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Abstract

The method that considers optimization of the amount of PAL macrocells
in the circuit of compositional microprogram control unit is proposed. The
method is based on the introduction of additional microinstructions codes
of the classes of pseudoequivalent operational linear chains. The proposed
method is based on usage of the natural redundancy of embedded memory
blocks which are used to implement the control memory. An example of
application of proposed method is given.

Keywords: microinstruction, control memory, compositional microprogram
control unit, CPLD, PAL.

Synteza jednostki sterujacej
z wykorzystaniem zmodyfikowanych
liniowych tancuchéw operacyjnych

Streszczenie

W artykule przedstawiono metod¢ optymalizacji liczby makrokomoérek
PAL mikroprogramowalnego uktadu sterujacego. Proponowana metoda
wykorzystuje dodatkowe mikroinstrukcje zawierajace kody pseudo-
rownowaznych liniowych tancuchow operacyjnych. Rozwigzanie
wykorzystuje osadzone bloki pamigci, ktore czgsto pozostaja
niezagospodarowane, do implementacji pamigci sterownika. W artykule
przedstawiono takze przyklad zastosowania omawianej metody.

Stowa Kkluczowe: mikroinstrukcja, mikroprogramowy uklad sterujacy,
CPLD, PAL.

1. Introduction

One of the most important blocks of a digital system is a control
unit (CU) coordinating the cooperation of other system blocks [2].
Now programmable logic devices such as CPLD are widely used
for implementation of the circuits of CU [3, 4]. The problem of
the optimization of hardware amount in the circuit of CU is still
actual task in computer science [1, 4] and its solution permits
to decrease the cost of the system [9]. One of the ways
of optimization is a choice of the structure of CU that perfectly
fits to the peculiarities of control algorithm to be interpreted [8].

For example, the linear control algorithm can be interpreted by
compositional microprogram control unit (CMCU) [7, 8]. It is
well known that optimization of the number of PAL
(Programmable Array Logic) elements in the circuit based on
CPLD architecture can be reduced due to the minimization of
amount of terms in disjunctional normal forms (DNF) of
implemented Boolean functions [3]. In this work we propose the
method of minimization of the amount of PAL macrocells in the
logic circuit of CMCU. This method is based on introduction of
additional microinstructions into interpreted control algorithm.

2. Background of CMCU

Let control algorithm be represented by flow-chart of algorithm
(FCA) I" [9] with set of the nodes B={by,br} VE|UE, and set of
edges E={(b,,b;) | b,,b,eB} Here b, is an initial node, b is
a final node, E; is a set of operational nodes, E, is a set of
conditional nodes. An operational node b;€E; contains
a collection of microoperations Y(b,) < ¥, where Y={y,,....yn} is
a set of microoperations of a digital system. A conditional node
b, € E, contains element of the set of logic conditions
X={x1,....x;}A FCA T is named as linear FCA (LFCA), when
number M=|E,| of its operational nodes exceeds the 75% of total
number of the nodes [5].

Let set C = {a,...,as} to be formed for LFCA I', where a,eC
is operational linear chain (OLC). An OLC a, such a sequence of
operational nodes (by,...,ber,) , that an edge (by;,...,bgi1) EE exists
for each pair of its adjacent components (i=1,...,F,.—1). Each OLC
a, has only one output O, and arbitrary number of inputs. The
formal definitions of OLC, input of OLC and output of OLC can
be found, for example, in [5, 7, 8]. Let each node b,cE,
corresponds to microinstruction M/, with address A(b,) and let this
address has

R= ]logzM [ 1)
bits.

Let us to carry out the natural addressing [7, 8] of
microinstructions MI,, where b,cE;. In this case condition

A(b,.)=A(b,)+1 (g=1...Gii=1....F,) )

is hold. For such addressing of microinstructions an algorithm
form [5] can be used.

In this case CMCU U (Fig. 1) can be used for interpretation of
LFCA T [2]. The CMCU U, operates in the following manner. If
pulse Start=1, then the address of the first microinstruction (MI)
of a control algorithm is loaded into counter CT. In the same time
the flip-flop TF is set up and Fetch=1. It initiates the fetching of
MlIs from control memory CM. The current MI is read out from
the CM. If it corresponds to the node b, # O,, then a variable
yo=1 is formed together with microoperations Y(b,). If yo=1,
then pulse Clock causes an increment of content of the counter for
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addressing of the next microinstruction MI;, where (b,,b)€E. If
b~0,, then y;=0 and address of the next microinstruction to be
executed (address of transition) is formed by circuit CC that forms
excitation functions of the flip-flops of the counter CT

D =(T, X). (3)

+1
X . Yo

CC e CT [ oM [—

Clock f Ye R |TF Fetch

Start

Start S

Rys. 1. Struktura mikroprogramowego uktadu sterujacego U,
Fig. 1. The diagram of CMCU U; structure

Here T={T},...,Tx} is the set of internal variables corresponding to
address bits of microinstruction address. When microinstruction
MiI, is readout and (b,,bg)€E, then y;=1, TF is reset Fetch=0 and
operation of CMCU U; is terminated.

If logic circuit of CMCU U, is implemented as a part of the
SoPC (system-on-a-programmable-chip) [4, 6], then circuit CC
can be implemented using PAL macrocells of CPLD and control
memory can be implemented using EMB (embedded memory
block). The main feature of CMCU U, is a minimal number of
outputs of the circuit CC when comparing with other
organizations of CMCU [5, 7, 8]. It gives a potential possibility to
minimize the number of macrocells in the circuit CC. But circuit
CC and counter CT form Moore finite-state-machine (FSM) [5],
where number of the terms in the DNF of functions (3) can be
much more, than in case of equivalent Mealy FSM [9]. To
minimize the number of macrocells in the circuit CC, the numbers
of the terms in the system (3) of CMCU Uj should be decreased. It
can be executed due to existence of pseudoequivalent OLC
(POLC) of FCA T [8], which correspond to the pseudoequivalent
states of Moore FSM [10].

The OLC a;,eC are named as POLC, if their outputs are
connected with the input of the same node of FCA T' [5]. Let
[1c={By,...,.B;} be a partition of the set C'=C on the classes of
POLC, where, a;¢C’, if its output is connected with input of final
node bg. Let us encode each class B;ellc by binary code K(B))
with R, bits, where

R, = log, I[. “4)

The number of terms in the system (3) can be diminished up to
the corresponding value of equivalent Mealy FSM due to usage of
address transformer AT [1]. AT transforms the addresses of the
outputs of POLC ¢;€B; into the code K(B;), where i=1,....I. Let us
point out that such approach leads to usage of some resources of
SoPC for implementation of AT. It has sense only, if common
price of CC and AT in resulting circuit will be less, than the price
of CC in CMCU U,.

3. The main idea of proposed method

Control memory of CMCU U, contains 2R words and M of them
contain the microinstructions of interpreted algorithm. If condition

2R M 2| C'| (5)

holds, then each of OLC ¢;eC’ can be modified by inserting an
additional node O,. In this case the microprogram includes two
types of microinstructions (2).

The first bit of any format corresponds to variable y,, field FY
(Fig. 2a) contains information about the microoperations to be
formed, field FB contains code K(B;). All additional
microinstructions have format that is shown in Fig. 2b. The node
O, contains the code K(B;), where a,eB;. Such approach leads to
CMCU U, with modified OLCs (Fig. 3).
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Rys. 2. Formaty mikroinstrukcji
Fig.2. Formats of microinstructions
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Rys. 3. Struktura mikroprogramowego uktadu sterujacego U,
Fig.3. The diagram of CMCU U, structure

The principles of operation of both U, and U, are the same, but
excitation functions of CT in CMCU U, depend on variables
7.€ 7={1,..., 71 } that are used to encode the classes B;eIl:

O =d(7,X). (©)

The field FB is the source of the variables 7€ 7. Let us point out
that operational unit [2, 7] of the digital system is in idle state, if
counter CT contains an address of an additional microinstruction.

The method of design of CMCU U, is proposed in this work. It
includes the following steps:

. Construction of the set C of LFCAT".

. Modification of the OLC a,eC'.

. Natural addressing of microinstructions.

. Encoding of the classes of POLC B;e I

. Construction of the content of control memory.

. Construction of the table of transitions of CMCU.

. Implementation of the circuit CC using the macrocells PAL and
implementation of CM using the EMBs.

NN A W~

4. Example of application of proposed method
Let the symbols U,;(I';) mean that CMCU U, interprets the

LFCA T;. Let us discuss an example of design of CMCU
U,(T'y), where LFCA I'; is shown in Fig. 4.

Com )

Rys. 4. Poczatkowa sie¢ dziatan I,
Fig. 4. Initial flow-chart of algorithm I,
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In case of LFCA I'; we have set C = {a; s}, where oy = (b)),
I =b; ay=<by, b3 by), I,=b,; az=<bs, be), I,=bs; ay=<bs, bg),
I=b,, I;=b; as=(by, by),I.=b,. It is clear that oas¢C’,
G'|=4 . In this example M= 10, 2" = 16, condition (5) holds and
application of proposed method has sense.

Let us insert the components O, into OLC a,eC'. It leads to
modified OLCs o =(b1,01), & =(b2,03,04,02), a3 ={bs,bs,05),
ay = (b7,bg,04). The natural addressing (2) is executed when there

are used methods from [5] and in our case it leads to following
addresses of microinstructions (Fig. 5).

]
T.Ty 0o 01 10 11

00 | Adba) | Alba) | AOa) | Aba)

01 | AD4) | AD:) | Adbr) | Albia)

10| Albz) [ Atbs) | Alba) | %

11| Albs) | Albg) | MO | %

Rys. 5. Adresy mikroinstrukcji dla uktadu Ux(T" ;)
Fig. 5. Addresses of microinstructions of CMCU Ux(I" )

Let us divide LFCA T'; into partitions [1c= {B;,B,}, where
Bi={a, 0,5}, By ={ay}. It means that /=2, Ri=1, 7= {r}.
Let K(B;)=0, K(By)=1. In case of CMCU UyI;) the
microprogram occupies 14 cells of EMB. The first 4 lines of
control memory of CMCU Uy(T" ) are shown in the Table 1.

Tab. 1. Fragment zawartosci pamigci sterujacej CMCU Uy )
Tab. 1. A piece of the content of control memory of CMCU UxT )

Address FY Symbol
rrnr | % B b, | B
»/n ) Vs Vs Vs Ve
0000 1 1 0 0 0 0 b, B,
0001 0 0 * * * 0, B
0010 1 0 1 1 0 0 0 b, B
0011 1 0 0 0 1 0 0 b, B

The second bit of the word of CM corresponds to y; (if yo=1)
or to 7;(ifyo=0). The idle state of operational unit can be
organized by termination of its timing pulses, if yy = 0.

To form a table of transitions of CMCU U, the system of the
formulae of transition [9] should be used. In our case it is the
following one:

B, = x,b, v X,x,b; v X, X,b,;
B, = x3b, v X3y @)

The table of transitions consists the columns: B;, K(B)), b,,

A(b,), X;, @, h. The system (7) is the base on which Table 2 is to
be formed

Tab. 2. Tabela przejs¢ mikropogramowego uktadu sterujacego U,(T" ;)
Tab. 2. Table of transitions of CMCU Ux(I" )

B; K(B) b, A(b,) X, @, h
by 0010 x| D; 1
B 0 b 0110 fxixs D,D; 2
by 1001 fxi/x DD, 3
b 1100 X DiD, 4
B, 1
b 1010 X3 DD, 5

It is clear from Table 2, that ® = {D,....Ds} Table of
transitions is the base on which the system (6) is formed. For
example, from the Table 2 we can form: D, =7,x, v 7,x,x, V7,X; .

The implementation of the circuit of CMCU U, is reduced to
the one of the system (6) that use macrocells of CPLD and
implementation of the CM on EMBS use the table of its content.
These questions are out of the scope of this article.

Let us point out that number of terms in the DNF of system (6)
is equal to number of the lines H,(I") of the table of transitions. In
our case Hy(I'y) =35, but table of transitions of CMCU U(I';)
consists Hj(I'1)=11 lines. It gives us possibility to decrease
amount of hardware in the circuit CC of CMCU U,(I'y) in
comparison with hardware amount in the circuit CC of CMCU
Ui(y).

5. Conclusion

Proposed method of modification of OLC permits to decrease
the amount of microcells PLA in the combinational part of
CMCU. Optimization is based on natural redundancy of the
embedded memory blocks implementing the control memory of
CMCU. Such approach permits to eliminate any additional blocks
in the structure of CMCU, that means optimization is not
connected with introduction of the address transformer AT.

Our research show that decrease of hardware amount is
proportional to coefficient

The value of 7 depends on characteristics of particular LFCA
I'. It is equal to ratio of the lengths of direct structural tables of
equivalent Moore and Mealy FSM used for implementation of
FCAT.

The main disadvantage of proposed method is an increase in
time of digital system operation due to idle cycles of operational
unit (data path of the system). Therefore, it can be applied, when
project time characteristics correspond to initial restrictions. Our
researches show that application of proposed method permits up to
18-22% decrease in hardware amount in comparison with CMCU
without modification of operational linear chains.
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