column K(Yg) of this
table contains code of an expanded microinstruction corresponding to some vertex
B, € B,. In case of CMCU U3 (I71) this table includes M> = 19 lines (Table 6.8).

Synthesis of logic circuit of CMCU Us; is reduced to implementation of systems
(4.6), (4.7) and (6.12), using PLD chips, and implementation of control memory
using either PROM or RAM chips. Logic circuit of the CMCU Us, (I5;) is shown in
Fig. 6.17.

In this particular case, it could be found that Vi, = 32 x 8 = 256 bits, and the
address transformer A7, allows application of code sharing approach as well as
reduction of the control memory size up to 128 bits.

Adding the address transformer AT to the CMCU Ujg we obtain CMCU Us;,
and adding it to the CMCU Uy results in the CMCU Uszs. Let us point out that in-
troduction of the address transformer A7, to any of CMCU Uy — Uy gives reduction
of the control memory size in the particular case of GSA I7;.

Introduction of the address transformer A75 into CMCU Uy, results in CMCU
Uiy, with structural diagram shown in Fig. 6.18.

Operation principles of both CMCU Us4 and Uy, are the same, but in the former
the address transformer generates code Kg(b,) of expanded microinstruction on
the base of address A(b,), represented in the form (6.7). Synthesis method used
for CMCU Uz, is a modification of the method applied in case of CMCU Uy,. This
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Table 6.8 Table of address transformer AT, for CMCU Uz (I31)

by og K(og) K(by) K(Yg) z q
by oa; 000 xx0 0000 - 1
b, a; 000 xx1 0011  z3z4 2
by o 100 x00 0000 - 3
by o 100 xx1 1000 21 4
bs oo 100 * 1% 1010 zjz3 5
b¢ a3 101 x*x0 0001 24 6
b7 o3 101 EER! 0010 z3 7
bg oy 111 x*x0 0100 ko) 8
by oy 111 x% 1 1101 z1zpz4 9
byy as 001 000 0000 - 10
b1 o5 001 x01 0100 22 11

b1y os 001 x10 0110  z22z3 12
b1z o5 001 *11 0111  zpz3z4 13
b4 oas 001 1x% 0101 24 14
bis o 011 000 1001 z1z4 15
big o 011 x01 0001 4 16
b7 o Ol1 %01 0100 22 17
big o Ol1 x11 1000 71 18
by ag 011 I+ 1100 z1zp 19

X1 1
D 14[14] 76
w 2P| PLA TG 72D1| RG |1
32 2 [H2 15119, o|%2 7
X3 38[3]3 3 [P: 1616/, 373 8
xe 4|42 4 [Ps 171
Xs 5 E 5 5|2 18l
5
6
1°16
Z
o8 ce el [ pea |15 g?
%) 713 C1 19l2 2 Zs o8
7, 8 813 31z,
3 _ 1|7 29
9 Yo 20§23 4
Yo 9 1p 2745
ve 1020 C, 211 8| ATz
0" 11
Start 12]1 9| Rl T Fetch 22 4>y1
Clock 13} 26| 1 |PROM) 1 v
12] S 27) 2 g 4»}/3
T 28 3 py i 2
lD1 cT 1 T1 23129 4 5 Vs
17 2 24 B
(D2 217 6 |-
18/, 3|13 25 o] 7Y 8
12 CS YE 9
19 8
91 c,
Fig. 6.17 Logic circuit of 211 c,
CMCU U3 (Iy)

modification consists on adding the steps of encoding of expanded microinstructions
and construction of the table of address transformer A7>.

By analogy, introducing of address transformer A7, into CMCU U3 gives the
CMCU Uss, having the same structural diagram as in case of CMCU Us4. The
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+1

Ze

-
oy

cc AT, CM |V

Start |
Clock

L
YE
Rl TF Fetch
‘{’I
RG T
Start
ar s

Fig. 6.18 Structural diagram of CMCU Us4

Y

-

variables 7' C 7 are used as feedback signals in case of CMCU Uss. Synthesis of
CMCU Uss includes the following steps:

Transformation of initial GSA (procedure Py).

Construction of the set of elementary OLC Cg (procedure Pi1).
Construction of partition I for the set C. C Ck.

Optimal encoding of elementary OLC ¢, € C}g and arbitrary encoding of other
elementary OLC o ¢ CL.

Encoding of the components of elementary OLC ¢, € Cg.
Encoding of expanded microinstructions.

Construction of the control memory content.

Construction of transition table for CMCU.

Construction of the table for address transformer A7>.
Synthesis of CMCU logic circuit with given logical elements.

el S

SO

Let us discuss application of this method for synthesis of the CMCU Uss(I7;)
where the EOLC set for the GSA I7; was found already in Section 6.1.

In case of the GSA I3, (Uss), partition ITz = {Bj,...,B4} can be formed, in
which By = {0y}, Bo = {on}, Bs = {a3,04,05}, B4 = {0}, and the set C}; =
{ai,...,06}. Corresponding codes of the elementary OLC @, € Cg are shown in
Fig. 6.19.

{273
00 01 1 10
7
0 o a ag @
Fig. 6.19 Encoding of EOLC 1 a3 ay as a;
for CMCU Uss(I1)

Input assignments 011 and 110 are considered here as insignificant ones, because
07,08 ¢ CL. These assignments give the codes of classes B; € ITg: K(By) = 000,
K(By) =0x1, K(B3) = 1 %%, K(Bs) = 0l*. Encoding of EOLC components is
executed in a traditional style. In our particular case microinstruction addresses for
CMCU Uss(I31) are shown in Fig. 6.20.
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717273

001 010 011 100 101 110 111

T1T2T3

000 b1 b3 b4 be bs b10 b12 b15
001 b, * bs b7 bg b14 b3 b1e
010 | 4 * * * * * b1s b1z
011 | % * * * | % * * big
100 * * * * * * * b1g
101 * * * * * * *
110 * * * * * * *
" % * * * * * | *

Fig. 6.20 Microinstruction addresses for CMCU Uss(I31)

Sets of expanded microinstructions are the same for both the CMCU Uss(I7;)
and Us;(I7;). Codes of expanded microinstructions for the CMCU Uss(IG;) are
shown in Fig. 6.15, and its control memory content in Fig. 6.16.

Transition table for CMCU Uss(I') is constructed using transition formulae of
EOLC ¢, € C}g. In our particular case, system (6.20) is replaced by the following
system:

B1 — x1Ih VX1x214 VX1 Xpx315 V X1 X2X313;
By — I3
B3 — x313 V X3x4x517 V X3x4%X516 V X3X413;
By — I7.

6.22)

Transition table of CMCU Uss(I") includes the columns B;, K(B;), o, K(0as),
X, W, h; and the CMCU Uss(I71) includes Hzs(I31) = 10 lines (Table 6.9).

Table 6.9 Transition table for CMCU Uss(I31)

B; K(B,') O K(Otg) Xn ¥, h
By 000 o 001 X1 D 1
Oy 101 X1X2 D D3 2
[07 111 Xixox3 DiD;D3 3
og 011 X1X2X3 D, D 4
B, 0x1 o3 100 1 Dy 5
By 1xx o3 100 X3 D 6
o 110 X3x4x5 DD, 7
O 010  X3x4X5 Dy 8
og 011 X3X4 DyDs 9
By 01 [04] 110 1 DD, 10
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This table allows to obtain the equations for input memory functions ¥. For
example, the equation D3 = 717,73 V T1X3X4 can be extracted from lines 1-4 and 9
of Table 6.9 (after minimization). All other functions of system (4.6) can be found
using the same approach.

Address transformer A7, implements functions of the system (6.12), and the table
of AT includes the columns: by, ¢, K(0t ), K(by), K(YE), 24, g. In case of CMCU
Uss(I71) this table has M, = 19 lines (Table 6.10). As in previous case, insignificant
input assignments were used for each EOLC ¢, € Cg to reduce the number of literals
in the disjunctive normal forms of functions (6.12).

Table of address transformer AT, gives the functions z, € Zg. For example,
the following expression can be found from Table 6.9: z; = 71T, T3 V 11 .3 T3 V
TinBT1T2T3 VT 13T VT 1 737T; . This equation corresponds to lines 4, 5, 9,
15, 18 and 19 of the table.

Table 6.10 Table of address transformer AT, for CMCU Uss(I3;)

by oy K(og) K(bg) K(Yp) z 4q
by o 000 xx0 0000 - 1
by o 000 xx1 0011  z3z4 2
bz o 001 xxx 0000 - 3
by o3 100 *x0 1000 21 4
bs o3 100 EER! 1010 ziz3 5
b oy 101 x*x0 0001 24 6
b7 oy 101 *k 1 0010 23 7
by a5 111 x*x0 0100 2 8
by as 111 $k 1 1101 zi22z4 9
by ag 010 *x0 0000 - 10
by ag 010 *k 1 0100 22 11
b, o7 110 x*00 0110 z2z3 12
bz a7 110 xx1  Ol11  zpz3z4 13
by o7 110 *1x 0101  z2z4 14
bis ag 011 000 1001 ziz4 15
bl6 og 011 %01 0001 24 16
b7 ag 011 x10 0100 22 17
big oag OI1 x11 1000 21 18
b9 ag 011 Ixx 1100 z1zp 19

Synthesis of CMCU Uss logic circuit is reduced to the implementation of systems
(4.6) and (6.12) using PLD chips and implementation of the control memory using
either PROM or RAM chips. Let us point out that in case of CMCU Uss(I3;), the
combinational circuit CC has 8 inputs (more, than the equivalent CMCU U3, (I51))
and 3 outputs (less, than the equivalent CMCU Us;(I31)). The numbers of inputs
and outputs of the address transformer A7, are the same for both CMCUs mentioned
above.

Application of the address transformer AT, in CMCU Uj4 results in obtaining
CMCU Usg, and its application to the CMCU Ujs results in CMCU Us;. Structural
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diagrams for models of CMCU Uz — Uz7 and their short characteristics are shown
in Table 6.10. Let us point out that there are only four original models here; all
other can be considered as their modifications due to OLC optimal encoding, or
to the introduction of extra OLC, or to optimal encoding and introduction of extra
elementary OLC.

Analysis of Tables 6.6 and 6.10 shows that models U,y — Uy differ from corre-
sponding models Usp — U37 only by replacement of the address transformer AT; by
address transformer AT, and of the set Z by set Zg.

6.4 Synthesis of CMCU with generation of addresses of
collections of microoperations

Introduction of the address transformer ATz, performing transformation of the mi-
croinstruction address A(b,) into address C(b,) of collection of microoperations,
and of the block generating the control signals CCS, allows conversion of models
Ug — U5 into the models of CMCU Usg — Uys respectively (Table 6.12). Main differ-
ence between models Usg — Uys and their analogues is, that the control memory CM
keeps only microoperations y, € Y , whereas additional variables y (synchroniza-
tion control) and Yz (fetching control) are generated by an additional block CCS.

Synthesis methods used for CMCU Uszg — Uys represent some modifications
of synthesis methods applied for their analogues Ug — U5 respectively, obtained
through the following additional steps:

e construction of the table of address transformer A73;
e construction of the table of block CCS;
e encoding of collections of microoperations.

For example, combined application of the code transformer TC and address trans-
former AT for the CMCU with code sharing results in the CMCU Uyo(I').
Synthesis method used for CMCU Uy (I'") includes the following steps:

Transformation of initial GSA (procedure Py).

Construction of the set OLC C for the transformed GSA I'(Ua).
Construction of partition I for the set of OLC C! .
Encoding of OLCs o € C and their components.

. Encoding of the equivalence classes B; € Ilc.

Encoding of collections of microoperations.

Construction of the control memory content.

Construction of the transition table for CMCU.

Construction of the table of code transformer TC.
Construction of the table of address transformer AT3.

. Construction of the table of CCS block.

. Synthesis of CMCU logic circuit with given logical elements.

I e

o
N = oo
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Let us discuss example of synthesis of the CMCU Uy (I71). As was found in Sec-
tion 6.1, OLC set for the GSA Ij; includes six elements: C = {¢,..., 0%}, where
Ccl= {O(] yeens 064}. Partition I'lp = {Bl .Bz} , Where B} = {OC]}, By = {062, OC3,0C4},
was also obtained. In our example we use the codes of OLC ¢, € C and their com-
ponents, shown in Fig. 6.6.

In this case we find I = 2 classes B; € Ilc which can be encoded using one
variable (R4 = 1), and in consequence W = {w }. The class B, includes maximum
number of elements, and therefore we encode the classes B; € I¢ as: K(B;) = 1,
K(B3) = 0. In general case, encoding of classes B; € Il¢, follows the rule: the more
elements a class includes, the more zeros its code contains.

The following collections of microoperations can be derived from operator ver-
tices of the initial GSA I;: Y| = {yl,yz}, Y, = {y3}, Y; = {yl,y4}, Yy = {yz,y5},
Y5 = {yz,y3,y4}, Yo = {y27y4}, Y, = {y3,y6}. It means that My =7, Rig = 3, con-
dition (6.14) holds, and the control memory size can be reduced 4 times in com-
parison with Vi, (according to (6.15)). The following procedure will now be used
to optimize logic circuit of the address transformer AT3. First, we find the value

Table 6.11 Structural diagrams of CMCU Usg — Us;

Type Structural diagram Comments

Usg Analogue of CMCU Uy

Uz Analogue of CMCU Uy, set T’ C T is
CC input

Uss Analogue of CMCU Uy,

Uz Analogue of CMCU Uy |W| = R4

Usq Analogue of CMCU Uy,

Uss Analogue of CMCU Uy, set T/ C T is
CC input

Usy Analogue of CMCU Ujs;

Use Analogue of U4 |W| =Ry
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Table 6.12 Structural diagrams of CMCU Usg — Uss

Type Structural diagram Comments

Usg Analogue of CMCU Ug

Usg Analogue of CMCU Uy, set 7' C T is
CC input

Un Analogue of CMCU Uy,

U Analogue of Ujg [W|=R4

Uy Analogue of CMCU Uj,

Us Analogue of CMCU Uy, set T/ C 7 is
CC input

Uss Analogue of CMCU U5

U44 Analogue of U14 ‘W| = R“

- ve

Zy
AT, Y

of parameter n,, which is equal to the number of operator vertices with collection
Yq(q =1,...,M4). Next, we make the queue of collections, in the order of decreas-
ing parameter n,, and finally we encode the collections using the rule mentioned
above: the greater is the value of n,, the more zeros contains the code K(Y,) of the
collection of microoperations Y, (¢ =1,...,My).

In our current example, parameters n, have the values: ny =5, np =2, n3 =2,
ng =5,ns =2,n¢ =2, n7 = 1. It allows us to form the queve (Y},Y4,Y>,Y3,¥s5,¥s, ¥7)
for encoding collections of microoperations ¥, C Y for the CMCU Uso(I31). It re-
sults in the codes shown in Fig. 6.21.
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2223
00 01 11 10
9

0 Y1 Ya Ys Y2

Fig. 6.21 Encoding of collec-
tions of microoperations for 1 Ys Yo * Y,
CMCU l/40(1]|)

Construction of the control memory content is reduced here to the replacement
of symbols Y, by corresponding microoperations y, € Y,(¢ =1,...,Ma4). The corre-
sponding control memory content is shown in Fig. 6.22.

2223

00 01 11 10
7

0 Y1y2 | Y2Ys [Y2YsYa| Y3

Fig. 6.22 Content of control 1
memory for CMCU Uy (I31)

YiYa | Ya2Ya * Y3Ye

Transition table is constructed using the same approach as the one used for
CMCU Ujp. In this case, transition table is found using the system of transition
formulae (6.21) and includes Hao(I7;) = 8 lines (Table 6.13).

Table 6.13 Transition table for CMCU Ugo(I31)

B, K(B)) ow K(ow) Ly K(Ih) Xo W @ h
B; 1 a 001 I} 000 x| Dy - 1
oz 010 I 000 Xx Dy - 2
oy Ol I} 000 X%x3 DD; - 3
o 101 I} 000 X%X; DD - 4
B 0 o 001 B 001 X3 D3 D¢ 5
as 100 2 010 Xpuxs Dy Ds 6
as 100 I} 000 Fxxs Dy - 7
o 101 I} 000 WX DDy - 8

This table serves as the base to generate the functions of system (4.30). For exam-
ple, the formulae D = z;X1%X3 V Z1X3, D5 = 71X x4X5 can be extracted from Table
6.13 (after minimization).

The table of address transformer AT3 is constructed using the same approach as
the one used for corresponding tables of AT} or AT,. This table includes the columns:
by, o, K(0), K(by), C(by), z4, g, where column C(b,) contains codes K(¥;) of
collections of microoperations from vertex b, € By. The table for CMCU Uso(Ii1)
has M, = 19 lines (Table 6.14).

This table is next used to derive Boolean equations for functions (6.18). For
example, after analysis of Table 6.14 the following equation can be found: z; =
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T nBVTInB LBV B LIV T LBV T LB =T LV T3V
KDY LY LR

Table of code transformer TC represents the generation low for functions (4.29).
It includes the columns: o, K(0t ), K(by), C(by), z¢» g. Column W, contains vari-
ables w, € W, equal to 1 in the code K(B;), where 0, € B;. Therefore, in case of
CMCU Uy system (4.29) is transformed to the form:

W =W(1). (6.23)

In present case this table has |C!| = 4 lines (Table 6.15). The input assignment
100 is insignificant. Using this table, after minimization, the equation w; = 7,73 can
be obtained.

Table of the block CCS is now used to find functions (6.16) and (6.17). In order
to minimize these functions, it is convenient to represent the table for block CCS in
the form of Karnaugh map. In case of the CMCU Uyo(I31), the Karnaugh map for
the block CCS is shown in Fig. 6.23.

Table 6.14 Table of address transformer for CMCU U (I31)

by oy K(ag) K(bg) Clbg) z4 ¢
by oq 000 * %0 000 - 1
by oy 000 Kk 1 010 22 2
bz o 001 00 000 - 3
by o 001 * % 1 100 21 4
bs o 001 ESES 001 73 5
b(, o3 010 *x0 011 223 6
b7 oz 010 $x 1 000 - 7
bg o4 Ol1 *x0 001 23 8
by o4 Ol1 #x 1 101 zizz3 9
bio 0Os 100 000 000 - 10
b1y o 100 *01 001 zz 11
by 0Os 100 *10 110 z1zo 12
bz o5 100 *11 101 zizz 13
b4 05 100 1 %% 000 — 14
b5 o 101 000 010 zn 15
big 0 101 *01 011  zz3 16
b7 o 101 *10 001 zz 17
big ag 101 *11 100 z1 18
b9 o 101 1xx 001 zz 19

For example, cell 001001 of the map corresponds to vertex b4 of the GSA I3y,
where variable yg should be placed. Therefore, variable yy is placed in this cell and
so on. Two following equations can be obtained from this Karnaugh map: yy =
T\TsvuT i\ VTiTansTa; ye = Th.

Synthesis of the CMCU Uy (I") logic circuit is reduced to the implementation
of systems @, ¥, Zy, yo, ye, W using PLD chips and implementation of control
memory using PROM or RAM chips (Fig. 6.24).
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Table 6.15 Table of code transformer TC for CMCU Uso(I31)

o K(og) Bi K(Bi) Wy g
o 000 B 1 wp 1
op 001 B 0 - 2
[07] 010 B, 0 - 3
oy 011 By 0 - 4
717273
000 001 011 010 110 111 101 100
T1T2T3
000 | yo Yo Yo Yo * * Yo Yo
001 0 Yo 0 0 * * Yo Yo
0 % 0 | % | *» | % * | Yo | o
010 | % * * * * * Yo Yo
10| % * * * * *
111 * * * * * *
101 | % * * * * *
100 * * * * * * Ye Ye
Fig. 6.23 Karnaugh map for block CCS of CMCU U4 (I31)
In this case, combinational circuit CC has inputs wi,xq,...,xs and outputs

Dy,D;,D3,D4,Ds,Dg; block AT3 has inputs 71, T2, 73, 11, 1>, T3 and outputs z1,22,23;
block TC has inputs 7, 73 and output w1; block CCS has inputs 71,7>, 73,71, T2, T3
and outputs yg, yg; control memory has address inputs z1,z2,z3 and six outputs with
microoperations yi, ..., Y.

Synthesis method used for CMCU U4 (I') includes the same steps as the method
applied for CMCU Us(I"), but instead of operational linear chains o, € C and
their classes B; € Ilc, the elementary OLC o, € Cg and their classes B; € IIg are
used respectively. Consider an example of logic circuit synthesis for the CMCU
Uss(I71), where EOLC sets for GSA I3; have the form: Cg = {ay,...,08} and
Cg ={a,...,06}. In this case Ir =4 and Ry, W = {w;,wa }.

We encode the classes applying the same principle as the one used for CMCU
Uso. In this case, codes K(B1) =01, K(B,) =10, K(B3) =00 and K(B4) = 11 can be
formed. The encoding of collections of microoperations, obtained earlier, is shown
in Fig. 6.21, and the control memory content in Fig. 6.22. The codes of elementary
OLC and their components are shown in Fig. 6.11.

Transition table for the CMCU U4 is constructed using the same approach as the
one used for CMCU Uj4. In our last example, it is made using system (6.22) and
includes Has(I71) = 10 lines (Table 6.16).
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X1 1
1 pia |1 1212 T [ pia [ W 6
Xo 2f1 5 |p- 13§ 2| 76 1
X3 3?2 3 [P3 14
xi 4l4ly 4 2 186 Z1 26
5| 5P 1671 | PLA |15
xs 5l 5 7] 5 5|22 27
516 8| 3 3 [2 28
Wi 6 CC 53| 4 p Z4 29
vo 7} Ci 17]24) 5
Ye 8 2 25| 6 AT,
7 Yo 18
Clock 9 ' AT o T 1227
Start 1018 C 10l29 5 » |72 28
o ”Iliﬁ 2 2 [z 20
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[8[r] 1 |Fetch 2055 g
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101 s
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%Ds 3|73 23 41
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. L . 19 c 20| g 5 Vel
Fig. 6.24 Logic circuit of | m 6 [
CMCU Ug(Ii1)

Using Table 6.16 we can find functions ¥, for example: D; = wiwyX X V
wiwyX3 V wiws, which corresponds to the lines 3, 4, 7 — 10 (after minimization).

Table of the code transformer TC has in this case |C}.| = 6 lines (Table 6.17), and
serves to find functions W. For example, the following equation w1 =T, T273 V 71 T3
can be formed using Table 6.17 (after minimization).

Table 6.16 Transition table for CMCU U4 (I3;)

B; K(B,') O K((Xg) Xy, ¥, h
B 01 op 001 X1 D3 1
oy 011 X1X2 D>Ds 2
Ol5 100 X1Xox3 Dy 3
(073 111 x1xox3 D\D;D3 4
Bz 10 o3 010 1 Dz 5
B3 00 oz 010 X3 DD, 6
07 110 X3x4x5 D 7
O 101  X3xmXs Di1D3 8
o8 111 X3X4 D1DyDs3 9
By 11 o 110 1 DD, 10
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Table 6.17 Table of code transformer TC for CMCU U4 (I31)

oy K(og) Bi K(B) W, g
o 000 B, 01 wp 1
[07) 001 Bz 10 w1 2
a3 010 B3 00 - 3
og 011 B3 00 - 4
Os 100 B3 00 - 5
(073 101 By 11 wiwy 6

In this particular case table of the address transformer A73 includes M, = 19 lines
(Table 6.18).

Table 6.18 Table of address transformer AT3 for U4 (I71)

by oy K(og) K(bg) Clbg) z4 ¢
by o 000 *x0 000 - 1
by o 000 * 0k 1 010 22 2
by o 001 * ok 000 - 3
by o3 010 *x0 100 21 4
bs o3 010 *x 1 001 23 5
be a4 011 * %0 011 zz3 6
b7 oag 011 *x 1 000 - 7
bg O5 100 * %0 001 23 8
by a5 100 | 101 zizz 9
bip o 101 * %0 000 - 10
b1 o 101 Hx 1 001 zz 11
by, o7 110 *00 110 z1zo 12
bz o; 110 sk 1 101 zizz 13
by o7 110 *1x 000 - 14
bis oag 111 000 010 15
big Og 111 *01 011  zzz3 16
b7 ag 111 *10 001 zz 17
big oOg 111 *11 100 71 18
b9 oag 111 1% 001 zz 19

This table is now used for generation of functions z € Zy. For example, the
following Boolean equation can be extracted from Table 6.18: z; = T, 127373 V
LBV OB T T3V 0TV i Comparison of the equations ob-
tained for function z; shows that in case of CMCU Uy (I3 ) disjunctive normal form
of this function includes smaller number of terms, than for the equivalent CMCU
Usa(I).

Table of block CCS serves to generate formulae for both additional variables con-
trolling synchronization (yg) and by fetching yr. To make their minimizing easier,
let us represent these functions using Karnaugh map shown in Fig. 6.25. Obviously,
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the well-known algorithms, such as ESPRESSO [10], can be used for computer
minimization of functions yg and yg.

717273

000 001 011 010 110 111 101 100

T1T2T3

000 Yo 0 Yo Yo Yo Yo Yo Yo
001 0 * 0 0 Yo Yo 0 0
Ml % [ % | * | % | % | v | * | *
010 | % | * * | % ve | vo | % *
10 [ % * * * * * *
111 * * * * * * *
101 * * * * * * *
100 * * * * * YE * *

Fig. 6.25 Karnaugh map for block CCS of CMCU Uu4(I3;)

The following minimal equations can be obtained from this Karnaugh map: yy =
T3 VTInT3V T T T3V 0T T2T3; ye =T1 VT3T5.
Synthesis of CMCU Uu4(I71) logic circuit is reduced to hardware implementa-

tion of Boolean functions obtained for the given logic elements.

6.5 Combined application of different object transformation
methods for CMCU

As was shown in Section 5.1, both transformation methods: using object codes and
using different codes of the same object, can be applied to optimize either the com-
binational circuit CC or the control memory size of CMCU Ug — U ;. All models of
CMCU U4 — Uss discussed already have three levels, but combined application of
the methods presented in Chapters 5 and 6 results in four-level models. All possible
models of CMCU with code sharing are shown in Table 6.19.

As follows from Table 6.19, the first level (A) for CMCU Uy — Us7 is occu-
pied by combinational circuit CC, third level (C) is occupied by one of the address
transformers ATy — ATz, forth level (D) is occupied by control memory CM, and
second level (B) can be occupied either by a single code transformer TOK, or by
two code transformers TOK, TC. The block CCS is always used jointly with address
transformer A73. Structural diagrams for logic circuits of the CMCU Uy - Usy are
generated by combination of the blocks taken from corresponding line of the table.
For example, structural diagram of CMCU Usg4 is shown in Fig. 6.26.
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Table 6.19 Four-level models for CMCU with codes sharing

Type A B C D  Analogue

Uy CC TOK AT, CM Ug
U7 CC TOK AT, CM Usg
Usg CC TOK AT:,CCS CM Ug
Uy CC TOK ATy CM Uy
Usg CC TOK AT, CM Uy
Us, CC TOK ATz,CCS CM Ug
U, CC TOK,TC AT, CM Uio
Us3; CC TOK,TC AT, CM Uio
Usy, CC TOK,TC AT;,CCS CM Uro
Uss CC TOK ATy CM U
Usqe CC TOK AT, CM Uiy
Us; CC TOK ATz,CCS CM Urp

> o D

TOK |-mw cT [ ccs | wY
Fetch
] > YE sl TE etc

Start Start 3

Clock
'y
AV
W AT, » CM Y

Fig. 6.26 Structural diagram for CMCU Usy

Functions of the blocks CC, TC, TOK, AT;, CCS, CM are the same, as for cor-

responding three-level models. Synthesis method applied for the CMCU Us4 can be
generated as the integration of synthesis methods used for corresponding three-level
models. This method includes the following steps:

NN R L=

[ U W G
LN —ow

Preliminary transformation of initial GSA I" (procedure Py).
Construction of the set of operational linear chains C (procedure P;).
Encoding of OLC o € C and their components.

Encoding of the inputs I € I(I") of operational linear chains.
Construction of partition IT¢ of the set C!.

Encoding of equivalence classes B; € Ilc.

Construction of transition table of CMCU.

Construction of the table of code transformer TC.

Construction of the table of code transformer TOK.

Encoding of collections of microoperations ¥, C Y.

. Construction of the control memory content.
. Construction of the table of address transformer AT3.

Construction of the table of CCS block.

. Synthesis of logic circuit of CMCU using the given logic elements.
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Let us discuss an example of CMCU Us4(T3,) synthesis, using the transformed
GSA T32(Usy) shown in Fig. 6.27.

Application of procedure P; results in the following set of operational linear
chains C = {oy,...,08}, where o = (by,...,bs), I} =by, I} = b3, 01 =bs,L; =5,
NI =200 = <b6,b77bg>,121 =bg, O =bg, Ly =3, NI, = 1; a3 = (bg, byy), 131 = bg,
O3 = bio, L3 =2, NI; = 1; o4 = (by1,b12,b13), I} = b11, I} = bz = O4, Ly = 3,
NI = 2; as = (bia,bis), It = by, I2 = Os = bys, Ls = NIs = 2; 0 = (b6, b17),
I§ =big, O =bi7, Le =2, NIg = 1; 07 = (b1g), I} = O7 = big, Ly =Nl = 1;
og = (bg), Ié =03 =bg,Lg =NIg = 1.

Thus, G =8, R¢ =3, 7 = {71, 2, 73} and the trivial encoding of OLC o, € C
is: K(ap) = 000,...,K(og) = 111. Analysis of OLC shows that Ly,x = 5, R7 = 3,
T ={T1,T»,T3}. Let us encode components of OLC ¢, € C by codes K(b,) having
R7 bits. It results in microinstruction addresses shown in Fig. 6.28.

Set of OLC inputs includes, in this example, 11 elements, where NI,y =2, Ri4 =
1,V = {v }.. Let us encode these inputs I as: K(I;) =0, K(If) =1(g=1,...,8).

For the GSA T3, we find the set C' = {1, ..., 07 } and partition ITc = {By, B, B3 }
with classes By = {04}, B, = {ap, 03,04}, B3 = {05, 05,07 }. Thus, I =3, Ry = 2,
W = {wi,w,}. In order to minimize the system W, let us encode the classes B; € Il¢
as: K(B,) =00, K(B3) =01.

System of transition formulae for outputs of OLC ¢, € C'! includes three follow-
ing expressions:

0, — x1x2112 \/xﬁglzl \/X1X3I3l \/flfpmli \/f]f3f412;
02,03,04 — 0L VX3 Il VXL (6.24)
05,046,007 — X4152 \/3415%.

Replacement of outputs O, by the symbols of corresponding classes B;, where
0 € B;, leads to the system (6.25):

B, — xllelz \/xllezl \/f1X3I31 \/XIX3X4IJ \/flfg,ﬁdf;
B, — x215] \/f2)6316l \/fzf3[7]; (6.25)
B3y — x4I2 VIl

The system (6.25) allows to construct the transition table for CMCU Us4(I75),
having Hs4(I72) lines (Table 6.20).

Using this table we obtain the systems of Boolean functions ¥ and V. Next, we
can find, for example, the following equations D1 = Fg V...V Flo =Wiwa VW iwy =
wi;vi = Fi VF5V EFg = wiwox1xp VwWiwaX1X3X4 V WiwiX4.

Table of the code transformer TC describes transformation of OLC codes into the
codes of classes of pseudoequivalent OLC. This table includes in general G| = |C!|
lines. In the particular case of CMCU Us4(I7,) we obtain, for example, G; = 7 lines
(Table 6.21).
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bio

Y1 b7 | Y2ys Y2Ye | b1

Y2Ye bg

1 Xo
™

Y3 | bis

YaYs bie Y1YaYs

b

1 0

Fig. 6.27 Transformed GSA I32(Us4)
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T17273
001 010 011 100 101 110 111
T1T2T3
000 b1 b6 b9 b11 b14 b16 b18 b19
001 bs b7 b1g b1y bis b1z * *
010 [ p, bg * bis | * * * *
011 by * * * * * * *
100 | bs * * * * *x | * *
01| % | * * * * * | * *
110 * * * * * * *
111 * * * * * | * *
Fig. 6.28 Microinstruction addresses for CMCU Us4(I33)
Table 6.20 Transition table for CMCU Us4(I3,)
B; K(B) I K(aw) K(Ih) X o Vi h
By 10 7 000 1 X)X - v 1
n 001 0 X1%2 D3 - 2
L 010 0 X3 D, - 3
I otl 0 %iX%xa DDy - 4
1‘% 011 1 X1X3X4 DyDs \% 5
B, 00 I} 100 0 x Dy - 6
161 101 0 X2X3 D D3 - 7
0110 0 %% DDy - 8
By 01 2 100 1 x4 Dy v 9
o111 0 X DD:D3y - 10
Table 6.21 Table of code transformer TC for CMCU Us4(I32)
o, K(ag) B:i K(B) W g
o 000 B; 10 wp 1
a 001 By 00 - 2
oz 010 B, 00 - 3
ay 011 By 00 - 4
(043 100 B3 01 wo 5
a 101 By 01 wy 6
(0% 110 B3 01 wy 7

The system of Boolean functions W can be obtained from this table. Taking into
account the insignificant input assignment 111, the following equations can be found
from Table 6.21: wiy = T1T2T3, wo = T1.

Table of code transformer TOK represents generation of OLC component codes.
In the discussed example it includes 11 lines (Table 6.22).
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Table 6.22 Table of code transformer TOK for CMCU Us4(I32)

o, K(og) I K(}) b, K(b,) @ h
a; 000 I 0 b 000 - 1
ap 000 1 by 10 Ds 2
o 001 O 0 b 00 - 3
o3 010 1; 0 bg * %0 — 4
ag Ol I 0 by 00 - 5
ag Ol IZ 1 b3 *lx Ds 6
Os 100 15I 0 b4 *%0 - 7
as 100 2 1 b xx1 Dg 8
a 101 I} 0 b xx0 - 9
a7 110 I 0 by xxx - 10
og 111 Ig 0 big * % % - 11

Insignificant input assignments are taken into account in the component codes
of Table 6.22. This table permits to obtain the input memory functions @ and the
equations, as for example: Ds = T1T2T3v1 VT T2 T3V .-

There are M4 = 8 different collections of microoperations in operator vertices of
the GSA T, namely: Y1 = {y1,y2}, n1 =4; Yo = {y3}, no = 3; Y3 = {y2,y3,y4},
n3 =2, Yy ={y2,y5}, n4 = 2;¥s = {y1,¥3,¥5}, n5s = 2; Ys = {4, 5}, ns = 3: ¥7 =
{y1},n7 = 1; Y3 = {y2,v6}, ng = 2. Thus, R = 3, Zyy = {z1,22,23}, The queue of
collections of microoperations (Y;,Y»,¥s,Y3,Y4,¥s,Ys,¥7} should be organized for
their encoding. The codes K (Y;) of collections of microoperations for the CMCU
Us4(I72) are shown in Fig. 6.29.

2223
00 01 1 10
9

Fig. 6.29 Codes of collec-
tions of microoperations for 1 A Ys A Y,
CMCU Us4(I2)

The control memory content for this case is shown in Fig. 6.30.

22323
00 01 11 10
k9!

0 | yiy2 Y3 Yays | Y2ys

Fig. 6.30 Control memory 1
Y2YysYya| Y1Yays | Y2Yi y
content for CMCU Us4(I32) R TRE] TR '

The table of address transformer AT3 is the base to derive functions Zy; and in-
cludes M, lines. In case of CMCU Us4(I35), the table of address transformer AT; has
M, = 19 lines (Table 6.23). Insignificant input assignments are taken into account
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to get the components codes written in Table 6.23. The following equation for func-
tion z; can be derived, for example, from Table 6.23: z; = 717273 T3 V11727371 V
TR LVTI T L VT IT 137273 V 11721313 V 71 72 T3. The terms of this equation
correspond to lines 3, 5, 7, 8, 11, 17 and 18 of the table respectively.

As in previous cases, we use the Karnaugh map to represent additional variables
yo and yg. This map is constructed on the base of microinstruction addresses. Let us
remind the reader, that variable y is inserted in all vertices of GSA, which do not
correspond to the OLC outputs (Fig. 6.31). The following Boolean equations can
be derived from the Karnaugh map: yo = %7173V T1T2T3 VT 11372 VT1T2T37T 15
YE =TI 13.

Synthesis of logic circuit of the CMCU Us4(I32) is reduced to implementation
of systems W, V, @, W, Zy, yo, yg using PLD chips and implementation of control
memory using either RAM or PROM chips (Fig. 6.32).

All models of CMCU listed in Table 6.19 can be synthesized by analogy with the
discussed example.

Table 6.23 Table of address transformer AT for CMCU Us4(132)

by, o K(og) K(bg) C(bg) 2q q
by o 000 000 000 - 1
by, a; 000 %01 001 3 2
bz o 000 x01 100 21 3
by a; 000 x11 011 203 4
bs oy 000 Ixx 101  ziz3 5
be o 001 x00 010 22 6
b; o 001 w1 111 zizpz3 7
bg o 001 x1% 110 2122 8
by o3 010 *x0 000 - 9
by 04 010 *k 1 010 22 10
by og 011 *00 110 2122 11
by, oa 011 x| 001 3 12
b;z oy 011 x 1% 000 - 13
bis as 100 x*x0 000 - 14
bis o5 100 *k 1 001 23 15
big og 101 x*x0 011 2223 16
b7 s 101 %1 100 Z1 17
big o7 111 * K K 101 z1z3 18
b9 o5 111 * %k 010 22 19
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17273
000 001 011 010 110 111 101 100
T1T2T3
000 | o Yo Yo Yo 0 Ve Yo Yo
001 Yo Yo Yo 0 * * 0
Ml yo [ 0 | 0 | % | % | % | * | %
010 | yo | % | * | % | * | % | % | %
10| % * * * * * | * *
M| * | * * * | % * | * *
101 * * * * * * * *
100 * * * * * Ye * *
Fig. 6.31 Karnaugh map for functions yo and yg of CMCU Us4(I3,)
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Fig. 6.32 Logic circuit of CMCU Us4(I32)
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Chapter 7

Synthesis of CMCU with coding of logical
conditions and collections of microoperations

Abstract The chapter deals with multilevel implementation of CMCU logic cir-
cuits. These methods are based on some well-known ideas taken from the literature
devoted to optimization of FSM and MCU. They are of course adapted to the par-
ticular conditions of the CMCU operation. All these methods lead to the increase
of cycle time, in comparison with the CMCU basic structure. They can be applied,
when minimum hardware amount is the main goal of a particular design.

7.1 Coding of logical conditions for CMCU with basic structure

As we already know, the CMCU U includes Mealy FSM S, and therefore it seems
reasonable to start discussion about encoding logical conditions directly from this
model of CMCU. We know also that coding of logical conditions is reduced to re-
placement of logical conditions x; € X by some new variables p, € P. This approach
makes sense only if the following condition takes place:

|P| < |X]. (7.1)

Functions p, € P are determined using the expression [4]:

M L
Pg = m\éll\:/l CiAmxy (g =1,..., Go), (7.2)
where C,,; is a Boolean variable, equal to 1 iff variable x; € X is replaced by variable
pg € P for internal state a,, € A; A, is a conjunction of state variables corresponding
to code K (ay,) of state a,,, € A. By analogy with the Mealy MP FSM [9], let us denote
CMCU U; based on coding of logical conditions as MU;(i = 1,...,57). Structural
diagram of the CMCU MU; is shown in Fig. 7.1.
In CMCU MU block M implements functions

P=P(1,X) (7.3)

197
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Fig. 7.1 Structural diagram of CMCU MU,

corresponding to system (7.2), and combinational circuit CC implements functions

@ = d(1,P),
¥ =¥(1,P).

(7.4)
(7.5)

Obviously, operation principles of both CMCU U; and MU, are the same, but
additional step connected with replacement of logical conditions X by new variables

P should be executed to design of CMCU MU, logic circuit.

Let the Mealy FSM S| for CMCU U interpreting some GSA I3 be represented

by the structure table, shown in Table 7.1.

Table 7.1 Structure table of Mealy FSM S for CMCU U, (I33)

am K(am) as K(as) X ke D, h
ap 000 a 001 X1 Dy DDy 1
az 010 Xix» Dg D 2
as 011 XX D¢D7 DyD3 3
ap 001 a3 010 X3 D¢ D\Ds 4
as 011 X3 Dg¢Dy Dy 5
as 010 as 100 1 Ds DDy 6
as 011 a 001 1 D7 Ds 7
as 100 a3 010 x3x4 D¢ DDy 8
a 001 x3x4 Dy D> 9
ag 101 x3 DsD; DDs 10
ag 101  ap 001 X5 D7 Dy 11
a; 000 X5 - D 12

Coding of logical conditions and synthesis of block M are executed using well-
known methods presented in [3]. Let us discuss execution of these steps for our

particular example.

1. Construction of set P. Let us find the cardinality numbers of sets X (a,, ), includ-
ing logical conditions determined transitions from state a,, € A. Parameter Gy is
determined by the following formula:
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Go = max(|X(a1)],...,|X (au,)))- (7.6)

From Table 7.1 the following sets can be found: the set of states A = {a1,...,as},
where M| = 6, and the sets of logical conditions for these states: X(a;) =
{x1,x2}, X(a2) = {x3}, X(a3) = X(as) = 0, X(as) = {x3,5}, X(ae) = {xs}.
It means that Go =2 and P = {p;, p2}, according to (7.6).

2. Construction of table for encoding of logical conditions. This table includes
columns ay,, K(an), p1,- .., PG, - Intersection of row a,,, and column p, is marked
by logical condition x; € X, replaced by variable p, € P for state a,, € A. Let
X (P,) be a set of logical conditions x; € X replaced by variable p, € P. The table
is constructed in such a way that the following condition holds:

X (P)NX(P;)| — min, (7.7)

where i # j, i,j € {1,...,Gp}. This problem is reduced to classical problem of
graph coloring [7].

In the discussed case, encoding table of logical conditions (Table 7.2) satisfies
7.7).

Table 7.2 Encoding table of logical conditions for CMCU MU, (I33)

am K(am) P p2 am K(am) pP1 P2

ap 000 x; x ay 011 - -
ap 001 x3 - as 100 x3 x4
as 010 — — ae 101 - X5

3. Construction of system P. Equations for system (7.2) are derived from encod-
ing table of logical conditions in a trivial way. The following equations can be
derived in the case of CMCU MU (I33):

p1 = A1x1 VAyx3V Asxs;

P2 = A1xp VAsxsV Agxs. (7.8)

4. Implementation of block M is reduced to implementation of each equation of
system (7.3) by separate multiplexer. It is clear that multiplexers can be imple-
mented using macrocells of particular PLD chips.

In the discussed example block B is implemented using two multiplexers (Fig.
7.2), having Ry = 3 control inputs and 28! data inputs.

The following transformation of structure table should be executed to derive
equations of system (7.4): column X}, should be replaced by column P;, and log-
ical conditions x; € X should be replaced by variables p, € P. This replacement is
executed in a trivial way. In our example, the transformation results are shown in
Table 7.3.
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Xi Xa T, T, 73 X2 X4 Xs T, T, 73
123 123

O1234567| O1284567|

MX MX

v v

Py P,

Fig. 7.2 Logic circuit of block M of CMCU MU; (I33)

Table 7.3 Transformed structure table of FSM S; for CMCU MU, (I33)

am K(am) As K(as) By l}Ih [0 h
ag 000 an 001 P] D7 D] D4 1
as 010 ﬁl P2 D(, D2 2
as 011 PPy D¢D; D)D3 3
a 001 az 010 P, D¢ DD3s 4
as 011 P, De¢D7 D> 5
as 010 a5 100 1 Ds DDy 6
ay 011 ap 001 1 D7 Ds 7
as 100 a3 010 PP D¢ DDy 8
a 001 PP Dy D> 9

ae 101 F] D5D7 D1D3 10
ag 101  a>» 001 P Ds D, 11

aj 000 P2 - D| 12

Input memory functions D, € ¥ U @ can be derived as the following disjunctive

normal forms:
R1+R; I
D, = \/1 ChArP, (r=1,...,Ri+Ry). (7.9)
r=

In this equation C,, is a Boolean variable equal to 1 iff the input memory function
D, is placed in the line h of the structure table. For example, the equation Ds =
T1T2T3 V T1 T2 T3P can be derived from Table 7.3.

The remaining synthesis steps for CMCU MU, are the same as for CMCU Uj.
Thus, synthesis of CMCU MU;| includes the following steps:

Preliminary transformation of GSA I' (procedure Py).
Construction of OLC C set (procedure P;).

Addressing of microinstructions (procedure P).

Construction of the control memory content.

Transformation of GSA I" (U, ) (procedure P;).

Construction of structure table for FSM S;.

Construction of encoding table for logical conditions.
Construction of transformed structure table for FSM §;.
Synthesis of logic circuit of CMCU with given logic elements.

WO s D=

The following values and sets can be derived from Table 7.1: Ry = 3, R, = 4,
T= {Tl,TQ,T3}, T = {T],...,T4}, Y= {Ds,D67D7}, b = {Dl,...,D4}. The lOgiC
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circuit of CMCU MU, (I33) is shown in Fig. 7.3, assuming that the set of micro-

operations ¥ = {yj,...,ys} can be derived from the operator vertices of interpreted
GSA.
1
X1 1o Di 19
2 PLA | 1
xe of 1| MX 131 4 o [Pz 20
. 2 14f 5 3[Ps 21
3 3 5 3 6] 3 4 Ds 22
Xs 4] 4 Py 13|71 4 5 [Ds 23
Xs 5 g 815 6 |Ds_24
7 |P7 25
i 6] 7]
n 7[7]] 1900, [ cr [ 220
BE 20| p, To 21
73 81°l3 21] b,
vo 9l2770 221D,
ve 1o | 1| mx LR
2 15(C,
Start 11 3 17| c,
Clock12]4] 4 P, 14
5] 5 7% D RG |14
6 gDZ o |%2 7
67 1=°1D3 3173 8
B 1R
7|, 171 ¢
813
26| Y1
9 c =21 1 |PROM| 1 [
12 n ! 15127 5 2>
_ 28] 3 o
9 [T1% 16[29 4 s
P 5 Ys
16 C» 17 | 6 1Yo 9
iz [a|—Tholos| |5 o
[ 9 | Rl T Fetch 18
Fig. 7.3 Logic circuit of (1] o

CMCU MU, (I33)

Analysis of the logic circuit of block M (Fig. 7.2) shows that only 3/8 of potential
capabilities of multiplexers are used, because their 5 data inputs are not in use. Let
us define the utilization coefficient of multiplexer by the following relation

K,= =%

5 (g=1,...,Go), (7.10)

where L, = |X (P, )|. It means that the mutual utilization effectiveness of multiplex-
ers of the block M is characterised by the following coefficient:

Go
Ku=|Y K, /G. (7.11)
g=1

In our example the values of these coefficients can be found as: K; = K; = Ky =

0,375.
Two following methods are proposed in [4] to increase the value of coeffi-
cient Ky;:



202 7 Synthesis of CMCU with coding of logical conditions and collections of microoperations

o refined state encoding, when the states with conditional transitions are encoded
first;

e transformation of state codes into codes of logical conditions, based on introduc-
tion of the special code transformer to the FSM S;.

In the first case set of states A; is divided in two classes Aland A. Class A} con-
tains the states with conditional transitions and states with unconditional transitions
belong to class A%. States a,, € A} are encoded first; the encoding is executed in such
a manner, that R;—R7 leftmost bits of the state codes contain zeros, where

Ri7 = [log, (|A}[+1)]. (7.12)

Digit 1 in (7.12) is added because the code of initial state a; € A should contain
zeros only. Coefficient K, is increased, in comparison with arbitrary state encoding
used, if the following condition takes place:

R17 <Ry. (7.13)

In our example, there are sets A} = {as,as,a¢} and A7 = {a3,a4}. It leads to the
state codes: K(a;) = 000, K(ap) = 001, K(as) =010, K(ag) = 011, K(a3) = 100,
K(a4) = 101. Implementation of block M corresponding to this state encoding is
shown in Fig. 7.4.

X1 X3 Xo Xa Xs Ty T3

IR

0123 | 0123 |1 2
MX MX
Fig. 7.4 Implementation of ‘ ‘
block M for refined state
encoding P P2

Calculation of K, coefficients for this circuit gives the following values: K; =
K> = Ky = 0.75. Besides, the numbers of control and data inputs are reduced in
comparison with logic circuit shown in Fig. 7.2. Obviously, it results in smaller
total cost of block M.

Structural diagram of CMCU MU, with code transformer 7C; is shown in
Fig. 7.5, where TC| generates codes of logical conditions on the base of state codes.

The number of outputs of the code transformer TC; is determined by the follow-

ing formula:
Go

Rig= Y Ri,. (7.14)
g=1
Here symbol R‘fg stays for the number of variables used to encode logical con-
ditions x; € X(Py), g = 1,...,Go. In our example the following values can be ob-
tained: |X (Py)| =2, Rlg=1,|X(P>)| =3 and R3; = 2. It results in the set of variables
Z ={z1,22,23}- Let us encode logical conditions x; € X as shown in Table 7.4.
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Fig. 7.5 Structural diagram of CMCU with transformation of state codes

Table 7.4 Table of logic conditions encoding for CMCU MU, (I33)

X(P) K(x) X(P) K(x)

21 22 23
X1 0 X 0 0
X 1 X4 0 1
- - X5 1 0

For this encoding, the following logic circuit for the block M of CMCU MU, (I33)
can be implemented (Fig. 7.6).

X1 X Zy Xo X4 Xs Z5 23
1YY vy vy
01 | 1 0123 |1 2
MX MX
Fig. 7.6 Logic circuit of ‘ ‘
block M for CMCU MU, (I33) Py P2

The application of transformer 7C; gives the following coefficients:K; = 1,K; =
0.75, Ky = 0.875. Thus, the coefficient of effectiveness has the highest value in
this last case, but the use of code transformer TCj, causes consumption of some
resources of the chip.

In order to construct the system of output functions for code transformer 7Cy,

namely
Z=2Z(T), (7.15)

it is necessary to find the table of code transformer TC; with columns a,,, K(ap,),
Z(P),...,Z(Pg,), m, where column Z(P,) contains variables z, € Z, encoding log-
ical conditions x; € X (Pg). In our case this table includes 4 lines (Table 7.5), equal
to the cardinal number of the set A}.

For the state as we have p; = x3, K(x3) = 1. It means that variable z; should
be written on the intersection of column Z(P;) and row as. By analogy, variable z3
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Table 7.5 Table of code transformer 7C; of CMCU MU, (I33)

am K(awm) Z(P) Z(P) m

a; 000 - - 1
a 001 21 - 2
as 010 2 3 3

011 - n 4

should be written on the intersection of column Z(P,) and row as because pr = x4
and K(x4) = 01. System (7.15), derived from the table of code transformer, gives
the following expression:

M,
2=V ComAp, (7.16)
m=1

where C,,;, is a Boolean variable equal to 1 iff variable z, = 1 for state a,, € A}
(r=1,...,Ryg). For example, the following equations can be derived from Table
7.5: 21 =Tr13 V TaT3; 22 = T T3; 23 = TpT3. Let us point out, that in this particular
case, the refined state encoding allows minimization of the number of literals in
system (7.15).

Let us denote by the symbol MCU] the control unit U; with refined state encoding
and by MLU, the control unit U; with transformation of state codes in the codes of
logical conditions. Synthesis methods used for CMCU MCU; and MLU, are some
modifications of the synthesis methods applied for CMCU MUj.

In the case of CMCU MCU; the step of refined state encoding is added after the
point 5 of the synthesis method used for CMCU MU;. In case of CMCU MLU, two
more steps are added, namely coding of logical conditions and construction of the
table for code transformer 7C;.

The number of multiplexers in block M and, therefore, the number of combina-
tional circuit inputs can be reduced due to the transformation of initial GSA [4]. For
example, it can be found that Gy = 3 in case of the GSA Ij4 fragment shown in
(Fig. 7.7).

e

Fig. 7.7 Fragment of GSA I4
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Let us transform this fragment introducing additional vertex by (Fig. 7.8), as-
suming that M, = 19.

Fig. 7.8 The transformed fragment of GSA I]4

Now Gy = 2, but introduction of the vertex by results in the increase of such
parameters as the numbers of OLC and states of the Mealy FSM S; and the time
of control algorithm execution. It is clear, that this transformation allows change
the number of combinational circuit inputs from 1 to Go, where Gy is the charac-
teristic of initial GSA I'. The method of GSA transformation can be applied for
any from CMCU MU, MCU; and MLU,. Let the symbol M, denote the block M,
having g outputs (g = 1,...,Gyp). The application of logical conditions encoding,
together with other methods discussed here gives the following models of CMCU:
M\Uy,...,Mg,Uy,...,Mg,CU,MLUy,... ,Mg,LU;.

Obviously, the transformation of GSA can be applied for any CMCU U; (i =
1,...,57). Let us discuss application possibility of other optimization methods
which can be used for basic models of CMCU.

7.2 Encoding of logical conditions for basic models of CMCU

States of Mealy FSM §; are sources of codes of logical conditions used in the
CMCU MUj. One of the three following objects can be used for encoding of logical
conditions:

e codes of states a,, € A} (MU));
e rightmost bits of the state codes (MCU);
e transformed state codes (MLU).

In consequence, logical conditions x; € X can be encoded using feedback vari-
ables of the combinational circuit CC either directly (MU;,MCU,), or after some
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transformation (MLU). Analysis of basic models U;—U;5 shows that the following
objects can be used as a source of logical condition codes:

codes of states a,, € A1 of addressing FSM (Uy);

output addresses of OLC o, € C (U-Us, Uy);

codes of the classes of pseudoequivalent OLC ¢, € C! (Us, Us, Uyo);
codes of OLC o, € C (Ug,Ug,Uy1);

codes of elementary OLC o, € Cg (U12,U13,U;5);

codes of the classes of pseudoequivalent EOLC ¢, € C}E (U14).

Let us take as objects of CMCU: states a, € A; (U;), or outputs of OLC
o, € C (Ux-Us, Uy), or equivalence classes B; € I1. (Us, Us, Uyg), or OLC o, € C
(Ug, Ug, Uyy), or elementary OLC o, € Cg (Uy2,U13,U;s), or equivalence classes
B; € g (Uy4). Let us take a source of logical condition code as the object code. Ob-
viously, there are three approaches to logical conditions encoding for CMCU [4],
shown in Fig. 7.9:

trivial encoding of objects (MU);
refined encoding of objects (MCUj);
transformation of object codes (MLU;).

Xy Xy
object P
code

object
cc code

Ll
P P
> >
‘ ‘

Fig. 7.9 Three approaches to logical conditions encoding

cC
object
code

In the first case (Fig. 7.9a) codes of objects are used to generation of both func-
tions P and outputs of the circuit CC. In the second case, refined codes of objects
are used to generate functions P, and these refined codes are represented by the
rightmost bits of object codes (Fig. 7.9b). In the third case, functions P depend on
transformed codes of objects, which are generated by a special code transformer
TC (Fig. 7.9¢c). Application of block TC| makes sense only in the case, when total
hardware amount used for implementation of logic circuits of blocks M and T'C; is
smaller than the hardware amount used for implementation of the block M in case
of CMCU MCU,.

In all these cases, table of logical conditions encoding should be built, in which
first column includes an object, second column contains either the code of object
(MU;), or the refined code of object (MCU;), or the transformed code of object
(MLU;). Other columns of the table contain variables py,...,pg,. System of func-
tions P is generated in the following form:

~
|| <™

Dg = ICklkal (g=1,...,Go). (7.17)
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In this formula, Cy; is a Boolean variable equal to 1 iff variable p, € P re-
places logical condition x; € X for some object number k; Oy is a conjunction of
variables, representing a code of logical condition x; € X for some object number
k(k=1,...,K).

In case of CMCU MLU;, the table of code transformer 7TC; should be built
in order to generate refined object codes. This table should include the following
columns: an object, object code, Z(p1),...,Z(ps), where the line k from column
Z(p,) includes variables, equal to 1 in the code of logical condition x; € X, and
some object number k(k = 1,...,K). This table serves as the base for derivation of
functions

K
a=V GO (r=1,....Ris(MCU))), (7.18)

where C,; is a Boolean variable, equal to 1 iff the bit r of code K(x;) of object
number k is equal to 1 (k= 1,...,K); Ri3(MCU;) is the cardinal number of set of
variables, used to encode logical conditions for CMCU MCU; (i = 1,...,57).

Synthesis method used for CMCU MU; can be considered as some expansion of
the one used for CMCU U;, where the following steps are added:

e construction of the encoding table of logical conditions;
e transformation of the transition table for CMCU U; (i = 1,...,57).

In case of CMCU MCU; the stage of refined object encoding should be also
added. In case of CMCU MLU; the steps of encoding logical conditions x; € X using
additional variables z, € Z, as well as construction of the table of code transformer
TC; are also necessary.

Let us now consider an example of CMCU Ug(I3s) synthesis using all ap-
proaches to encoding of logical conditions. Let Table 7.6 be the transition table
for CMCU Ug (1—15)

The following sets and parameters can be found from this table for the CMCU
Us(I3s): set of OLC C' = {ay,..., 06}, Rg = 3, sets of input memory functions
for register RG, ¥ = {Ds, D¢, D7}, and for counter CT, @ = {D,D,,D3,D4}, sets
of variables T = {1,m, 53}, T = {T1,..., T4}, R7 = 4, set of logical conditions
X = {x1,...,x6} with L = 6. Operational linear chains a, € C' are used here as
objects, variables 7, € T are used for encoding of these objects. Let us discuss syn-
thesis examples for CMCU M, Us(Iis), Mg,CUg(I3s) and Mg,LUs(I3s); that is
without transformation of the initial GSA I3s(Ug). For the sake of simplicity, we
omit subscript Gy in further considerations.

Structural diagram for CMCU MUg(I") is shown in Fig. 7.10.

Analysis of Table 7.6 shows that Gy = 2 and we have the set P = {p;, p2}. Let us
construct an encoding table of logical conditions for CMCU MUg(I3s) (Table 7.7).

In this particular case system (7.17) can be written in the form:

Pl = T1TaT3x1 VT T2 T3x2 V T T2 T3X5;5
o (7.19)

T
P2 = T1T2T3x3 VT TaTaxa V T1 Ta T3Xe V T1 T2 T3X3.

System (7.17) describes logic circuit of block M which, in our case, is shown in
Fig. 7.11.
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Table 7.6 Table of code transformer 7C; of CMCU MU, (I33)

o K@) o K(oj) Xp @& Wk
o 000 op 001 X1 Dy D7 1
o3 010 Xix3 Dy Dg 2
(073 100 x1x3 D1D3 Ds 3
(0%) 001 o3 010 XoX4 D3D4 D6 4
[o7) 011  xox4 D> DgD7 5
(073 101 X2 D, DsDy 6
o3 010 o4 011 1 DD, DgDq 7
oy 011 a3 010 xs D3Dy Dg 8
o 000  Xsxg Dy - 9
o5 100  Xsx¢ D1D3 Ds 10
O5 100 oy 011 1 D Dg¢D7 11
o 101  op 001 X3 Dy D7 12
o 000 X3 Dy — 13

Start Ve
Clock Rl TF Fetch
v F v Start s

| RG Pr

Fig. 7.10 Structural diagram for CMCU MUg

Table 7.7 Table for encoding logical conditions for MUs(Is)

ag K(ag) p1v p2 ag Klag) p1 p2

ap 000 x; x3 a4 OI1l x5 xg
a 001 x x4 as 100 - -
a3 010 - - a¢ 101 - X3

O O P

O1234567| 01284567|

MX MX

v v

Py P,

Fig. 7.11 Logic circuit of block M of CMCU MUs(I3s)

The following values for coefficients of block M can be found in our particular
case: K1 =0.375, K = 0.5, Ky = 0.4375. It means that less than 50% of multiplexer
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potential is used. The coefficient Kj; can be increased due to the refined encoding
of OLC.

Let us divide set C! into two following classes: class C} (conditional transi-
tions) and class C21 (unconditional transitions). In our case we have the classes
C!'={oy,00,04,06} and C} = {03,055 }. Let us encode OLC o, € C! in the follow-
ing manner: K (o) =000, K(o) =001, K(o) =010, K(0g) =011, K(03) = 100,
K(0s) = 101. Next we construct the encoding table for logical conditions of CMCU
MCUs(I3s), where OLC are represented by refined codes (Table 7.8).

Table 7.8 Table for encoding logical conditions of CMCU MCUg(I3s)

og Clag) p1 p2 o Clag) p1 p2

(04] 00 X1 X3 04 10 X5  Xg
[0/} 01 X2 X4 O 11 - X3

In this table symbol C(a,) stands for the refined code of OLC o € C. In this
particular case, variables from the set 7/ = {1, 73} are used to represent the codes
C(0ay). Structural diagram of CMCU MCUj is practically the same as the structural
diagram of CMCU MUz, but in the former elements of set 7’ are connected with the
inputs of block M.

In case of CMCU MCU;g(I3s), system (7.17) has the form: p; = ToTsx; V
ToT3x2 V TaT3Xs; pr = T2 T3Xx3 V T2 T3X4 V T T3Xe V T2 T3x3 and corresponds to the logic
circuit, shown in Fig. 7.12.

X1 X2 X3 7,73 Xa Xe X4 X5 Tp T3
YYY Yy dvvv vy
012838 |1 2 012838 |1 2
MX MX
Fig. 7.12 Logic circuit
of block M for CMCU ‘ ‘
MCUg(I3s) Py P2

Now we have the coefficient values:K; = 0.75, K, = 1, Ky = 0.875. It means
that consumption effectiveness of multiplexers is increased twice, in comparison
with CMCU MUs(I35). Obviously, it is the best value of coefficient Ky, possible
for our particular example.

Let us construct transformed transition table for CMCU MCUg(I3s). This trans-
formation is reduced to simple replacement of logical conditions x; € X by variables
Pg € P and to using refined codes of OLC. This is shown in Table 7.9.

System of Boolean functions (7.4)—(7.5) can be obtained from this table, as for
example, the equation: D; = F3VFgVF;VEV FoV Fi3 =T T)T3p1p, V...V
TIT2T3P5.
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Table 7.9 Transformed transition table for CMCU MCUjs(I3s)

o K(OC[) aj K(O(j) Ph (Dh lluh h
o 000 [07) 001 D1 Dy D7 1
oz 100 pipa Do Ds 2
os 101 pyp, DiD3 DsD; 3
[07) 001 o3 100 pP1p2 D3D4 D5 4
o4 010 pipp Ds Dg 5
Ol 011 D1 Dy De¢D7 6
o3 100 o4 010 1 DD, Dg 7
oy 010 oy 100 P1 D3Dy  Ds 8
o 000 pip2 Dy - 9
[07 101 p;po Di1D3 DsD; 10
os 101 o4 010 1 D, Dg 11
o 011 o 001 P2 Dy Dy 12
o 000 yZ Dy - 13

Logic circuit of the addressing finite state machine for CMCU MCUg(I3s) is
shown in Fig. 7.13. Such elements of the CMCU circuit as the control memory
CM, flip-flop TF and control signal yg are not shown in Fig. 7.13. Obviously, the
initial GSA I35 is necessary for finding the control memory content, but here we are
interested here only in optimization of logic circuit for addressing FSM. As we can
see, coding of logical conditions allows to reduce the number of inputs, needed for
the combinational circuit CC from L+ Rg = 9 to Go + Rg = 5, that is 1.5 times.

1
X1 1540 D1 17
PLA |1
x of5|1| Mx 131 2 |P2_18
21 5 P 13|14 Ds 19
Xs 3 —1 2 3
) | 3| 713 4 Ds 20
ead o | 81 4 5Ps 21
X5 5; 2 [ 9| 5 6 Bﬁ 22
X6 GT? VX 7" 23
n 7]8], P, 4o ] re [1 L7
7, 3| 3 %Dz 2|72 8
711_ 11& 3173 9
3 99, sl T
Start 10}12 c, sl | C
Clock 11|10 & 7o or 11 T
‘0" 12442 Yo 15|18{D, 2 T
i 191D, 3 [Ts
.
Iy - R
Fig. 7.13 Logic circuit of 24|,
addressing FSM for CMCU 16]c,

MCUg(I3s)

The structural diagram of CMCU M LUy is shown in Fig. 7.14. As it was pointed
already, there is no sense in introducing the code transformer 7'Cy, because it does
not lead to performance improvement of the block M.
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A A Ve Fetch
Start R|TF
Clock tart
Star 3
' v
¥ RG | TC,

z

Fig. 7.14 Structural diagram of CMCU MLUs

If a model of CMCU includes code transformer TC (CMCU U, U)o and Uyy),
the two approaches are possible to generate codes of logical conditions. In the first
case (parallel transformation), code transformer TC generates variables Z, encoding
either OLC (Us) or their classes (Ug, Ui, U14), and variables W, encoding logical
conditions (Fig. 7.15a). In the second case, two different transformers TC and 7C;
are used (Fig. 7.15b), which corresponds to serial transformation.

a) b)
. object
X object X code
P code P
M  [—mf CC M  [—mf CC

— — TC

TC 7

V4

0 TCy

W T

Fig. 7.15 Parallel a and serial b generation of codes of logical conditions

Let us point out that in case of CMCU Us, block TC corresponds to block AT,
and functions Z correspond to functions 7. By analogy, functions Z correspond to
functions 7 for CMCU Ug. Choice of the type of transformation (parallel or serial
approach) depends on the result of hardware amount comparison for both cases.

Obviously, there are no problems with generation of CMCU models for MU,
MCU; and MLU;. The same is true for corresponding synthesis methods. Further
optimization of combinational circuit CC is possible due to transformation of the
initial GSA. It allows to reduce both the number of inputs of combinational circuit
CC and the number of outputs of block M. Introducing operator vertices into the
initial GSA leads to increasing the number of bits in corresponding object codes.
Besides, this transformation can increase the algorithm execution time. The value
of parameter |P| can not be found a priory for the CMCU M,U; and for its modi-
fications. The choice can be made only after synthesis of logic circuits for models
M,U;, when i is fixed and g is changed from 1 to Go. The value of g is chosen in
such way that it corresponds to logic circuit with minimum hardware amount and
performance satisfying corresponding project requirements.
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Particular interest presents the case when P = {p;}. Here, the number of tran-
sitions for any output O, of OLC o, € C (or EOLC o € Cg) does not exceed 2
and the combinational circuit CC can be implemented using either PROM or RAM
chips [4].

Let us discuss an example of logic circuit design for the CMCU M,CUs(I3s),
using as initial information the transition table of CMCU Ug(Iig), where transition
from output of any OLC o4, € C depends on one logical condition only (Table 7.10).

Table 7.10 Transition table for CMCU Us(I6))

o, K(og) o K(om) Xp Dy ¥, h
o 00000 o 0001 X1 - Dg 1
(073 0100 X - Dg 2
a 0001 o3 0010 1 Ds Dy 3
oz 0010 oy 0011  x3 - D7Dg 4
(073 0101 X3 B De¢Dr 5
(07} 0011 o 0110 X2 - D6D7 6
[04]) 0010 x; DyD3 D7 7
os 0100 oy 0111 1 - De¢D7Dg 8
og 0101 09 1000 X4 - Ds 9
o0 1001 x4 - DsDg 10
o7 0110 a9 1000 x4 - Ds 11
o0 1001 x4 - DsDg 12
og Olll a3 0010 1 - Dy 13
o9 1000 oy 0011 x5 D D7Dg 14
[07) 1000 X5 DDy Ds 15

The following sets, values of main parameters and properties can be found from
this table for CMCU Us(Ij6): G1 = 10, X = {x1,...,x5}, ® ={D1,...,Ds}, ¥ =
{D5,...,Dg},R6 =Ry=4,T= {Tl,...,T4}, T= {Tl,...7174}, (0410 ¢Cl.

Let us check whether the refined OLC encoding makes sense in this particular
case. As the set of this OLC is C] = {0y, 03, 04, 0, 017, 0%9 }, it means that Rj7 = 3
bits is sufficient to encode OLC o, € C 11 It is also less than Rg = 4. Thus, the refined
OLC encoding permits to reduce the hardware amount of the block M. The codes of
OLC ¢ € C are shown in Fig. 7.16.

The following refined OLC codes depending on elements of the set 7/ = {1, 73,
74} can be found from this Karnaugh map: C(¢r;) =000, C(0z) =001,...,C(ag) =
101. Let us construct the table of logical conditions encoding (Table 7.11).

Table 7.11 Table of encoding of logical conditions for CMCU M, CUs(I¢)

o Clog) p1 ag Clag) pi

(0] 000 X1 O 011 X4
o 001 x o7 100 x4
0y 010 X3 0Og 101 X5
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%00 o1 11 10
7172
00 | o as % ay
01| o a; a; as
1 * *
Fig. 7.16 Refined OLC codes 10 | g ay
for CMCU M]CUg(I—i6)

Table 7.11 serves to generate disjunctive normal forms for the functions

p1=pi(7,X). (7.20)

The equation p; = T»T3T4x1 V...V T T2T3x5 can be found from Table 7.11. Sys-
tem (7.20) is used to implement logic circuit of the block M for CMCU M CUs.

In order to implement logic circuit of the block CC using PROM chips, initial
transition table should be transformed. This transformation consists on replacement
of the column X}, by column P;, and on duplication of table lines, corresponding to
unconditional transitions. One of these lines contains p; = 0, whereas second line
contains p; = 1. It follows from the fact that address of a PROM cell is always
determined by concatenation K (o) * pi, where  is a concatenation sign. In this
particular case, the transformed transition table for CMCU M;CUs(I3¢) includes
2G1 = 18 lines (Table 7.12).

Table 7.12 Transformed transition table for CMCU M, CUs(I3¢)

o, K(og) o K(owm) P @y ¥, h
[04] 0000 o 0111 1 - Dg¢D7Dg 1
O5 0110 0 - De¢D7 2
o 0111 oz 0001 1 D3 Dyg 3
o3 0001 0 D3 Dy 4
o3 0001 o4 0010 1 - D5 5
Og 0011 0 - D7Dg 6
o4 0010 o7 0100 1 - Deg 7
o3 0001 0 D,Dj3 Dy 8
as 0110 og 1000 1  — Ds 9
og 1000 O - Ds 10
o 0011 o9 0101 1 - D¢Dg 11
o 1001 0O - DsDg 12
o; 0100 o9 0101 1 - D¢Dg 13
o 1001 0O - DsDg 14
oag 1000 o3 0001 1 - 15
oz 0001 O - Dy 16
a9 0101 o4 0010 1 Dy D; 17
O 0101 0 DDy DgDg 18
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This table is the base for generation of the PROM content, corresponding to the
combinational circuit CC. In our case it is shown in Fig. 7.17. The logic circuit of
CMCU M, CUg(I3¢) is shown in Fig. 7.18, we assume here that set of microopera-

tions includes five elements, which means that ¥ = {y;,...,ys}.
71723
000 001 010 011 100 101 110 111
T4P1
00 | DsD7 |D2D3Dg| DsDg Ds Dsg * * *
01 |DgD7Dg| Ds DgDg Ds Dsg * * *
10 | D;Dg | DsDg | D2D, | D3Dg * * *
1| D, |DDs| D, | DiDs * | * *
Fig. 7.17 Content of PROM for block CC of CMCU M, CUs(I3¢)
1
Xt 10 23 T, 26
2 =501 RG |1
xo of3] 1| MX 12%[)2 o172 6
w al4l? 1D, 3|mr
’ 3? 3 gD4 4% 8
Xo 4 4 Py 14 |1
X 5 24 ¢
5 b5 6
T2 6l L7 13[p,[ o1 |1 2z
T3 7 % 1 ED; o [f2_28
712 16| p Ts 29
r, 8|8 3 3
4 _°SF3 17(D, 4T+ 30
9 11
Yo 92601 Tomom [ 1 |2 1501 7]
Ye 10612 2 |25 165 Cr
73 Ds 17]=%(Co
Start 111 35
— 8|4 4 |25 1856 vi
Clock12[14| g & [Ds_1of*2 ! |PROM| 1 [Py,
= — D 612 2>
0" 13 6 |27 20 713 +ya
251cs 7 |Ds_21 56| 3 \Z
1<0] 4 4 +y
9 Cy 20127f 5 5 m°
12 E 28| 6 6% 9
— 29 Yi
9 . ¥ 23J50] & 7 0
25[CS|
23 C
[10[ g | T [Fetch 25
111 g

Fig. 7.18 Logic circuit of CMCU M;CUs(I¢)
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7.3 Encoding collections of microoperations in CMCU

Main goal of encoding collections of microoperations is minimizing the control
memory size [2,8]. There are two main approaches to this kind of encoding, namely:

e maximal encoding collections of microoperations;
e encoding the fields of compatible microoperations.

In the first case there are two objects for encoding, namely expanded microin-
structions ¥, C Y U {y0,yE} and collections of microoperations Y, CY. Letus dis-
cuss these methods more thoroughly, because they result in different organizations
of block for generation of microoperations (Fig. 7.19).

a) b)
Y
Address 7 Address 7
—» CM [—m Wy Yo —— »{ CM » Wy Y
o Yo
> YE - Ve
c) d)
Y
Address 7 Address 7
CM [—m W3 [ gy ——»{ CM » W, Yo
— Ve
-
ces v
—» Ve
e) f)
Address| 7 Address 7
CM [—m W5 | puy —m{ CM - We [ Y
o Yo
- YE
-
ceos Yo
—» Ve

Fig. 7.19 Organization of block for generation of microoperations

In the first case (Fig. 7.19a), each expanded microinstruction ¥, (¢ = 1,...,M3)
corresponds to the binary code K(Y;) having R;s bits, where the value of Rs is
determined using (6.9). Variables z, € Z are used for encoding expanded microin-
structions, where |Z| = R;s. Microoperations y, € Y and additional variables yo, yg
are generated by block Wj, with logic circuit implemented with PROM or RAM
chips. The approach results in CMCU U;W,; (i =1,...,57).

In the second case, each collection of microoperations Y, CY (g =1,...,My) is
encoded by a binary code K(Y,) with Rj¢ bits, where value of R;¢ is determined by
formula (6.13). Variables z, € Z, where |Z| = Ry, are used for this encoding. Mi-
crooperations y, € Y are generated by block W,, implemented with PROM or RAM
chips; functions yg, yg are generated by the control memory CM. This organization
results in the CMCU U;W, (i = 1,...,57) model, corresponding to Fig. 7.19b.
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In the third case (Fig. 7.19¢) collections of microoperations are also encoded, but
functions yg, yg are generated by the block CCS. This approach allows reduction of
the control memory size and leads to models of CMCU U;W3, where i = 1,...,57.

In all other cases, the logic circuit of block W; (i = 4,5,6) can be implemented
using FPGA, PLA or PAL chips. Either expanded microinstructions (Fig. 7.19d)
or collections of microoperations (Fig. 7.19¢) can be encoded. The encoding is ex-
ecuted in such a way, that maximum possible number of microoperations is im-
plemented using only one macrocell of the particular PLD being in use. If collec-
tions of microoperations are encoded, yo, yr can be generated either by block CCS
(Fig. 7.19¢) or by control memory CM (Fig. 7.19f). For example, the algorithm
ESPRESSO [6,7] can be used for this kind of encoding. Application of these meth-
ods leads to models of the CMCU U;W;, where i =1,...,57;j =4,5,6.

Synthesis methods, used for compositional microprogram control units U;W; (i =
1,...,57;j=4,5,6), can be considered as some modifications of synthesis methods
for the corresponding CMCU U;, where the following steps are added:

e maximal encoding of objects (expanded microinstructions or collections of mi-
crooperations);

e construction of the table for block Wj;

e construction of the table for block CCS (if necessary).

Because of such variety of possible organizations, it is necessary to find the
best model, giving minimum hardware amount, as well as satisfactory performance.
Hardware amount can be estimated as the number of equivalent gates, needed for
logic circuits of different models.

Let the GSA I7 have the following parameters: M, =47, Ry = 6, N =9 and let
the following expanded microinstructions be derived from the operator vertices of
the transformed GSA Ti7: Y1 = {yo,y1,y3}, Y2 = {y1,3}, Y3 = {y0,¥2,y4,¥5,¥7},
Yy = {yo,y1,53,¥8}» ¥s = {y1,3,58}, Y6 = {y1,¥3,¥8, e}, Y7 = {yo,y2,y4,y7},
Ys = {0, 1,52,¥5}, Yo = {y1,52,¥5}> Y10 = {y1,52,¥5, 5}, Yi1 = {y0,¥3,y4,)8},

Yi2 = {y0,y4,¥8,¥0}, Y13 = {y4,¥8, ¥}, Y14 = {y0,¥5,56,¥7}> Y15 = {y0.,¥6,¥7}>
Yi6 = {¥6,y7}> Y17 = {y0,¥9}, Y13 = {y9}. Let us discuss different organizations

of the circuit used for generating microoperations for CMCU U, W;(Ii7).

In case of CMCU U; W, (I}7) the number Rjs = 5 bits is sufficient to encode
M35 = 18 expanded microinstructions. To implement the control memory of CMCU
U\ (Ii7) it is necessary to have Vo = 2R2 . (N +2) = 64 - 11 = 704 bits of PROM.
To implement the control memory of CMCU U; W, (I77) we need V| =282 . Rj5 =
64 -5 = 320 bits of PROM, and finally, for the implementation of logic circuit of
block W it is sufficient to have Kj = 2815 . (N +2) = 32 11 = 352 bits. In general,
the number of bits, saved for U; W} in comparison with the CMCU , can be found
from the following expression

CVi+K

m (7.21)

In the discussed case expression (7.21) gives ) = 704/672 = 1.05. Because
n1 > 1, application of this encoding makes sense. Let us encode the expanded
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microinstructions as follows: K(¥;) = 00000, ...,K(Y;g) = 10001. The table of
block W, gives equations serving for generation of microoperations y,, € ¥ and of
the additional functions yg, yg:

Yn =Yn(Z),y0 =y0(2Z),ye = ye(Z). (7.22)

This table includes columns z1,...,zg,5, Y0, Y1, ..,Yn, Y. The first five lines, for
our example, are shown in Table 7.13.

Table 7.13 Fragment of the table for block W; of CMCU U, W, (I37)

2z 0z | Yo YL Y2 Y3 ¥a ¥s Yo Y1 Y8 Y9 VE

o o0 o0 0 O0f1 1 01 0 0 0 0 O O0 O
o o0 o0 o0 1f0 1.0 1 0 0 0 O 0 0 O
o o0 0101 01 0 1 1 0 1 0 0 O
o o001 11 1 0 1 0O O OO T1T O O
o 01 0 0f0 1 01 0 0 O O 1 0 O

Analysis of the expanded microinstructions shows that there are My = 10 dif-
ferent collections of microoperations in GSA Ij7, namely: ¥} = {y1,y3}, Y» =
2,54,95, 975 Y3 = {y1,y3, 98} Ya = {y2,y4,57}, Y5 = {y1,32,¥5} Yo = {y3, 4,8}
Y, = {y41y81y9}’ g = {y57y67y7}’ Yo = {y67y7}’ Yio = {y9} In case of CMCU
U;W,(I37), these collections can be encoded using R = 4 variables. It is sufficient
to have V> = 2R2 . (R15 4 2) = 64 -6 = 384 bits to implement the control memory for
CMCU U;W;(I37), and the logic circuit of block W5 can be implemented using only
K, =2R16 . N = 16-9 = 144 bits. In general case, the number of bits, which can be
saved, can be found from the following expression

W+ K

2 (7.23)

In our particular case, expression (7.23) gives 1, = 704/528 = 1.33. Comparison
of the values 17 and 1, shows that, in this particular case, the application of block
W, for the CMCU Uj is more preferable, than application of block W;.

Let us encode collections of microoperations for CMCU U;W,(I37) as follows:
K(Y1) =0000,...,K(Y1p) = 1001. First five lines of the table for block W, of the
CMCU U,;W,(I37) with this kind of encoding the collections of microoperations are
shown in Table 7.14.

Addresses of microinstructions should be known in case of CMCU U;W;(I37)
and U;Ws(I37), if we want to construct the table of block CCS. This step can be
executed in trivial way, and therefore it is not discussed here. In general, the number
of saved bits 13 can be found from the following expression:

B 2R (N+2)
- 2R R +2R2 N+ Q5

UE (7.24)
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Table 7.14 Fragment of the table for block W, of CMCU U;W»(I37)

202 |y Y2 ¥y o4 Ys Ye Y1 Y8 Yo

0o 0 0 01 0 1 O O O O O O
0o 0 0 1{0 1 0 1 1 0 1 0 O
0o 0 1 01 0 1 O O O O 1 O
0o 0 1 10 1 0 1 0 O 1 0 O
01 0 0j0O 1 0 O 1 0 O 0 O

In this expression parameter Q3 is equal to the number of bits, needed to implement
the logic circuit of block CCS.

If some other PLDs are used to generate microoperations (neither PROM, nor
RAM), the encoding methods used for expanded microinstructions and collections
of microoperations are the same. Let us discuss an example of implementation of
logic circuit for block W of CMCU U, Ws(I37). Using the algorithm ESPRESSO,
the following codes of collections of microoperations can be obtained (Fig. 7.20).

300 01 11 10
2722

00 Y4 Y3 Ys *

01 * Ye Yz YS

Fig. 7.20 Codes of collec- "y o* Y Y4 Yo

tions of microoperations for 10| v, * * *
CMCU U, Ws(Ii7)

Microoperations y, € Y are represented by the following Boolean equations in

case of CMCU U W:
My

y”:q\—/1C"qu (n=1,...,N), (7.25)
where Cp is a Boolean variable equal to 1iff y, € Y,; Z, is a conjunction of variables
zr € Z, corresponding to code K(Y,) of collection of microoperations ¥, C Y. In
case of CMCU U;Wg(I37), system (7.25) takes the form: y; = Z, VZ3V Zs; yp =
IoNZyN Zsyy3 =Z1N 23N Lo, ya = 2o N ZyN LN 27, y5 = 2o N Zs N 725 yo = Zg N Zo;,
V1 =2 Z4NZg\N Zy; y3s = Z3N Zg N Z7; y9 = 27V Z1p.

Using codes from Fig. 7.20 and taking into account the insignificant input as-
signments, the following final expressions can be got for this particular example:
V1 =723Z4; Y2 = 21225 Y3 = 21235 Y4 = 22245 Y5 = 21235 Y6 = 21225 Y7 = 21245 Y8 = 21225
Y9 = Z123-

Let the disjunctive normal form for the function y, include H, terms and each
term F;, include my, literals. In this case, complexness of the function y, can be
estimated using the following expression
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H)l
Co= Y, my+Hy,. (7.26)
h=1

Complexness of logic circuit obtained for block Wy can be estimated using the fol-
lowing expression

N
Ve =Y C. (7.27)
n=1

In the discussed example we have C, = 2 for any microoperation y, € ¥ and
Ve = 18 bits. The economy coefficient 1ng can be determined using the following
expression
B 2R (N+2)

C 2R (Rig+2)+ Ve

In our case it can be found that ng = 64-11/(64 -6+ 18) = 704/402 = 1.75.

Let us point out, that complexness of block CCS can be estimated using the
same approach as the one used for block Wg. Choice of particular model for imple-
mentation of microoperations is reduced to finding the value 19 = max(ny,...,Ns).
Obviously, the method giving maximum value 7o of the economy coefficient should
be chosen.

In case of encoding the fields of compatible microoperations, set Y U {yo,yr} is
divided into classes Y'!,... Y7, forming a partition ITy. Each class Y/ € ITy includes
microoperations, which are placed into different operator vertices of the transformed
GSA [5]. There are many effective methods used to find the partition Iy [1], but
they are not discussed here. Let class Y/ € Iy include m ; elements, denoted here

N6 (7.28)

by symbols yi;, where n € {1,...,N,0,E},j=1,...,J. Let us encode each element
y» by a binary code K (y;) with the following number of bits:

R/ =logy(mj+1)[ (j=1,...,J). (7.29)

In this case it is sufficient to have R9 variables to encode microoperations y, € Y
and yg, yg, where

J .
Rio= > R. (7.30)
j=1

These variables form set Z.
Each expanded microinstruction ¥, of CMCU corresponds to the code

K(Y) =K(yy) «K(vg)*...xK(y}), (7.31)

where * is the concatenation sign, yé is microoperation y, € Y U{yo,yEg }, such that
yn€Y/andy, €Y, (j=1,...,J). Codes (7.31) are kept in the control memory CM
and microoperations y, € Y/ are formed as outputs of decoders DC ;i (Fig. 7.21),
where j=1,...,J.
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Address

| o |

Fig. 7.21 Formation of mi- .
crooperations for CMCU DCy DCy
with encoding the fields of vi
compatible microoperations

As can be seen from Fig. 7.21, variables 77 C Z are used to encode microopera-
tions y, € Y/, and decoders DCy, ..., DC; form the block D;. Let us denote CMCU
U;, for which formation of microoperations is described above by symbol U;D;.

Synthesis methods used for CMCU U;D,(i = 1,...,57) can be considered as
some expansions of synthesis methods for CMCU U;, obtained by adding the fol-
lowing steps:

e encoding of microoperations;
e construction of the transformed table of control memory content.

Let us consider an example of synthesis for CMCU U, D;(Is), where the struc-
tural diagram of CMCU U, Dy is shown in Fig. 7.22, and the transformed GSA
Ig(Uy) is shown in Fig. 7.23.

+1

() T JYO
X 4>| cT
cc 44 oM S D Y
Clock Ve Rl TF Fetch

Yy Start
—S
- ) |

Fig. 7.22 Structural diagram of CMCU U, D;

Application of procedure P to GSA I3s(U;) leads to the set of OLC C =
{061,...,065}, where o = <b1,b2>, 111 = bl; O = {b3,...7b6}, 121 = b3; o3 =
{b7,bs,bo}, I} = b7; 04 = (b19,b11), I} = b1o, I§ = b11; a5 = (b12), I} = by5. Op-
erator vertices of the GSA Ijg(U;) contain the following expanded microinstruc-
tions: Y1 = {y0,y1,y2,¥3}, Y2 = {y4,¥5,¥6}, Y3 = {y0,¥7,¥8}, Ya = {y0,¥8,¥9,¥10},
Y5 = {y0,Y7,¥8: Y9} Y6 = {yo,¥12}, ¥7 = {y0,Y6,¥13}» Y3 = {y9, 11}, Yo = {¥6,y13}
Y10 ={yE,Ys,¥13 }- These microinstructions contain microoperations forming the set
YO = {yanE7y17"'7yl3}'

Application of the well-known procedures, given in [5], to the set ¥y results
in the partition Iy = {Yl,. .. ,Y4}, where Y! = {y| ,y4,y7,y]0,y11,y12,y]3}, Y2 =
{32,558} Y3 = {y3,56,90 1 Y* = {yo,ye}, mi =7, my = m3 = 3, my = 2. Us-
ing expressions (7.29)—(7.30), it could be found that Z! = {z1,22,23}, Z> = {z4,25},
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bo
by
1 X1 0
|yoy8ngo b7 | Yoy7Ys |bwo
YoYsYoyio | ba
' v
YoYeYis | bs | YeY13 | b4
YoY7YsYe | bs
Yoy b,
b6 11 9
Y
1 0

A4
Y8Y13YE bz

Fig. 7.23 Transformed GSA @ be
Lis(Uh)

73 = {z6,27}, Z* = {z8,29}. Microoperation codes for the CMCU U, D;(T}g) are
shown in Table 7.15, which can be used to determine both the inputs and outputs of
decoders designed for block Dj.

Table 7.15 determines the codes given by (7.31), as for example, K(¥;) =
001010101 = K(y1) *K(y2) * K(y3) * K(y0). In this table, sign @ corresponds to the
case when microoperations of a particular class do not belong to the given expanded
microinstruction.

Application of procedure P> to GSA Iig(U;) results in microinstructions ad-
dresses shown in Fig. 7.24.

If we want to find control memory content it is sufficient to replace any vertex
by € B by its code K(Y,) corresponding to the collection of microoperations from
this very vertex (Fig. 7.25).
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Table 7.15 Table of microoperation encoding y}{ for CMCU U, D, (I33)

YioOKGY) 2 KGZ) vl K(GY) v KO
212223 2435 2627 2879

6 000 © 00 O 00 0 00
Y1 001 01 y3 01 Yo 01
y4 010 Y5 10 Yo 10 YE 10
yI 01l yg 11  yo 11

yio 100
yn 101
yi2 110

vis 11

T2 00 o1 11 10
;1

00 b4 bs bg

01 b, b b1o

11 b3 b7 b14

* | & | %k | *

10 bs bg b1z

Fig. 7.24 Addresses of microinstructions of CMCU U, Dy (I3s3)

IT,
;1

00 (001010101{011111101J101001100

00 01 1 10

01 010101000|110001100|011110001

11 [011110001/100111101{111001000,

* | % | *| %

10 |100111101{111001001/111110010

Fig. 7.25 Control memory content for CMCU U; Dy (I3s)

Information represented by Fig. 7.25 is used to design logic circuit of the control
memory CM.

In order to design logic circuit of block CC, it is necessary to construct Boolean
equations for functions @ and ¥, depending on variables X and 7. As in all cases
discussed previously, the structure table of addressing FSM S for CMCU Uj is the
base to find these equations. The structure table is constructed using block represen-
tation of the interpreted GSA, marked by the states of Mealy FSM. In the discussed
case, this representation for GSA Iig(U,) is shown in Fig. 7.26.

Using Fig. 7.26, the following sets and values can be found: A = {a;,a,a3},
My =3,R =2, 7={1,12}. Let K(a1) = 00, K(a2) = 01, K(a3) = 10. The transi-
tion table of CMCU U, D;(I3g) is given below (Table 7.16).
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¢ 1 Xs 0
Is
Os
aq
Fig. 7.26 Block representa- @ by
tion of GSA I13(U;)

For example, the following equation can be found using this table: D} = Fy V
F5V Fs =T 1% x2 V T T2 Logic circuit of CMCU U;D;(I33) is shown in Fig. 7.27,
where outputs zg and z9 correspond to signals yg and yg respectively.

The number of control memory outputs can be reduced to the value

Ry = [logy(N +1)] (7.32)

due to verticalization [5] of the transformed GSA. In this case microinstruction for-
mat includes fields yg and FY (Fig. 7.28).

Table 7.16 Transition table of CMCU U, D;(I3s)

am K(am) a5 K(as) X @, ¥, h

ap 00 an 01 1 - Dg
a 01 az 10 X1 D3 Ds
as 10 X1X2 DyrDs Ds
as 10 X1x; DDy Ds
as 10 ai 00 x3 D1D3Dy -
as 10 X3 D D3 Ds

(o) NV, BE RS I
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The digit 1 is added in expression (7.32) to take into account the existence of
variable yg. The verticalization of GSA is reduced to splitting each operator vertex
by € By into |Y(b,)| vertices, where each new vertex includes only one unique mi-
crooperation y, € Y U{yg} [5]. For example, the operator vertex b; of GSA I73(U))
corresponds to three operator vertices of the verticalized GSA VI;g(U) (Fig. 7.29).

In case of CMCU U, D (I3g), where symbol D means that Ily =Y U {yg}, we
can find that Ryy = 4. It means that the control memory size is more than two times
smaller, in comparison with this size for the CMCU U, D,(Iis). The main disadvan-
tage of verticalization is the decrease of CMCU performance, because the average
algorithm execution time becomes longer, in comparison with the same parame-
ter of the equivalent CMCU U D;. To make both times closer, some sophisticated
mechanism is proposed in [5]. It is based on the data-path launching occurring only
when all microoperations y, € Y (b,) are placed in some additional register. We do
not discuss this problem in our book.
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Fig. 7.27 Logic circuit of CMCU U, D, (I3g)
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Fig. 7.28 Microinstruction format for CMCU with verticalization of transformed GSA
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Fig. 7.29 Splitting of opera- I e R e O
bi b?

tor vertex by of GSA Iig(Uy) b?

Transformation of GSA can be executed in such a manner, that the number of
classes j of partition I'ly corresponds to the condition

1<j<J, (7.33)

which means that parameterj has some intermediate value, between its extremes
1 and J. If, for example, transformation of the GSA Ii3(U;) is executed in such a
way that microoperations y, € Y2UY? are always placed in the different operator
vertices, the partition Iy includes three classes only. They have the form: Yl v2=
{2,53,¥5,Y6,¥8, Yo} and Y3 = {yo,yg }. This kind of transformation for the case of
OLC ¢ is shown in Fig. 7.30.

Fig. 7.30 The transformation Yonye Jovs Jores Yo
b1 b? b} b3

of OLC oy

After applying similar transformation for all OLC o, € C we get the partition
with the following parameters: R' = 3, R> = 3, R3 =2 and Ry = 8. Let us point
out that no solution of the following problem is available today: the choice of some
value of the parameter; for which the hardware amount in the system (CM,D;)
is optimal, for a given performance level of the resulting control unit, in which
the principle of encoding the fields of compatible microoperations is used. Some
additional researches should be conducted to solve this particular problem.

7.4 Synthesis of multilevel circuits of CMCU

Combined application of methods discussed previously permits to generate models
of CMCU, for which the number of levels is higher than in case of basic CMCU
models. Wide variety of possible structures is represented by Table 7.17, which is
constructed by analogy with Table 2.2 for the multilevel structures of Mealy FSM,
or by Table 2.5 (Moore FSM). The level B is occupied in this table by basic models
of CMCU, which are also multilevel structures. The number of levels is different for
basic models and varies from two (U-Us) to four (Uss— Us7). Thus, the number
of possible levels in the discussed structures is changed from two to six. As we
remember, parameter G used in Table 7.17 determines the number of variables used
to encode logical conditions, and parameter J determines the number of fields of
the compatible microoperations. Parameters G and J are calculated using an initial
graph-scheme of algorithm I". Decrease of the initial values of these parameters
is connected with transformation of the initial GSA I, leading to reduction of the
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resulting digital system performance due in turn to the increase of average number

of cycles, necessary for execution of the control algorithm.

Table 7.17 Multilevel models of CMCU
Levels A B C

Blocks M; U; W

mc
ML Us We

. N
Mg :
MgC D;
ML

Let k; be the number of structures with i levels for some model of CMCU, V; the
total number of CMCU structures with i levels(i < 6). Now, Table 7.18 will be used
to estimate the total number of CMCU structures with i levels(2 < i < 6).

It is clear, that Table 7.18 describes

VOI =Vo+...+Ve =399+ 1197G+ 57/ + 171GJ (7.34)

different CMCU structures. In case of FSM with average complexness [3] we have
G = J = 6, and formula (7.34) determines V! = 14079 different CMCU structures
for some initial GSA I'. The CMCU synthesis method, based on combination of
different optimization approaches, can be considered as some expansion of the syn-
thesis method used for a particular basic model of CMCU. For example, let us con-
sider the method applied for CMCU M,UyWs3, its structural diagram shown in Fig.
7.31.

The expression M>UgW3 determines the CMCU with encoded logical conditions,
where each transition depends on at most two variables (it is determined by symbol
M), with code sharing and optimal OLC encoding (determined by symbol Ug) and
maximal encoding of collections of microoperations, where the block generating
microoperations is implemented using PROM chips and additional signals yy and yg
are implemented by an additional block CCS (determined by symbol W3). Synthesis
method for CMCU M, Uy W3 includes the following steps:

Transformation of the initial GSA I".

Construction of OLC set for transformed GSA I' (M,UgW3).
Construction of the partition IT, for set C'.

Optimal encoding of OLC ¢ € C!.

Encoding components of OLC o, € C.

Encoding collections of microoperations.

Encoding logical conditions.

NounsE» =



7.4 Synthesis of multilevel circuits of CMCU 227

8. Construction of the transition table of CMCU.
9. Construction of the control memory content.
10. Construction of the table for block CCS.
11. Construction of the table for block .
12. Synthesis of the CMCU logic circuit with given logical elements.

+1—
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M ? 004>‘_CT_‘ T wl oM > W, Y
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ees [ m
Vi
vy [ | €| rlTF |Fetch |
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Fig. 7.31 Structural diagram of CMCU M,UyW3

Let us consider an example of CMCU synthesis, where the graph-scheme of
algorithm is shown in Fig. 7.32.

The transformation of GSA Ijg is reduced here to the introduction of vertex big
(as the first OLC of GSA Ij9), and vertices byo and by; (to satisfy condition), and
introduction of variable yg into the vertex b13 and variable y into the vertices, which
do not represent the outputs of OLC. After these transformations, the transformed
GSA Tg(MyUgWs) is obtained (Fig. 7.33).

Application of procedure P; to the transformed GSA Ig(M,UyW3) results in the
set C = {061,...,068}, where o = <b19>, Ill =01 =bg; p = <b1,b2,b3>, [21 = by,
I3 =0,="0b3; 03 = (ba,...,b7), I} = ba, I3 = be; 0u = (bg,bo), I} = bs, O4 = by;
as = (b1o,...,b13), Ia =b1g, I2 = b1p, 05 = by3; 0 = (bia, ... ,b17), I} = bs, Op =
bi7; 07 = (b2o), 171 = 07 = by; ag = (by1), 181 = Og = by . Let us point out that the
set C! does not include OLC o5 , because this OLC output contains the variable yg.

Let us find the partition IT¢ of set C!. In our case, we obtain I1c = {By,..., B4},
where B; = {0y}, By = {0, 03,04,06}, B3 = {07} and B4 = {0} . Outcome of
the optimal OLC ¢, € C encoding is shown in the Karnaugh map (Fig. 7.34).

For encoding OLC a, € C, elements of the set T = {71,72, 73} are used. Let
us point out that Rg = 3, because G = 8. Taking into account the don’t care code
K(0s) = 011, the following codes of classes B; € Ilc can be derived from the Kar-
naugh map: K(B;) = 000, K(B;) = 1 %%, K(B3) =01, K(B4) = 01x.

Maximal length of OLC o, € C for the discussed example is equal to 4 (Liax =
4), hence R; =2, T = {T1,T»}. The codes of OLC components are: K(bjg9) =
K(b1) = K(bs) = K(bg) = K(b1o) = K(b14) = K(b2o) = K(b21) = 00; K(bs) =
K(bs) = K(by) = K(b11) = K(b15) = 01;K(b3) = K(bg) = K(bo) = K(b12) =
K(bi6) = 10;K(b7) = K(b13) = K(b17) = 11. The codes, used for OLC and its com-
ponents, allow to find microinstruction addresses, based on code sharing principle
(Fig. 7.35).
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Table 7.18 Estimation of the number of CMCU models

Number of levels Type of model ki Vi
2 Ui-Uis 15 Vo =15
M,U\-M¢U:s 15G
M,CU-MyCUi 5 15G
MgLU\-M¢LU5 15G B
U\Dj-UisD; 15]
Ui6-Uss 30
Us—Us7 12

MU\W-MUisWi 90
M CU\W~-M,CU;5W;  90G
M LUyWi~M,LU\sW;  90G

MU\Dj-M,UisD;  15GJ
M,CU\D;~M,CUysD; 15GJ

4 VLD M LUnD, 1501 V= 1924 360G +307 445G
M Uy6—M,Uss 30G
M,CU 6~MgCUys 30G
M LU ~M,LUys 30G
Ui6Wi—UssW; 180
U]()D_]'—U45Dj 30J
Mg Use—MgUs; 12G
M CUs-MCUs;  12G
M LUs6—MLUs; 12G
MUygWi-MUssW; 180G
M,CU¢W;-M;CUssW; 180G
5 M LU\gWi-M LU3sW; 180G Vs =72+ 576G+ 12J +90GJ
Uy Wi-Us7W; 72
U4()D_]'—U57Dj 12

MU 6D j—MgUysD 30GJ
M,CU6D;j-M,CUssD; 30GJ
M,LU 6D j—M,LUssD; 30GJ

MUy Wi-M Us7W; 72G
MyCUyW;-MCUs7W; 712G

6 MgLU46"Vi—MgLU57VVi 72G V() =216G+36GJ
MyUy6D —MgUs7D 12GJ
MyCUssD j-M,CUs7D; 12GJ
MyLUysDj—M,LUs7D; 12GJ

Operator vertices of the GSA Tg(MyUgWs) include My = 9 different collec-
tions of microoperations, namely: Y1 =0, Y> = {y1,y2}, Y3 = {y3}, Ya = {y4,¥5},
Ys = {y2,¥5,:6}> Y6 = {y7}, Y7 = {y8,y9}, Ys = {¥2,¥8,¥9} and Yo = {y1,y11}. It
is sufficient to have Rj¢ = 4 variables for encoding these collections and, hence,
Z={z1,...,24} . Let us encode these collections in the following manner: K(¥;) =
0000, ... K(Yy) = 1000.
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Fig. 7.32 Initial graph-scheme of algorithm I

According to conditions given in this example, we obtain the set P = {p;, p2}
and coding of logical conditions is represented by Table 7.19. This table determines
the behavior of multiplexers MX; and MX;, and, hence, logic circuit of the block
M, for CMCU M,UgW3(I9).
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Yoysyio | bz

| YY1 | bis | YaYs | b7

Fig. 7.33 Transformed GSA
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273
00 01 1 10
51
0 ap ay as ag
Fig. 7.34 Optimal OLC codes 1 a; a; oy as
for GSA Iig(MUsW3)
rirats
000 001 010 011 100 101 110 111
I,T;
00 [ big b2o b2y b1o by by b1y bg
01 * * * by b, bs b1s bg

10| % * * b1z bs be b1s

" * * * b3 * b7 b7

Fig. 7.35 Microinstruction addresses of CMCU M,UgW3(I9)

Table 7.19 Coding of logical conditions for CMCU M,UgW5(I39)

O K(ag) P1 P2

[07] 000 X1 X2
[07) 001 X3 X4
o3 000 X3 X4
oy 111 X3 X4
as 011 — -
O 110 X3 X4
o7 001 =x3 -
(043 010 X1 -

The following system of transition formulae for OLC ¢, € C ! should be found
to construct the transition table of CMCU M,UqW3(I9):

0 — X1)C212] \/x12213l \/f1]7];
0,,03,04,0¢ — )C3)C4122 \/)C3f4152 \/X3I§;
07 — X3I32 \/23[‘1;

Os — xill vl

(7.35)

Next, outputs of OLC o, € C ! from the left part of each equation of system (7.35)
are replaced by corresponding classes and logical conditions x; € X in the right part
are replaced by variables p, € P:

By — pip2li NV pi ol VL I
By — pip23V pip, VI (7.36)
By — pil3V L

By — pvp 1.
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System (7.36) is now used to construct the table of transitions with following
columns: B;, K(B;), I, A(1}), Py, W, @y, h, where input addresses should be taken
from Fig. 7.35. In case of the CMCU M,UyW3(I79) this table includes Hy(I79) = 10
lines (Table 7.20).

Table 7.20 Table of transitions for CMCU M,UsW5(I59)

B, KB:) I, Al P ¥, @, h
By 000 I} 10000 pip> Dy - 1
n 10100 p;p, DiD; - 2
L 00100 P, Ds - 3
B, 100 [ 10010 pip> D Dy 4
5 01110 pyp, DD3s Dy 5
I} 01000 p, D> - 6
By 0*1 I 10110 p, D\Ds Ds 7
I} 11100 p, DiD:D; - 8
By O01* 11 01100 p; DDy - 9
I 11000 p, DD, - 10

It follows from Table 7.20, that ¥ = {Dy,D,D3}, @ = {D4,Ds}, and D| =
FVEVENFVRYVFo=T1T2T3p1p2V...VT1T2p;, for example. It is clear that
Ds = 0 and block CC has 4 outputs only.

The control memory content can be found by replacement of vertices b, € By by
corresponding codes of collections of microoperations K (Y;). The control memory
content for our example is shown in Fig. 7.36.

717273
000 001 010 011 100 101 110 111
T,

00 | 0000 0000 | 0000 [ 0011 | 0001 [ 0100 | 0111 | 1000

01 * * % | 0101 | 0010 | 0101 | 0001 | 0010

10 * * % | 0110 | 0011 | 0110 | 1000 *

" * * % [1000| % |o111|0111| %

Fig. 7.36 Control memory content for CMCU M,UyW3(T59)

Table of block CCS can be found by transformation of Fig. 7.34 into the Kar-
naugh maps for functions yy and yg. These maps are used to get minimal forms for
functions yo(7,7T) and yg(t,T). For example, the Karnaugh map for function yp in
case of the CMCU M,UgWs(I9) is shown in Fig. 7.37.

The following equation yy = T2V T BTV T T3T I VT T VT T1Th can
be derived from this map. Using the same approach, equation yg = 71717, can be
also obtained. Both equations are used to design the logic circuit for block CCS.
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Lirats
000 001 010 011 100 101 110 111

1T,
00 0 0 1 0 1 1 1 1
01 * * 1 * 1 0 1 1
10 * * 0 * 0 0 *
1 * * 1 * 1 1 0

Fig. 7.37 Karnaugh map for function yg

The table of block W3 includes columns Y, K(Y;), y,, g. This block is represented
by Table 7.21.

Table 7.21 Table of block W3 for CMCU M,UyW5(I79)

Y KY,) 1 Y2 y3 ya4 Y5 Y6 Y71 Y8 Yo Yo Y ¢
Y, 00000 0 0 0 0 0 0 0O O 0 0 O 1
Y, 0000 I I 0 0 0 0 0 0O O O 0 2
Y, 000 0 0 1 0 0 0 0 0O O O O 3
Y, 0011 0 0 0 I 1 0 0O O O O 0 4
Y5 0100 0 1 0 0 1L 1 0 0 0 0 O 5
Y 00 0 0 0 0 0 O I O O O 0 6
Y 0110 0 O O O O O O 1 1 0 0o 7
Y 0111 0 0 0 0 0 0 0 O I 1 O 8
Yo 1000 1 0 O O O O O O O O 1 9

Logic circuit of the CMCU M,UygW;3(T9) is shown in Fig. 7.38. The multiplexers
MX; and MX; represent block M,. Blocks CC and CCS are implemented using
PLA chips. The control memory CM and the block generating microoperations are
implemented with PROM chips.

Logic circuit for each model of the CMCU given in table 7.18 can be designed
using the same approach as the one used in case of the CMCU M,UgWs (I o).



234 7 Synthesis of CMCU with coding of logical conditions and collections of microoperations

1 13
X1 11 19| D1 19|25 2
B 14| 1| PLA |1 o =2 1 [PROM| 1 [y,
X2 2|1 12 2 [92 20126 o 2 >
M Y 5] 3 3 |Ps_2tfe7] 5 3 e
3 ?4 16| 4 cc 4D422284 44»)/4
X4 4?5 Py 13171 5 5 Ys
|5 | 6 Ye
71 5|3 6 [
ST 20| Ao |1 R i<
2 Ofgi8 I 2|2 6 8 [
T GE <D, 3|53 7 9 [»
4 =1 2 IHig-n || Yio
o 87|35 7 18 Wy | 10 [
— C —|CS 1
Yo 9%1 T
O | 22|D 123
YE 1O£\:23 MX 5 DW CT |1 T2 o4
| © 10> 2
Start11i4 | |
Clock12}4 | 5 P, 14%R
4] 6 FCW
(4] 7 —C2
4l
|5 5[5 Z1 25
E; £2PROM;ZZ e
| 7 | 713 z3 27
3 7 3
9 23] 4 4|2 28
2 C‘ 154} 5
_ — | cm
9 . o 16 18lcs
16 Co e Teea 1 e o
iz [s 161 2 [ 10
713
10 Rl T Fetch 18%4 ccs
24 5
1 g

Fig. 7.38 Logic circuit of CMCU M,UgW5(I9)
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Chapter 8

Synthesis of compositional microprogram
control units with modified system of
microinstructions

Abstract The chapter is devoted to CMCU optimization, based on modification
of the microinstruction format. Proposed modifications permit to eliminate code
transformers from the CMCU and provide reduction of hardware amount of circuits
used in the FSM used for microinstruction addressing, as compared with the CMCU
basic structure. This kind of optimization is leads to the increasing of the number of
cycles, needed for execution of the control algorithms. This transformation causes
sometimes the increase of control memory size. Next, the possibility of multilevel
CMCU implementation is discussed and the method of optimal structure choice
proposed. A particular CMCU structure is considered as optimal, if it guarantees
minimum hardware amount and sufficient performance. This chapter is based on
the results of common research performed with J. Bieganowski (Poland).

8.1 Synthesis of CMCU with dedicated area of inputs

All compositional microprogram control units discussed previously have some com-
mon feature, namely generation of input addresses by the block CC. This approach
can be called hardware address generation, in which the number of outputs in the
CC block is equal to R, (model U, is the only exception). In order to reduce this
number, some additional block for address generation is needed (for transformation
of object codes). The second approach leads to increasing of the CMCU cycle time,
in comparison with its value for CMCU U;. In case of the CMCU with elementary
OLC and code sharing, the number of CC outputs is smaller than R, but application
of these methods can cause either significant increase of the control memory size,
in comparison with its minimal value V;,, or an increase of the CMCU cycle time.
If the increase of time cycle is not desirable, the number of CC outputs cannot be
reduced, in comparison with R;. Let us consider how the number of CC outputs can
be reduced in cases when application of code sharing leads to introduction of the
address transformer AT, but performance of the resulting CMCU cannot be worse,

235
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than in case of the CMCU Uj. Let us discuss these methods using an example of
CMCU U,. Our discussion is based on results from [3-5].

In case of CMCU U, the output addresses of OLC o, € C are determined by
procedure P» and, hence, they possess the property of randomness. Application of
this procedure does not guarantee that, for example, some bit is equal to zero for
all input addresses. Situation of this kind would allow to reduce the number of CC
block outputs in comparison with R,. Let the set of OLC inputs I(I") for GSA I
include Iy elements, which can be encoded by only R;; bits, where

R21 = |—10g210-|. (8.1)

Obviously the following condition is satisfied for the linear graph-schemes of
algorithm, where the number of operator vertices exceeds significantly the number
of conditional vertices:

Ry < Ry. (8.2)

Let the following condition (8.3) be satisfied for GSA I':

[log, (Io +M>)] = [log, M>], (8.3)

where M, is the number of operator vertices. Let us choose Ij cells of control mem-
ory to keep OLC inputs and let these cells have addresses from 0 to (I — 1),. Let
us call this set of cells a dedicated input area (DIA). This fixation of OLC inputs
requires execution of unconditional jumps to the real input address, which should
be introduced into the special control microinstruction. It leads to some modifica-
tion of microinstruction formats in comparison with CMCU U, [2]. The model of
CMCU Usg with dedicated input area is shown in Fig. 8.1.

+1
%yo FA
X Vi
» @ T FY
cc |, cT » CM » CMO |V
R T L TMI |
Yo Mx » ‘
A
Start —® Yo
Clock v
Ll cCS [ v
Ve Fetch

R[TF
Start 5

Let us discuss particular qualities of CMCU Usg in comparison with U;. In case
of the CMCU Usg, there are two formats of microinstructions (Fig. 8.2).

Fig. 8.1 Structural diagram of CMCU Usg
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a) b)

T™I FA T™I FY

Fig. 8.2 Microinstruction formats for CMCU Usg

The control microinstruction, shown in Fig. 8.2a, contains an address field FA
with address for transition from the dedicated input area into the area of micropro-
gram (AMP) containing operational microinstructions. This format includes a field
of attribute TMI, with all zeroes (TMI=00). Operational microinstruction (Fig. 8.2b)
includes the field TMI and an operational part FY. If TMI=01, this microinstruction
corresponds to an OLC output, corresponding in turn to y. = 1. If TMI=10, the mi-
croinstruction corresponds to some OLC component, which is not an OLC output.
It corresponds to yg = 1. Code TMI=11 indicates that some OLC output connected
with vertex bg is reached. It corresponds to yg = 1. Let us point out that the control
microinstruction corresponds to y; = 1.

In case of the control microinstructions, some additional block for generation
of microoperations should be used to prevent generation of microoperations y, € Y
(if y; = 1), because in this case microinstruction would contain information about
address of transition only. Multiplexer MX should be used to load into counter CT:
either the transition address created by functions @y (y. = 1), or the address of
some cell of the microprogram area, which occupies the field FA of the control
microinstruction (y; = 1). Block CCS is used to generate control signals yo, y;, Ve,
vE, depending on the content of field TMI.

Compositional microprogram control unit Usg operates in the following manner.
First, zero code is loaded into the counter CT using pulse "Start", corresponding to
the address of main input of OLC o € C, kept in the dedicated input area. At the
same time, flip-flop TF is set up and allows microinstruction fetching from the CM
control memory (Fetch=1). Current microinstruction is read from the control mem-
ory CM and block CCS generates some control signals yo, ¥, y¢, Ye. If CT contains
the address of OLC output, variable y. = 1 is generated together with microopera-
tions y, € Y. In this case, input memory functions

@y = O(T,X) (84)

load the address taken from dedicated input area into the counter CT. The signal y; is
generated and an address from AMP is loaded into CT. If the counter CT contains an
address of OLC component corresponding to vertex by, such that (b,,bg) ¢ E and
by # O,, both microoperations y, € Y (b,) and variable yo = 1 are generated. In con-
sequence, the counter content is incremented and causes transition to the following
microinstruction. If the counter CT contains the address of microinstruction corre-
sponding to vertex by, such that (b,,br) € E, variable yr is generated and fetching
of microinstructions terminated.
The method of CMCU Usg synthesis includes the following steps:

1. Transformation of initial GSA I" (procedure P3).
2. Construction of the OLC set using transformed GSA I" (Usg).
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Finding addresses for OLC inputs.

Microinstruction addressing.

Construction of the control memory content.

Construction of the transition table of CMCU.

Construction of CCS table.

Synthesis of CMCU logic circuit using given logical elements.

PN RA W

Let us discuss application of this method for synthesis of the CMCU Usg(I3),
where the transformed GSA I30(Usg) is shown in Fig. 8.3.

Application of procedure P; to the transformed GSA Iy (Usg) gives the set
C=o0y,...,06}, where oq = (by1,b2), Il = by, O1 = by; 0 = (b3,ba,bs), I} = b3,
I3 = 0y = bs; 03 = (bg,....,by), Ii = be, I3 = bg, O3 = bo; 04 = (b19,b11),
I} =b1o, Os = by1; 05 = (b12,bi3), I} = b12, Os = b13; 0t = (b14,...,b17), I} = bya,
Og = b17. Thus, we get the set of inputs I(Bo) = {bl,b3,b5,b6,bg,b10,b12,b14}, and
the following values can be found: M, = 17, R, = 15, Iy = 8, Rs = 3. It means that
condition (8.2) holds and application of the method proposed above makes sense.
Moreover, because M, + Iy = 25, condition (8.3) is satisfied and this method allows
to have smaller number of CC inputs, without increasing the length of microinstruc-
tion address, in comparison with CMCU U, (T3).

Addressing of OLC inputs is executed in a trivial way, but the address of input / 1'
should be equal to zero. Let JA(b,) be the address of input corresponding to vertex
by € By. In case of CMCU Usg(I3) these addresses are: IA(by) = 000, IA(b3) =
001,...,/A(b14) = 111.

Application of procedure P> to GSA TI3(Usg) results in microinstruction ad-
dresses shown in Fig. 8.4.

First line of the table from Fig. 8.4 corresponds to the dedicated input area and
each cell of this line contains an address JA(b,). The rest of lines corresponds to the
area of microprogram AMP and each cell for this part of lines contains an address
A(by). For example, input I} = by, and its address in DIA is determined as JA(by2) =
00110, whereas its address in AMP is A(b2) = 10011.

Microinstructions to be kept in the control memory are constructed using the
following rules:

e any vertex b, € I(I") from DIA corresponds to a control microinstruction of the
unconditional jump, where [FA] = A(b,);

e if vertex b, € D? is not an output of OLC ¢, € C, the control memory cell having
address A(b,) should contain operational microinstruction, where [TMI] = yo;

e if vertex b, € D¢ is connected with final vertex bg, the control memory cell with
address A(b,) should contain operational microinstruction, where [TMI] = yg.

Let us denote the construction procedure of the control memory content by sym-
bol Pj3. Application of procedure Pj3 gives the control memory content shown in
Table 8.1.

Let us point out that only 16 cells of the control memory of CMCU Usg(I3) are
shown in Table 8.1. Two bits are used to encode variables yo, y;, yc, Yg, namely my
and my. The encoding is executed in such a manner that code 00 corresponds to y;,
code 01 to yp, code 10 to y., and code 11 to yg. One-hot encoding approach is used
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X2

1 0
| Y1Ys | bio Y2 | bio
| YaYe | by | YaYe | bis

€L

bg

Fig. 8.3 Transformed GSA I}0(Ussg)
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T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 b4 b3 bs bs bg b1o b1z b |[DIA
01 b4 b, bs by bs big b7 bs
1" by b1o b1q b1z b3 b1g bis b ||AMP
10 by [ % * * | * * * *

Fig. 8.4 Microinstruction addresses for CMCU Usg(I39)

to encode microoperations, when the bit capacity Rcys of the control memory cell is
given by the expression

Rey = max(2+N,2+ [log, (Ip+ Ma) ). (8.5)

In this case Rcys = 7, which means that fields FA and FY are represented by bits
ms3 —msj.

Table 8.1 Content of control memory for CMCU Usg(I39)

Address TMI Content Reference
T LT3TyTs mymy m3mgmsmems

00000 00 01000 by — A(b;) DIA
00001 00 01010 b3 — A(b3)
00010 00 01100  bs— A(bs)
00011 00 01101 be — A(bg)
00100 00 01111 by — A(bg)
00101 00 10001 b1o — A(bo)
00110 00 10011 bia — A(br)
00111 00 10101 b1y — A(b1s)
01000 01 11000 by — by AMP
01001 10 00100 by — Oy
01010 01 01010 b3 —by
01011 01 00100 by — bs
01100 10 10001 bs — 0>
01101 01 11000 bg— br
01110 01 01001 by — bg
01111 01 00100  bg— bo

The transition table of CMCU is constructed using the system of transition for-
mulae for outputs of OLC ¢, € C I In the discussed case we have C! = {04, 00,03,
0} and the following transition formulae:

0, — x1121 \/f1X2122 \/f]fz)qlg Vf1f2f3132;
052,03 — x2x3li \/)6233151 \/XQ)C4I31 \/fzf4161; (8.6)
O¢ — 132.
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Transition table of the CMCU Usg(I30) corresponds to system (8.6) and includes
Hsg(I30) = 13 lines (Table 8.2). This table is used to obtain the input memory func-
tions for the flip-flops of counter CT (8.4), as for example:

Dé =k VEVFVEFEVERYVFo Y FVF3= TITQT3T5.Y1)72)T3 V...VT TQT:;TS.

The superscript "1" of function D3 reflects the fact that D3 belongs to the set @y.
If this superscript is omitted, we obtain D3 € @. It can be found from this formula
that the address bit 74 = O for all outputs of OLC, and, therefore, corresponding
variable is absent in system (8.4).

The table for block CCS is constructed in a trivial way and in our particular case
it is replaced by the Karnaugh map (Fig. 8.5).

my
m 0 1
0 Yi Yo
Fig. 8.5 Codes of control 1 Yo Ve
variables

Obviously, variables yo, ¥, yc, Y are generated by a decoder with m; and m;
inputs.

Table 8.2 Transition table for CMCU Usg (I30)

0, A0, I, AUl X @, h
01 01001 7} 00001 Xy D! 1
£ 00010 Xx; D} 2
I 00011 xXx; DID! 3
L 00100 ¥ X%3 D} 4
0, 01100 I} 00101 xx3 DID! 5
1 00110 x% DD 6
Il 00011 Xxs DID! 7
I} o011l %% DIDID! 8
03 10000 I} 00101 xx3 DIDI 9
1} 00110 xx DD} 10
L 00011 Xx4s DIDI 11
I} 00101 X% DD 12
O 11000 2 00100 1 D} 13

Logic circuit of CMCU Usg(I3g) is shown in Fig. 8.6. Here, the two-level block
AND-OR implements multiplexer MX, outputs of which correspond to the input
memory functions of counter CT. The multiplexer is described by the following
equations:



242 8 Synthesis of CMCU with modified system of microinstructions

Dy =yj-m3V0-y

Dy =yj-myV0-y

D3 = y;-msV Dj-yc; (8.7)
Dy =y -mgV D}y

Ds = y;-m7VDi-y..

1 T
IR == 1 241D, | o7 |1 58]
v of2 2 o 1 (2 17bs|p, Py L
33 . |e8los ) LN
X3 3|44 5 |Pi_18p7|p, py LEA
xi 4155 28| b, 519l
66 3 [P _19j1a R
T 5717 20] ¢,
T, 6l9]s 22 c,
15
Ts 711 Cy 20;1 mi og
E— PROM| 1 =
4 8 _ 16| 2 o [M2 30
11 Yo 218 ms 31
Ts 9 . 813 3
57 l 4 4 My 32
i 1915 C 22 %] 5 5 [Mo 33
ey YRS i Sl N e
] 23] m/ 35
Ye 1243] r| T |Fetch 238 cs l
Ye 13 Yi 10
DC |1
14
Start 14— S 29| 4 2 Yo 1
30| 2 3 Yc 12
Clock 1531 v
10] & 4 P12
WA - | D1 24
0" 1416l 31
[12] 1 Y1 36
29
32— 30] 1
10| & D, 25,
16— y2 37
2] 1 29
10| &
o] Ds 26 [33 vs 38
12| 1 29 ;
30
34 %
ol &| |p, 27 P4 i 39
18— 29
12] 1 30] 1
35 35
%i D 28], E Ys 40
Fig. 8.6 Logic circuit for [12] 1 30] 1
CMCUU53(F2()) X

It is clear, that system (8.7) can be implemented using FPGA, but the logic circuit
shown in Fig. 8.6 reflects main principles of CMCU organization only, without its
implementation using modern FPLDs.

The system of microoperations is implemented in the following way. It can be
seen from the Karnaugh map (Fig. 8.5), that the operational microinstruction is de-
termined by disjunction m; V my. Thus, for example, microoperation y; is generated
if m3 = 1 and m; V my = 1. This analysis leads to the following system:
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y1 = mz(my Vmy);
y2 = ma(m Vmy);
y3 = ms(miVmy); (8.8)
y4 = mg(my Vmy);
V5 = m7(m1 \/mz).

System (8.8) is implemented by the circuit of Fig. 8.6 using AND and OR gates;
but can be also implemented with FPGA.

This approach can be applied to obtain some modifications of the CMCU U; —
Us models, which are briefly discussed below.

Allocation of the dedicated input area transforms CMCU Uz into CMCU Usy,
structural diagram of which is the same as the structural diagram of CMCU Usg, but
inputs of the block CC of CMCU Usg are connected with address variables 7/ C T.
The outcome of special microinstruction addressing for CMCU Usg(I39) is shown
in Fig. 8.7.

T1T2Ts
000 001 010 011 100 101 110 111
T4Ts
00 | by bg b4 bs by b1z b3

01 b3 b10 b2 b6 b14 b10

1" bs b1z b3 b7 b1s b1

* | % | o [k

10 be b1a by bg big b1z

Fig. 8.7 Microinstruction addresses for CMCU Usg(I39)

In this particular case, output O is determined unambiguously by the generalized
interval of a Boolean space 010 x *, output O, by 011 * x, output O3 by 100 x* *, and
output Og by 101 #x. Therefore, inputs of the block CC for the CMCU Usg(I3) are
connected with the variables from set T/ = {7, T, T3 }. It means that the number of
CC inputs is smaller, than in case of CMCU Usg(I39).

Transformation of the table of Fig. 8.7 into the table shown in Fig. 8.8 results in
reduction of the number of address variables connected with CC to only two bits.

T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 | by bg b1o b1z b4 b3 be b4
01 ] b b1o b1g b3 b, bs b7 b1s

1" bs b1z * * * bs bg b1e

10 be b1s * * * * bg b7

Fig. 8.8 New microinstruction addresses for Usg(I39)
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Analysis of Fig. 8.8 shows that output O; is unambiguously determined by the
generalized Boolean interval 100 % x, output O, by interval 101 x %, output O3 by
interval 110 %, and output Og by interval 111 % x. We have 71 = 1 for all outputs of
OLC o, €C ! and therefore only variables 75, T; € T'should be connected with the
inputs of CC.

Allocation of the dedicated input area transforms Us into CMCU Uy, with the
same structural diagram as in case of CMCU Usg, but the application of optimal
encoding of OLC o € C' components allows to reduce the number of terms in
(8.4). The outcome of optimal encoding (more correctly, optimal microinstruction
addressing) for CMCU Ug(I30) is shown in Fig. 8.9.

T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 b1 bg b1o b1z b4 b4 b3 be
01 b b1o b1q b3 b, b1s by b7

1" bs b1z * * * b1s bs bs

10 [ be b1s * * * b1z * be

Fig. 8.9 Optimal microinstruction addresses for CMCU Ug (I30)

In the discussed case, partition I, = { B, Bz, B3 } can be formed, where B} =
{ou}, By ={ 0, a3}, Bs = {ts}. Analysis of Fig. 8.9 shows that class B is de-
termined by code K(B;) = x10x %, class By by code K(B;) = *0 * x, and class B3
by code K(B3) = x11 . In this case all address assignments corresponding to the
components of OLC ¢, ¢ C! are treated as insignificant and are used for optimiza-
tion of the codes of classes.

Let us transform system (8.6) into the form:

By — xi[} VX103 VXl V0TS,
By — xzxgli \/xzfg,lsl \/sz4131 \/fzf4]1; (8.9)
B3y — 132.

System (8.9) corresponds to the transition table of CMCU Ugg (I39) with Heo(I30)
= 9 lines (Table 8.3).

This table is used to construct system (8.4). For example, the following equation
can be derived from Table 8.3: D; = VEVFVVRVF=TTxxx3 V...V
T1 T,. Comparison of equations for the function D% of CMCU Usg(I30) and Ugp(I30)
shows that in the second case the number of terms is 1.6 times smaller and the
number of literals reduced by two elements.

Allocation of the dedicated input area in case of CMCU Us turns it into the
CMCU Ug;, with the structural diagram of Fig. 8.10. In this case block CC generates
functions

Dy = Dy(T,X). (8.10)
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Table 8.3 Transition table for CMCU Ugg(I30)

B K(B) In AUn) X @B h
By x10x+ 13 00001 x| Dy 1
L 00010 Xx D} 2
I 00011 ¥Xx; DD} 3
00100 ¥ %% D} 4
By «lsxx I} 00101 xx3  DIDL 5
11 00110 x%  DID! 6
I 00011 Xxs DD} 7
I} 00111 Xxx; DiDLD! 8
By xllxx 2 00100 1 D} 9

All other blocks of both CMCU Us and Usg implement similar functions. Synthesis
method used for CMCU Ug; can be interpreted as a modification of the synthesis
method applied for CMCU Usg and includes some additional steps such as construc-
tion of partition I1. of the set C L encoding of classes B; € I1;, and construction of
the table for block TC.

+1
% Yo FA
X Yi
() T FY
cc D, CT CM CMO | Y
T™I
|
Yo ux : ™ I
Start 4 —» Yo
Clock TC -y
T —» CCS |—» Y
Ye Fetch

R[TF
Star 5

Fig. 8.10 Structural diagram of CMCU Ug;

Let us consider an example of CMCU Ug; (I30) synthesis. The microinstruction
addresses for the CMCU are given in Fig. 8.8. As it was shown earlier, we can get
the partition IT. = {B},B,B3}, where By = {o}, B = {0, 03}, B3 = {0 }. It is
sufficient to have two variables from set T = {11, 7, } to encode classes B; € IT¢. Let
us use the codes: K(B;) =01, K(B2) =00, K(B3) = 10. Transition table for CMCU
Usi1 (I0) is constructed using the system of transition formulae (8.9) and includes
H61 (Bo) =9 lines (Table 84)

This table is used to construct equations (8.10). We find, for example, the equa-
tion: D% =FVFEVEVVEVFy =T TX1XX3 VT Toxax3 V...V T T.
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The corresponding table of code transformer TC is constructed in a traditional
way and shown in Table 8.5. This table is used to construct functions 7 = 7(7T),
which in our case have the form: 7y = T1T>T3, 7, = T1T,T3. They are used to the
synthesis of CMCU Uy (I39) logic circuit, which is executed as in case of CMCU
Uss(I20).

Allocation of the dedicated input area turns CMCU Ug into CMCU Ug;, having
the same structural diagram as CMCU Usg.

Table 8.4 Transition table for CMCU Ug; (I30)

B KB) I Al X @ h

By 01 I} 00001 x D! 1
B 00010 Xx D 2
I} 00011 ¥Xx; DiD! 3
L 00100 % %% D) 4
B, 00 I} 00101 xx; DIDI 5
1 00110 x¥3 DD} 6
L 00011 Xx4 DiDL 7
I} oolll %% D.DiD! 8

Table 8.5 Table of code transformer for CMCU Uy, (I30)

ag C(Og) Bi K(B)) 7g g
a; 100xx B 01 T 1
an 101 %% Bz 00 - 2
a; 110xx By 00 - 3

111%x% B3 10 T 4

The main disadvantage of this approach is the higher number of algorithm exe-
cution cycles, due to the existence of control microinstructions. Besides, some addi-
tional chip resources are needed to implement the system of microoperations, even
in case of hot-one microoperation encoding. The following method can be used to
eliminate this disadvantage.

8.2 Optimization of compositional microprogram control unit
with the dedicated input area

Let control microinstruction have the following format (Fig. 8.11). In this case, fol-
lowing actions can be executed during one cycle of CMCU operation: generation of
microoperations using the code from field FY and generation of transition address
using the code from field FA. Both the format of operational microinstruction and
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principle of allocation for the first Iy cells of the control memory for input addresses
of OLC ¢, € C are also used here.

T™I FY FA

Fig. 8.11 Format of control microinstruction

Application of such control microinstructions transforms the CMCU U, into
CMCU Uss (Fig. 8.12).

+1
§ vo FA
X vi (.
0] T FY
cc |, cT > oM |—Y
X T™I
Ye MX
s A A
tart
Clock > Yo
Y
. L »| ccs
- Yo
Fetch

> S|TF ve
= W

Fig. 8.12 Structural diagram of CMCU Ug3

Compositional microprogram control unit Ugz operates as follows. The input ad-
dress of OLC oy € C is loaded into the counter CT using pulse "Start". At the same
time the flip-flop TF is set up. Current microinstruction is fetched from the control
memory CM and its field TMI is transformed into the control signals yg, y;, yc, e. If
signal yo = 1 is generated simultaneously with microoperations y, € Y, the content
of CT is incremented and corresponds to the transition inside current OLC. If signal
y; = 1 is generated, it corresponds to a transition from the dedicated input area DIA
into the area of microprogram AMP. In this case, the transition from some input of
OLC o, € C to next component is executed. If signal y. = 1, it corresponds to the
transition from the output of OLC ¢, € C and the content of counter CT is deter-
mined by functions @y. If signal yg = 1, the algorithm execution should be finished.
In this case, flip-flop TF is reset and the fetching of microinstructions from control
memory is terminated.

Microoperations y, € Y are represented by some code in the fixed field FY and
therefore the block CMO is absent in case of the hot-one encoding of microopera-
tions (Fig. 8.12). This approach has one serious disadvantage, namely the field FA is
not used by microinstructions from the microprogram area AMP. This disadvantage
can be partly eliminated due to the partition of control memory CM into two parts
(Fig. 8.13). The part CM| includes FA field only and therefore information fetching



248 8 Synthesis of CMCU with modified system of microinstructions
is executed using the leftmost address bits from set T}, where |Tj| = R;. Both the

operational part of microinstructions and the field TMI are kept in the part CM,,
which is addressed using the whole address.

T FA
: » CMm,
Ra1

» CM, T

m
<

£

R

Fig. 8.13 Structural diagram of control memory for CMCU Ug;

Obviously, fetching of the transition address is executed for all microinstructions,
regardless of their type. This address is used only for particular microinstructions,
wheny; = 1.

The synthesis method used for CMCU Ugs includes the following steps:

Transformation of the initial GSA T".

Construction of OLC set C for the transformed GSA I" (Us3).
Addressing of inputs for OLC o € C.

Addressing of microinstructions.

Construction of the control memory content for CM;.
Construction of the control memory content for CM5.
Construction of the CMCU transition table.

Construction of the table for block CCS.

Synthesis of CMCU logic circuit for given elements.

XNk w =

Let us discuss the application of this method for synthesis of the CMCU Ug3(I29),
where the transformed GSA T3 (Ugs) is the same as the one shown in Fig. 8.3.
Outcomes of the first three synthesis steps are the same for CMCU Usg(I30) and
Us3(I30)- Thus, the following set of inputs can be found: I(I39) = {b1,b3,bs,bg,bs,
b10,b12,b14}. In our case the inputs have the addresses: IA(b) =000, ...,I1A(b14) =
111.

Microinstruction addressing is executed as follows. First, all main inputs are
removed from OLC o, € C, as the first stage of addressing. Standard addressing
procedure is then applied to the transformed OLC o4 € C, as the second stage of
addressing. This is the same procedure as the one used in case of the CMCU Uj.

In this example, removing the main inputs results in the OLC set C = {0, ..., 04},
where o = <b2>, O = <b4,b5>, 03 = <b7,bg,b9>, Oy = <b11>, O5 = <b13>, O =
(b1s,b16,b17). Addressing the microprogram area AMP starts from the address,
which exceeds by 1 the last address taken from the dedicated input area DIA. Re-
sulting microinstruction addresses of the CMCU Ugs(I30) are shown in Fig. 8.14.

The control memory content of DIA area can be found using the following rules:
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T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 | by bg b, bg bis

01 b3 b1o by by bis

11 b5 b1z b5 b11 b17

* | % [ % | *F
* |k [ % | %
* | % [ % | *F

10 be b14 b7 b1s *

DIA AMP
Fig. 8.14 Microinstruction addresses for CMCU Ugs

o if vertex b, # O, (g=1,...,G), field TMI of the memory cell with address
IA(b,) contains code of variable y;, its field FY contains microoperations y, €
Y (by), and its field FA contains address A(b;), where (by,b;) € E;

o ifvertexb, =0, (g=1,...,G)and (by,bg) ¢ E, field TMI of the memory cell
with address IA(b,) contains code of variable yj, its field FY contains microop-
erations y, € Y (b,), and its field FA contains the transition address;

e if vertex b, is connected with the final vertex bg, field TMI of the memory cell
with address IA(b,) contains code of variable yg, its field FY contains microop-
erations y, € Y (b,), and its field FA is empty.

In our example, content of the control memory CM is shown in Table 8.5. In this
case TJ = {T3, T4,T5}.

Table 8.6 Content of the control memory CM; for CMCU Us3(I30)

Address Content

BTyTs  ajaxazagas Comment
000 01000 by — A(by)
001 01001 by — A(by)
010 01010 b5 — A(bs)
011 01011  bg — A(by)
100 01101 by — A(bo)
101 01110 by — A(byy)
110 01111 by — A(b13)
111 10000 by — A(bys)

In this table, bits a; — as represent the transition address and form the field FA.

Construction of the control memory content for AMP area is executed in the
same way as in case of CMCU Usg. Content of the control memory CM, includes
both areas DIA and AMP; it is shown in Table 8.6.

As in the previous case, bits mj, my represent TMI codes, where code 00 corre-
sponds to y;, code 01 to yo, code 10 to y., and code 11 to yg. Bits m3 — m7 contain
hot-one code of the collection of microoperations y, € Y (b,), where g =1,...,M>.



250 8 Synthesis of CMCU with modified system of microinstructions

Let us point out that for the vertex bs from AMP area, the field FY = 0. It corre-
sponds to an idle cycle of the data-path.

Table 8.7 Content of control memory CM, for CMCU Ugz(I39)

Address Content Comment
T LTTyTs  mymam3zmamsmeniy

00000 0011000 blll1 DIA
00001 0001010 b3121
00010 0010001 b5122
00011 0011000 176131
00100 0000100 b3132
00101 0010001 bloL}
00110 0001000 bypl!
00111 0000110 171416l
01000 1000100 b0y AMP
01001 0100100 by — bs
01010 1000000 bs0;
01011 0101001 b7 — bg
01100 0100100 bg — bg
01101 1001010 bgO3
01110 1100100 b11 — End
01111 1100010 b1z — End
10000 0101000 bis — bie
10001 0101010 big — b7
10010 1000101 b170¢

Transition table for CMCU Ug; is constructed by analogy with the construction
of the corresponding table for CMCU Usg. In the discussed case it is the same as in
case of CMCU Usg(Io), represented by Table 8.2. Equations for functions (8.4) for
both CMCUs are the same, but the system of formulae for multiplexer MX (8.7) is
transformed due to presence of the block CM|. In our case this system is transformed
into the form:

Dy =yj-a1V0-y;

Dy =yj-a2V0-y

D3 =y;-a3V D}y (8.11)
Dy =yj-asVD} ye;

Ds =y;-as\V D!y,

where variables a; — as represent the bits of FA field.

Logic circuit of CMCU Ug;(I30) is shown in Fig. 8.15. In this case OLC
0, € C! have the following output addresses: A(O1) = 01000, A(0,) = 01010,
A(03)=01101, A(Og) = 10010. Because each address bit has both direct and com-
plementary values, the inputs of block CC are connected to all Ry =5 feedback
variables. Multiplexer MX is shown here as a block replacing the set of logic ele-
ments "AND-OR" from Fig. 8.6. The control memory of CMCU is divided into two
blocks (CM| and CM,), contents of which are determined by corresponding tables.
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Application of this approach transforms the CMCU Uz into CMCU Ug4 (special
microinstruction addressing and allocation of the dedicated input area), CMCU U,
into CMCU Ugs (optimal microinstruction addressing and allocation of dedicated
input area), and CMCU Ug into CMCU Ug; (transformation of the initial GSA and
allocation of the dedicated input area). The structural diagrams for these CMCUs
are the same as for CMCU Ug3, and their synthesis methods are some extensions of
methods used for the basic models of CMCU, obtained by adding the steps in which
construction of tables for blocks CM; and CM, is performed.

1 T
il oy KN I 241D, [ T [ 1 {42
X, of=]2 1 25| D, o2 6
3| 3 D: 17]26| p, oy LN
X3 3laly 5 27|, 4|l 8
x_ a5ts Di 1gfe8p, 5] 9
T 511 6 3 [14[R
' ; 7 Ds_19[20c,
T: 6128 22/,
Ts 719 . a
T, gl 71 1 [PROM| 1 [21-29
S C‘ 20fs] , 2 {22 80
Ts 9 5 9] 3 3 :3 31
1 _ o 21f 4 [ a2
vo 11 “Ics| omy | 5 2233
T i - .
° 12 ok PROM| 1 {23
e 13l Fetch 23 [12 28
=R T 18] 3 3t
Start 14 [ 7] 4 4 2
Clock 15| 8 9] 5 5| gV
— Y4
0" 16]29] D oales CMy [ 6 [ i
[ R
31 5 3 [Ps 26 oc |1 |10
32| 4 4 [P+ 27]34| 4 o [Yo 11
33 5 [Ps_28f3s| » 3l 12
1651 Ve 12
[16] - 4
P
ER
19| 4
10177
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CMCU Ug3(I30)

Use of the control microinstructions having format from Fig. 8.11 transforms
CMCU Us into CMCU Ugg with the structural diagram shown in Fig. 8.16. All
blocks of CMCU Ugg play the same roles as the blocks of corresponding basic mod-
els of CMCU Us and CMCU Ugs. This synthesis method combines the methods
used earlier for both Us and Ug;.

Using the control microinstruction format of Fig. 8.11, instead of the format
given in Fig. 8.2, allows to reduce the number of microinstructions in the control
memory from Iy to /0y, where 10y is the number of OLC inputs, which are also
the outputs of the same OLC. It means that condition (8.3) is transformed into the
following one:

[log, (100 + M) ]| = [log, M2 ]. (8.12)
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Fig. 8.16 Structural diagram of CMCU Ugg

Because 10¢ < Iy, the probability of satisfying condition (8.12) and hardware
amount of CMCU logic circuit can be reduced, due to allocation of the dedicated
input area DIA.

The number of microinstructions in the control memory can be reduced to M5, if
OLC o € C are replaced by elementary OLC ¢, € Cg. Application of this approach
transforms the CMCU U, — U7 into control units Ugg — U73 respectively. The struc-
tural diagrams of these new CMCUs are the same as the diagrams of CMCU Ug, —
Ug7 respectively. Synthesis methods applied for CMCU Ugg — U73 differ from cor-
responding methods used for their basic models only in construction of the EOLC
set Cg instead of OLC set. Let us discuss a synthesis example for CMCU Uz, (I29),
with the same structural diagram which is shown in Fig. 8.16.

Let us find an EOLC set Cg = {a,..., a8}, where o = (b1,b2), 0o = (b3,b4),
o3 = (bs), a4 = (b,b7), 05 = (bg,bo), 0 = (b10,b11), 07 = (b12,b13), O =
(b1a,...,b17). In all EOLC @, € Cg, the first component is an input I, and last
component is an output O, of the corresponding chain.

Inputs of EOLC o, € Cg correspond to the control microinstruction format
shown in Fig. 8.11, where the microinstructions are placed in DIA. In this case
it is sufficient to use Ry5 = 3 variables to address the inputs, and we have the set
Dy = {D%,D}‘,Dé}. Let us address the microinstructions, as shown in Fig. 8.17.

T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 | by bg b2 b1 b7

01 b3 bm b4 b13

1 bs b1 b7 bis

% [ % | & | *F
* |k | % | o
% | % | ok [ oF

10 be b4 by b6

Fig. 8.17 Microinstruction addresses for CMCU Uy, (I29)
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For this particular case, the content of control memory CM; is represented by
Table 8.7, and 7; = {73, T4, Ts }.

The column FA for address 010 contains all insignificant values, because vertex
bs is an input of EOLC o3 and the field FA is ignored. For this field we have a; =0,
that is the field FA should include only the address bits a; — as. Reduction of the
number of address bits allows to reduce the hardware amount of two blocks, CM;
and MX.

Table 8.8 Content of the control memory CM; for CMCU U, (I30)

Address Content

BTiTs  ajaxazasas Comment
000 01000 by — A(b2)
001 01001 b3 — A(bs)
o011 01010  bg — A(by)
100 01011 by — A(bo)
101 01100 by — A(byy)
110 01101  byy — A(by3)
111 01110  byy — A(bys)

Content of the control memory CM, for CMCU Uy, (I3) is represented by Table
8.8, having M, = 17 lines.

Let us find partition ITz of set CL into classes of pseudoequivalent EOLC. In
our case we get partition Il = {By,...,Bs4}, where B; = {0y}, B, = {n}, Bz =
{03,05}, B4 = {ou,03}. Now we construct the system of transition formulae for
classes B; € Ilg, which in our case has the form:

By — x1Lh VX103 VX1 Xpx314 V X1 X2 X315,
32 — 13;

B3z — xox31g V x0X317 V Xpx4l5 V XpX4l3;
By — Is.

(8.13)

This table is used to derive functions @y, as for example the expression: D% =
FyVENVF VgV FyV Fig=T1ToX1XX3 VT T2 VT Ty = T1 T2X1X2X3 V T1 (which is
the minimized form of initial expression).

It is necessary to construct the table describing transformation of EOLC codes
into codes of classes B; € Ilg, used to design the logic circuit of block TC. In our
case this table has 6 lines (Table 8.10).

Analysis of Table 8.10 shows that address bit a3 = 0 and therefore the variable
T3 is excluded from the Boolean equations for functions 7, € 7.

In the synthesis of CMCU Uz, (I30) logic circuit, bits my, m, represent the code
of microinstruction addressing operation. The code 00 determines here the loading
of field FA content into the counter CT (y; = 1); code 01 corresponds to a tran-
sition within the same EOLC. In this case, content of the counter CT should be
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Table 8.9 Content of control memory CM, for CMCU Uz, (I39)

Address Content

NhLT3TTs  mymymzmamsmeniy Comment
00000 0011000 b1, DIA
00001 0001010 b
00010 1010001 bsl;, 03
00011 0011000 bely
00100 0000100 bgls
00101 0010001 biolg
00110 0001000 biol7
00111 0000110 b4l
01000 1000100 b,O; AMP
01001 1000100 bs0;
01010 1000001 b704
01011 1001010 byOs
01100 1100100 b110¢ — End
01101 1100010 b1307 — End
01110 0101000 b5 — big
01111 0101010 big — b17
10000 1000101 b170g

Table 8.10 Table of address transformer TC for CMCU Uz, (T39)

a; A(Og) Bi KBi) 1, g

a; 01000 B; 10 T
ar» 01001 B, 11 T
az 00010 B3 00 -
as 01010 By 01 (9
as 01011 B3 00 -
ag 10000 By 01 (9

AN B W~

incremented by 1 (yp = 1). Code 10 determines loading the EOLC input address
using functions @y, when the output of some EOLC is reached (y. = 1). The code
11 corresponds to the end of CMCU operation, because a particular microprogram
is finished (yg = 1).

In case of the control memory CM; we have a; = 0 (Table 8.7) and therefore
system (8.11) should be transformed. Now D; = 0, but other equations remain the
same as in system (8.11).

Logic circuit of CMCU Uy, (I30) is shown in Fig. 8.18. As in previous case, the
blocks CC, DC and TC are implemented using PLA chips, but PAL macrocells or
LUT-elements of FPGA can be also used. Logic circuit for multiplexer MX can be
implemented using FPLD elements.

Comparative analysis shows that the use of EOLC instead of OLC allows to
reduce the control memory size, but the number of lines in the CMCU transition
table becomes higher, making the hardware amount, necessary for implementation
of block CC, larger.
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CMCU U, (T3o)

Further decrease of hardware amount in case of the CMCU with allocation of
dedicated input area is possible due to replacement of logical conditions and/or
encoding collections of microoperations. Application of these methods makes the
control unit cycle time longer and, in consequence, worse resulting digital system
performance. These optimization methods are discussed in details below.

Modifications of the microinstruction formats discussed in Sections 8.1 — 8.2
allows to reduce the number of CC outputs, without application of an additional
transformer. Obviously, multiplexer MX introduces some additional delay, thus in-
creasing the total cycle time. This is a standard block, however, and its synthesis is
much simpler than synthesis of special circuits used as object code transformers.

8.3 Minimization of the number of feedback signals in CMCU

All models of CMCU discussed earlier have the same peculiarity, namely the output
addresses have random character. For this reason, R, feedback variables (address
bits) are connected with CC block inputs of CMCU U,. The value of R, can be
reduced using either special or optimal microinstruction addressing, but positive
result of such addressing is not always possible. The number of feedback variables
can be reduced to R4 = [log, I'], but it involves the use of special address transformer
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TC, consuming additional resources of the chip. In this Section we propose how to
reduce the number of feedback variables to R4, by means of modification of the
microinstruction format.

Let the operational microinstruction include the field of format code TMI and
field FY with microoperation code (Fig. 8.19a). Let the control microinstruction
include fields TMI and K (B;) with the code of pseudoequivalent OLC class B; € Il¢
(Fig. 8.19b).

Fig. 8.19 Formats of op-
erational a and control b ™I FY ™I K(B))
microinstructions

Field TMI determines the following control signals: yy (increment of the counter
content); yg (end of microprogram); y. (input memory functions for flip-flops of
counter CT are generated by block CC on the base of code K(B;)). Thus, variables
yo and yg correspond to the operational microinstruction and y. determines the con-
trol microinstruction of microprogram corresponding to the initial graph-scheme of
algorithm.

Let each OLC o, € C ! be ended using the control microinstruction with code
K(B;), where 0 € B;. Thus, the number of microinstructions in a particular micro-
program becomes increased by |C!|, in comparison with corresponding value found
for CMCU U,. Obviously, this approach makes sense if the following condition
holds:

[log, (|C!| +M>)] = [log, Ma]. (8.14)

Otherwise, the control memory size will be increased, in comparison with its
value for CMCU U,. The application of modified microinstruction format (Fig.
8.19) leads to CMCU U4 (Fig. 8.20).

T +1§ v K(B)
L, o ] | A
cc » CT » Cm ‘ CMO |
X, ve ) ™I
Start ]
Clock > Yo
cos P v
YE rlTF Fetch
iy

Fig. 8.20 Structural diagram of CMCU Uy4
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In case of CMCU Uy4, block CC implements the functions
D =9P(1,X), (8.15)

where 7 is a set of bits from microinstruction field K(B;). Other blocks of CMCU
U74 operate in the same manner, as corresponding blocks of other CMCU models
with modified microinstruction formats.

Synthesis method used for CMCU U4 includes the following steps:

Transformation of the initial GSA I".

Construction of OLC set C for the transformed GSA I'(Uza).
Addressing of microinstructions.

Construction of partition ITc for OLC set C' into classes of pseudoequivalent
OLC.

Coding of the classes B; € Il¢.

Construction of the control memory content.

Construction of the CMCU transition table.

Construction of the table for block CCS.

Construction of the table for block CMO.

Synthesis of the CMCU logic circuit with given logic elements.

el S

YA

Let us discuss an example of CMCU U4 synthesis using GSA I>g, where the
transformed GSA I (Uza) is the same as GSA I39(Usg), shown in Fig. 8.3.

Construction of modified OLC set consists on adding some elements, corre-
sponding to OLC output O, to the OLC o, € C !, These new elements correspond to
the control microinstructions. In our example, OLC set C = { ¢, ..., 0} is formed,
where o) = <b1,b2>, o = <b3,b4,b5>, o3 = <b6,...,b9>, Oy = <b10,b11>, O5 =
(b12,b13), 0t = (b14,...,b17). This set includes the subset C! = {0, 00,03, 06}
The modified OLC o, € C! are: oy = (b1,b,01), 0y = (b3,by,bs5,0,), 03 =
(be,...,b9,03), 04 = (b14,...,b17,06).

Using standard addressing procedure for the modified OLC, we get the table
shown in Fig. 8.21.

T1T2Ts
000 001 010 011 100 101 110 111
T4Ts
00 | by by b7 b1o b4 Oe
01 bs bs bg b14 b1s

11 01 02 bg b12 b16

* | ¥ | ok |
* | % | %k [k

10 bs be O3 bss bi7

Fig. 8.21 Microinstruction addresses for CMCU Uz4(I30)

The partition I, = {B;,B>,B3} can be found, where By = {04 }, B, = {0, o3},
B3 = {0 }. Variables from set T = {1}, 7, } can be used to encoding classes B; € Ilc.
As the CMCU Uy4 does not include any address transformer, coding of classes
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B; € Il¢ can be made arbitrarily. Let classes B; € I have the codes: K(B;) = 00,
K(By) =01, K(B3) = 10. Including the insignificant input assignment 11, the fol-
lowing final codes can be obtained: K(B;) = 1, K(B3) = 1x.

Length of the control memory word is determined by analogy with (8.5). In our
case, the operational microinstruction includes 7 bits, and control microinstruction
includes 4 bits. The control memory content of CMCU Ur4(I3) is represented by
Table 8.11. Field TMI is represented here by bits m; and m,, where the code 00 cor-
responds to yg, 01 to yg, and 11 to y.. For this encoding, equality m; = 0 determines
an operational microinstruction and my = 1 corresponds to a control microinstruc-
tion. It allows simplification of the CMO logic circuit responsible for generation
of microinstructions. Bits m3 and my4 correspond here either to variables 7; and 17,
(for control microinstructions) or to microoperations yi, y» (for operational microin-
structions), bits from ms to m7 correspond to microoperations y3 - y5 respectively
and stand for operational microinstructions. If some control memory bit is not used,
it is marked by symbol "*" in the table.

Table 8.11 Control memory content for CMCU Uz4(I30)

Address TMI Content

T] T2 T3 T4 T5 mimy m3zmqnmsmehyg Comment
00000 01 11000 by — by
00001 01 00100
00010 11 00*** 01
00011 01 01010 by — by
00100 01 00100 by — bs
00101 01 10001 bs — Oy
00110 11 o S )
00111 01 11000 be — by
01000 01 01001 b7 — bg
01001 01 00100 bg — bg
01010 01 01010 by — O3
01011 11 H Rk 03
01100 01 10001 bio — b1
01101 00 00100 by — End
01110 01 01000 b1y — b1z
01111 00 00010 b1z — End
10000 01 00110 bis — bis
10001 01 01000 bis — bis
10010 01 01010 big — b17
10011 01 00101 b7 — Og
10100 11 | R Os

Transition table for CMCU U4 (I30) is constructed using the system of transition
formulae for classes B; € Ilc. In the discussed case, system (8.9) is used and the
output addresses for OLC ¢, € C are taken from Fig. 8.21. The transition table
of CMCU Ur4(I30) includes H74(I39) = 9 lines (Table 8.12). This table is used to
construct system (8.15). The following equation can be derived, for example, from
Table 8.12: D; =R VIEBVEVEYVF=TIT)Xixa V...V ThXXx4.
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Table 8.12 Transition table for CMCU Ur4(I30)

B; K(B) I, A} X, @, h
By 00 I} 00011 x DiDs 1
5 00101 ¥x, D3Ds 2
I3I 00111 X;Xox3 D3D4Ds 3
[32 01001 X;X>X3 D;,Ds 4
By x1 I} 01100 xx3 D2D3 5
I} 01110 x% DyD3Ds 6
L 00111  Xxs D3DsDs 7
IGI 10000  xpx4 D, 8
By 1x 2 01001 1 DyDs 9

259

Table for block CCS is constructed in a trivial way; in our example it is replaced
by the Karnaugh map shown in Fig. 8.22. Using this map, the following equations
can be found: yg =, y. = my, yo = mymy. Since both yg and yg correspond to the
operational microinstruction, it is determined by m; = 0.

Fig. 8.22 Encoding of vari-
ables corresponding to inter-
nal control signals

320 1

my
0 Ye Yo
1 * Ye

The step involving construction of CMO table, determines a system Y =Y ([TMI],
[FY]), where y| = mim3, yo =T ma,...,ys = mmy (Table 8.13). Logic circuit for
CMCU Uy4(I39) is shown in Fig. 8.23.

Table 8.13 Table for block CMO of CMCU Us4(I30)

my

Y1

2

Y3 Y4

Y5

0 m3
0

1

my ms me

0

0 0

mz

0

Main disadvantage of the proposed approach is higher number of cycles required
for control algorithm execution, longer cycle time, and higher number of microin-
structions, in comparison with corresponding parameters of CMCU U,. As in case
of CMCU with the dedicated input area, this disadvantage can be partly eliminated
due to use of fields TMI, FY and K(B;) in a single microinstruction. This approach

leads to microinstruction format (Fig. 8.24) used in CMCU Uss.
The structural diagram of CMCU Uys is shown in Fig. 8.25.

All blocks of CMCU U5 execute the same functions as corresponding blocks of
CMCU Uy4. The fields FY and K(B;) occupy different bits of microinstruction, and
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Fig. 8.25 Structural diagram of CMCU Uys

therefore block CMO is absent in the case of hot-one encoding of microoperations.
It leads to equality of the cycle times for CMCU Uys and U,. For the same reason,
additional control microinstructions corresponding to the outputs of OLC ¢, € C !
are not used. It leads to equality both the number of microinstructions and the al-
gorithm execution time for CMCU U5 and U,. Of course, these CMCU circuits
should interpret the same GSA.
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Synthesis method applied for CMCU U5 includes steps 1-8 and 10 of the corre-
sponding method used in case of CMCU Uz4, but traditional OLC (as for CMCU U5,)
are generated only after execution of step 2. Let us consider an example of CMCU
U;s(I30) synthesis. Only the results, different from the solutions obtained already
for CMCU Uy4(I0), will be discussed below.

Microinstruction addresses for CMCU U5 (I") is shown in Fig. 8.26, the control
memory content is represented by Table 8.14 and transitions by Table 8.15. The
logic circuit of CMCU Uys(I30) is shown in Fig. 8.27.

T1T2T3
000 001 010 011 100 101 110 111
T4Ts
00 [ by bs by b3 b7 * * *
01 b3 be b1o b1s * * *
11 bs b; b1 b1s * * *
10 by bg b1z b1 * * *
Fig. 8.26 Microinstruction addresses for CMCU Uss(I3)
Table 8.14 Control memory content for CMCU Uys(I3o)
Address  TMI FY K(B;) Comment
N TTiATs mymy; m3mgmsmemy Mmghig
00000 01 11000 ok by — by
00001 11 00100 00 b0
00010 01 01010 ok by — by
00011 01 00100 wk by — bs
00100 11 10001 *] b0,
00101 01 11000 w% bg — b7
00110 01 01001 #k b7 — bg
00111 01 00100 w% bg — bg
01000 11 01010 *] 12502
01001 01 10001 wk bio — b1y
01010 00 00100 % by — End
01011 01 01000 w3k b1y — b3
01100 00 00010 ** b3 — End
01101 01 00110 w3k bi4 — bys
01110 01 01000 ok bis — big
01111 01 01010 w3k big — b1y
10000 11 00101 1% b170¢

The bits of control memory are marked by "*" in Table 8.14, if they have no defi-
nite assignment. Transition tables are practically identical for both CMCU U~4(I3)
and Uy5(I0), but OLC input addresses for these models of CMCU are not the same
and therefore corresponding columns A(l;,) and @, of their transition tables are
different.
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Table 8.15 Transition table for CMCU Uzs(I30)

Address TMI FY K(B;) Comment

B K(B) In Aln) X o !
B 00 I 00010 @ x Dy 1
B 00100 ¥x by 2
500101 TiTxs  DiDs 3
B 0011l %m%  DiDaDs 4
B « I} 01001  xxs  DaDy 5
I3 01011 x¥  DaDuDs 6
B 00111  Xxy  D3DyDs 7
I 0101 ®mY  DaDiDs 8
B; I« 3 00111 1 D3DiDs 9
X1 1
D m
| 112 L2l
w ot PLA 12 51| 4 [PFOM 12m2 22
Xa 41414 4D4 15%7123 4y? 2
4 . Bs 16192 4 5 Ys 25
0 e 5 2 g 5 5 Y4 24|
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Fig. 8.27 Logic circuit of CMCU U;s(I30)

As in all previous cases, this table is used to construct system (8.15). For exam-
ple, the equation D3 = Fob V3V Fu V F7V FgV Fy = T1T2X1 V ToXp V 71 can be derived
from Table 8.15 (after minimization).

The main disadvantage of this approach is the increase of control memory word
length, in comparison with CMCU U, or Uy4. This approach allows however to ob-
tain better performance, in comparison with CMCU U4, and smaller chip area oc-
cupied by the CMCU circuit, in comparison with CMCU U, (absence of TC). The
choice among models of CMCU U,, Uy4 and Uys should be made by the designer,
after detailed analysis of requirement specifications for every particular digital
system.
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Further hardware amount reduction for the CMCU with modified microinstruc-
tion formats can be achieved due to the use of multilevel structures of their logic
circuits. The methods of logical conditions replacement, encoding collections of
microoperations and fields of compatible microoperations, discussed above, can be
used for this purpose. Application of these methods leads to longer cycle times
and in consequence to lower performance of the designed digital systems. The final
choice should be made after analysis of both requirement specifications and used
logic elements.

8.4 Synthesis of multilevel circuits for CMCU with modified
system of microinstructions

Let us construct Table 8.16 representing models of CMCU with modified system of
microinstructions and coding of logical conditions and microoperations. This table
is constructed by analogy with Table 7.17. We remember that CMCU U5 has two
levels, CMCU Ugz — U4 have three levels and CMCU Usg — Uy, have four levels.
Therefore, models of CMCU represented by Table 8.16 have from 2 to 6 levels. This
table is used in turn to construct Table 8.17, allowing estimation of total number of
logic circuit structures for CMCU from Table 8.16.

Table 8.16 Multilevel structures of logic circuits for CMCU with modified system of microin-
structions

Levels A B C

Blocks M, Uss W

M,C
ML .
We
: Dy
Mg .
MsC

MGL U75 DJ

The number of different CMCU structures with the modified system of microin-
structions can be found from Table 8.17 and is equal to:

VZ=Va+...+Ve=108+378G++18J +54GlJ. (8.16)

According to [1], for the FSM of average complexness we have G = J = 6. It can
be found from (8.16) that there are Vo2 = 4428 different structures for the discussed
CMCU in case of each particular GSA I'. Using formula (7.34), the total number of
different CMCU logic circuit structures can be estimated as

Vo = Vi +V§ =507+ 1577G + +75J + 225G /. (8.17)
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Table 8.17 Estimation of the number of structures for CMCU with modified system of microin-
structions

Number of levels Model of CMCU ki V;
2 Uss 1 Vs =1
3 M,Uzs G V3 =120445G+ 157
M,CUss G
M,LUss G
UrsW; 6
UysD, J
Us3—Uz4 12
4 Uss—Us2 5 Vy=T7+54G+12J +36GJ
M,U75W; 6G
M,CUssW; 6G
M LU7sW; 6G
M,UssD;j GJ
M,CU75D; GJ
M, LUssD; GJ
M Ugs—MyUss 12G

M,CUg3-M,CUs, 12G
M LUg—M LUz, 12G

UssWi-U74W; 72
Ug3Dj-U74D; 12]
5 MyUsg—M,Us 5G V5 =30+231G+5J+36GJ

M,CUsg—M,CUg, 5G
My LUsg—M, LU 5G
M UgsWi-M U7, W; 72GJ
MCUs3W,-M,CU7,W;  T72G]
M, LU W,-MLU74W;  72GJ
UssWi—Us2W; 30
UsgD j~Ugy D 5]
My Ug3D =M U74D 12GJ
M,CUs3D j-M;CU7sD; 12GJ
MyLUs3D j-MLU74D;  12GJ

6 MgUsgVV,‘—MgU(JzVV,' 30G Ve =90G + 15GJ
M,CUsgW;-M,CUgW;  30G
M, LUssW;-M;LUs,W;  30G
MyUsgD —M Ug D ; 5GJ
M,CUsgDj-M,CUgs;D; 5G]
MyLUsgDj—MyLUs,D;  5GJ

In case of FSM having average complexity, formula (8.17) determines V =
18507 different CMCU logic circuit structures. If we want to synthesize a particular
logic circuit, we should apply the optimization methods described above, namely
the expanding synthesis methods given before for basic models.

Obviously, the number of different structures estimated by formula (8.17) in-
creases when parameters G and J of the interpreted GSA I become higher. For
example, if G =J = 12 Vy = 52731, that is three times more than for the GSA
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having G = J = 6. This huge number of possibilities requires some strategy helping
to choose the best model of CMCU, that is the one with minimal cost and perfor-
mance satisfying requirement specifications for each particular control algorithm
interpretation.

Strategy adopted for the choice of a particular CMCU model depends on optimal-
ity criteria determining the best of all possible solutions. Let us discuss an algorithm
oriented towards the choice of model characterized by minimal hardware amount
HAin and which guarantees the required execution time ¢4 for the interpretation of
some graph-scheme of algorithm I". Let us use the following notation:

e U,y is a CMCU model with optimal characteristics, that is minimal hardware
amount and satisfactory control algorithm execution time;

e i is the number of levels in the CMCU model (i < 6);

e HA! . is the minimal hardware amount for CMCU model U}, having i levels;

e 1, is the maximal control algorithm execution time, possible if the CMCU model
Uy is used for interpretation of GSA I'.

The proposed algorithm (Fig. 8.28) is directed towards finding the best among
two-level models and towards consecutive increase of the number of its levels. As
we remember, application of the CMCU makes sense only for the interpretation of
linear GSA, where the number of operator vertices is not less than 75% of the total
number of its vertices. In consequence, the first step of algorithm is the verification,
whether the initial GSA to be interpreted is a linear GSA. If the examination result is
negative, some other models, different from the CMCU, should be used to interpret
this particular algorithm. In this case, operation of searching algorithm is terminated
(output "0" for algorithm block 1).

If the examination result is that we deal with a linear GSA (output "1" for algo-
rithm block 1), the analysis of two-levels models is initiated (i := 2), because the
minimal number of levels in the CMCU models equals two.

In order to find the best model Ué (block 2) it is necessary to analyze all two-
level structures, for which the control algorithm execution time does not exceed the
value t4 . If more than one model have equal control algorithm execution time, model
with minimal hardware amount should be chosen. If there are no two-level models
with control algorithm execution time ¢§ <4 (output "0" from block 3), the CMCU
model cannot be used and searching for the algorithm is terminated.

If the desired two-level model U,% with tj‘ <t exists (output "1" from block
3), it should be chosen as an optimal solution U,;. Next, the analysis should start
for CMCU models having more than two levels. For all models with the number
of levels equal to i + 1, the best model is chosen and its parameters HA . and 7}
found. At the same time, possibility of optimization is analyzed for the model U,
found after execution of the previous step. This result should be compared with
CMCU models having (i 4 1) levels and for which neither replacement of logical
conditions nor microoperation encoding is used (block 4).

If the best solution found during step i (i = 2,...,) does not guarantees the re-
quired performance, previous best solution Uy, is used as the final one (output "0"
from block 5). Otherwise, hardware amounts found for models U é and U, should
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Is it linear
GSA?

Search for model Ug?
with HARin?2 and ta2< ta

Existense
of model

Search for the best model
4 with i levels.
Estimation of HAmin' and ta!

Y

Any CMCU model can not be
used to interpret graph—scheme
of algorithm I

be

Fig. 8.28 Algorithm for searching the best CMCU model

be compared (block 6). If the hardware amount is reduced (output "1" for block 6),
this new model should be used as the best solution (U, := Uj). Otherwise, the out-
come of previous step is used as the best solution U, ;. Next, the number of levels is
incremented (block 7) and the process of solution extension (increase of the number
of levels in a final CMCU model) is repeated if i < 6. If however i > 6 (i =7), it
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means that all possible models have been already analyzed and model U,,, should
be used to implement the logic circuit of CMCU with given logic elements.

Obviously, the proposed algorithm represents only one of many possible ap-
proaches and the problem of finding the best CMCU model is still open for further
researches.
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Conclusion

The development of semiconductor technology turns microelectronics into nano-
electronics and results in the appearance of very complex chips including as much
as billion elements. Expert’s forecasts predict that the number of transistors per chip
will exceed 10 billions till 2015 [1,5]. At the same time there is a tremendous gap in
the area of design methods permitting to take advantage of potential chip capabili-
ties [3]. Besides, up-to-day industrial computer-aided design tools do not use many
results that could be found in the CAD tools developed by some university scholars.
For example, Tadeusz Luba [4] proved that his design methods oriented towards
FPGA technology allow to get logic circuits of digital devices having smaller hard-
ware amount and better performance than similar circuits designed by means of
the well-known industrial CAD tools. The same was proved by Dariusz Kania and
Valery Solovjov [2, 6] after comparing the outcomes of their own design methods,
oriented on the CPLD technology, with the results obtained by means of industrial
CAD tools. But as we know, no big company uses their achievements up to now.

‘We hope that this state of affairs cannot last forever. A moment shell come, when
the industry will be in need to exploit design methods and tools developed by the
universities. But now we see our task as the development of new models of control
units as well as of formal methods of their synthesis. The class of compositional
microprogram control units discussed in this book is based on our original results
and is oriented towards effective hardware interpretation of the linear control algo-
rithms. This class occupies some intermediate place between finite state machines
on the one hand, and microprogram control units on the other hand. It allows using
the well-known optimization methods, which proved already to be useful for both
extreme classes of the control units.

We hope that this book will be useful for the designers of digital systems and
scholars developing synthesis and optimization methods oriented towards the con-
trol units. It would permit to take next step towards the convergence of outcomes
achieved by university researches with the requirements of industry.

269



270 8 Synthesis of CMCU with modified system of microinstructions

References

1.

w

H. Iwai. Future CMOS scaling. In Proc. 11th Conf. Mixed Design of Integrated Circuits and
Systems, MIXDES 2004, pages 12—18, Szczecin, Poland, 2004. Departament of Microelectron-
ics and Computer Science, Technical University of £.6dz.

D. Kania. Logic synthesis for PAL-oriented programmable structures. Zeszyty naukowe Po-
litechniki Slqskiej, Gliwice, 2004. (in Polish).

C. Maxfield. The Design Warrior’s Guide to FPGAs. Academic Press, Inc., Orlando, FL, USA,
2004.

M. Rawski, T. Luba, Z.Jachna, and P.Tomaszewicz. Design of Embedded Control Systems,
chapter The influence of functional decomposition on modern digital design process, pages
193-203. Springer, Boston, 2005.

K. Sakamura. Future SoC possibilities. IEEE Micro., (5):7, 2002.

V. V. Solovjev. Design of Digital Systems Using the Programmable Logic Integrated Circuits.
Hot line — Telecom, Moscow, 2001. (in Russian).



Index

address transformer, 88, 89
addressing of microinstructions
combined, 21, 22
compulsory, 11, 12
natural, 16, 17, 73
optimal, 81, 86
special, 81, 82
algorithm, 2

block of GSA, 79
block representation of GSA, 80
Boolean

function, 32

space, 9

variable, 7

class

equivalence, 37

pseudoequivalent states, 9
code transformer, 52
combinational circuit, 4
complex programmable logic device (CPLD),

32
compositional microprogram control unit
(CMCU), 22

with basic structure, 24

with code sharing, 99

with common memory, 72
computer aided design system

ASYL, 9,43

DOMAIN, 43, 58

ES Series, 58

MAX+PLUS II, 58

NOVA, 9

Quartus, 58

SIS, 58

ZUBR, 43, 58

control memory content, 11
control unit, 2

data-path, 2
don’t care input assignment, 37

encoding of
classes of pseudoequivalent
operational linear chains, 89
collections of microoperations, 36
components of
elementary operational linear chains, 130
operational linear chains, 109
elementary operational linear chains, 120,
122, 126
fields of compatible microoperations, 35, 37
operational linear chains, 102
ESPRESSO, 37, 108, 188, 216, 218
expanded microinstruction, 160, 161

field-programmable gate arrays (FPGA), 33,
34
field-programmable logic devices (FPLD), 25,
27, 34, 36, 39, 41, 42
finite state machine (FSM), 4
Mealy, 5
Moore, 5

generalized interval of Boolean space, 9, 82,
84
generic array logic (GAL), 32, 33
graph-scheme of algorithm (GSA), 2, 3
linear, 1, 22
marked, 5
transformed, 13, 18
vertical, 40, 46

hardware description language (HDL), 57

271



272

input memory functions, 5
input of OLC, 23

Karnaugh map, 9, 37

logic circuit, 5, 16
logical condition, 1, 2
look-up table (LUT) element, 33, 37

macrocell, 32, 216
main input of

EOLC, 121

OLC, 23, 83
memory

common, 72

control, 3, 11
microinstruction

control, 16

operational, 16
microinstruction address, 11, 12
microoperation, 1-3, 6
microprogram, 2
microprogram control, 1, 2
microprogram control unit (MCU), 10, 11
microprogramming, 34-36, 39
multiplexer, 15, 16, 21

one-hot encoding of microoperations, 13, 35
operational linear chain, 81
operational linear chain (OLC), 23
optimal encoding of
elementary operational linear chains, 121,
125
operational linear chains, 107, 109
states, 9
output of OLC, 23

partition on
clases of pseudoequivalent operational
linear chains, 84
classes of pseudoequivalent operational
linear chains, 125
classes of pseudoequivalent states, 9
product term, 7
programmable array logic (PAL), 32, 33
programmable logic array (PLA), 29, 30
programmable logic sequencer (PLS), 31, 32
programmable read-only memory (PROM),
27,28

Index

pseudoequivalent
elementary operational linear chains, 126
operational linear chain, 79
states, 9

random-access memory (RAM), 34, 71
read-only memory (ROM), 9

register transfer level (RTL), 57
replacement of logical conditions, 44

special encoding of equivalence classes, 112
state

assignment, 5, 6, 42, 43

code, 72

internal, 47

pseudoeqivalent, 9

variables, 5
structure table of FSM, 70
sum of products (SOP), 7, 34
synthesis, 27, 31, 42, 43, 56
system-on-a-programmable chip (SoPC), 34

table of
addres transformer AT, 167
addres transformer TAS, 148
code transformer TC, 156
code transformer TOK, 153
code transformer TSA, 145
transformation of
addresses of OLC inputs, 139
elementary OLC codes, 253
initial GSA, 12
microinstruction addresses, 88, 160
object codes, 149, 206, 235
OLC codes, 139, 190
OLC output codes, 81
structure table, 199
transformed GSA, 82
transformed
GSA, 13,18
structure table, 200
transition
formula, 69
table, 75, 78

variable

feedback, 71, 255

state, 6, 77, 197
verticalization of GSA, 40, 224



	cover.jpg
	front-matter.pdf
	fulltext.pdf
	fulltext_001.pdf
	fulltext_002.pdf
	fulltext_003.pdf
	fulltext_004.pdf
	fulltext_005.pdf
	fulltext_006.pdf
	fulltext_007.pdf
	back-matter.pdf

