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Streszczenie 

W artykule przedstawiono metod� syntezy mikroprogramowanego układu ste-

ruj�cego z współdzieleniem kodów. Metoda jest zorientowana na zmniejszenie 
liczby makrokomórek PAL w cz��ci kombinacyjnej układu dzi�ki zastosowaniu 

zmodyfikowanych ła�cuchów bloków operacyjnych. Modyfikacja ła�cuchów 

polega na dodaniu do ka�dego ła�cucha dodatkowych mikroinstrukcji z kodami 

klas ła�cuchów pseudorównowa�nych. W artykule przedstawiono tak�e warun-

ki jakie musz� by� spełnione aby mo�liwe było zastosowanie proponowanej 

metody oraz analiz� jej efektywno�ci. 

Słowa kluczowe: mikroinstrukcja, mikroprogramowy układ steruj�cy, CPLD, 

PAL. 

Abstract 

The paper presents a method of synthesis of compositional microprogram con-

trol unit with code sharing. The method is oriented on decreasing the number of 

PAL macrocells in the combinational part of the device by modification of the 

operational linear chains. Some control microinstructions are added into each 
chain with classes codes of the peudoequivalent operational linear chains. The 

article also presents conditions which should be met to apply given method and 

an analyze of its efficiency. 

Keywords: microistruction, control memory, compositional microprogram con-

trol unit, CPLD, PAL. 

Introduction 

One of the most important blocks of digital systems is the con-

trol unit [1] which can be implemented as a compositional micro-

program Control Unit (CMCU) [2]. Nowadays Complex Pro-

grammable Logic Devices (CPLD) [3, 4] are widely used for im-

plementation of logic circuits. The problem of decreasing of 

hardware amount in the circuit of a control unit is still a task of 

great importance [3]. In the case of CPLD, this problem can be 

solved by decreasing of the number of terms of Sum-of-Products 

(SoP) functions to be implemented [3, 4]. In this article we sug-

gest a possible solution for this problem applicable for CMCU 

with code sharing [5]. 

Background of CMCU with code sharing 

Let a control algorithm be represented by graph-scheme of algo-

rithm (GSA) [6] with the set of vertices B={b0,bE}∪E1∪E2 and 

the set of arcs E. Let b0  be the initial vertex, bE be the final vertex, 

E1 be the set of operator vertices and E2 be the set of conditional 

vertices. The operator vertex bq ∈ E1 contains a collection of mi-

crooperations Y(bq) ⊆ Y, where Y={y1,...,yN} is a set of microope-

rations. Conditional vertex bq ∈ E2 contains some element xe ∈ X, 

where X={x1,...,xL} is a set of logic conditions. A GSA Γ is called 

a linear GSA [2] if the number M=|E1| of its operator vertices ex-

ceeds 75% of the value |B|.

Let set C = {α1,...,αG} be formed for linear GSA Γ, where 

αg∈C is an Operational Linear Chain (OLC). 

An OLC αg∈C is a sequence of operator vertices, such that each 

pair of its adjacent components corresponds to some arc from set 

E. Each OLC αg∈C has only one output Og and arbitrary number 

of inputs. Formal definitions of OLC and their input and outputs 

can be found in [2, 5]. Let each vertex bq∈E1 correspond to the 

microinstruction MIq with address A(bq) and let this address have 

R bits, where 

� �MR 2log= . (1) 

Let each OLC αg∈C include Fg components, and let G=|C|. Let 

Q=max(F1, …, FG). Encode each OLC αg∈C by binary code 

K(αg) using variables τr ∈τ, where |τ|=R1 and 

1 2
logR G= � �� � . (2) 

Encode each component of OLC αg∈C by binary code K(bq) us-

ing variables Tr∈T, where |T|=R2 and 

2 2
logR Q= � �� � . (3) 

The encoding of components should be executed in such a man-

ner that condition 

1
( ) ( ) 1 ( 1, )gi giK b K b i Fg

−
= + =  (4) 

is met for each OLC αg∈C. If condition 

1 2
R R R= + (5) 

holds, then GSA Γ can be interpreted by CMCU with code sharing 

U1 (Fig. 1). 
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Fig. 1. Structural diagram of CMCU U1

In CMCU U1 an address of microinstruction corresponding to 

component bq of OLC αg∈C is represented as 

( ) ( )* ( ),q g qA b K K bα=  (6) 

where * is a sign of concatenation. The block of input addresses 

(BIA) generates input memory functions 

( , ),

( , ),

X

X

Φ = Φ Γ

Ψ = Ψ Γ
 (7) 

used to load component code into counter CT and code of OLC in-

to register RG respectively. Control memory CM keeps microope-

rations yn∈Y and special variables y0 and yE. If y0=1, then the cur-

rent content of CT is incremented, otherwise both CT and RG are 

loaded from BIA. The first case corresponds to transition from any 

component of αg except its output. The second case corresponds to 

transition from OLC output. If yE =1, then flip-flop TF is cleared, 

signal Fetch=0 and the operation of CMCU is terminated. It cor-

responds to vertex bE of GSA. Pulse Start is used to load zero 

codes into both RG and CT which corresponds to address of first 

microinstruction. In the same time flip-flop TF is set up, Fetch=1 

and microinstructions can be read out CM. Pulse Clock is used for 

timing of CMCU. 

Let ΠC={B1,…, BI} be the partition of set C by classes of pseu-

doequivalent OLC. Recall that OLC αi,,αj∈C are pseudoequiva-

lent OLC if their outputs are connected with the input of the same 

vertex [2]. Let condition 

1 3
R R< (8) 

take place, where 

3 2 0
logR I= � �� � . (9) 

Here I0=|Π0|, Π0∈ΠC and Bi∈Π0 if output Og is not connected 

with the final vertex of GSA Γ . 

In this case we propose to decrease the block BIA hardware 

amount using special control microinstructions [7]. 

The main idea of proposed method 

Let condition 

22R

gF> (10) 

take place for all OLC αg∈C1, where C1⊆ C is a set of OLC from 

classes Bi∈Π0. Let us insert an additional component MCg in each 

OLC αg∈C1. This component corresponds to the control microin-

struction with y0=0 and field FB which contains code K(Bi) of 

class Bi∈Π0, where αg∈Bi. Let classes Bi∈Π0 be encoded using 

variables zr∈Z, where |Z|=R3. In this case GSA Γ  can be inter-

preted by CMCU U2 (Fig. 2). 

In CMCU U2 block BIA implements systems 

( , );Z XΦ = Φ  (11) 

).,( XZΨ=Ψ (12) 

Fig. 2. Structural diagram of CMCU U2

Other elements of U2 have the same meaning as their counterparts 

for U1. Functions (11)-(12) are generated when the concatenation 

of contents of RG and CT represents an address of the control mi-

croinstruction. In this case the data-path of the controlled digital 

system is in idle state. It can be achieved if synchronization of da-

ta-path is controlled by variable y0. 

In this article we propose the synthesis method for U2, which 

includes the following steps:  

• construction of sets C, C1, ΠC and Π0 for GSA Γ , 

• including additional components into OLC αg∈C1, 

• encoding of OLC αg∈C, their components and classes 

Bi∈ΠC, 

• construction of control memory content, 

• construction of transition table of CMCU U2, 

• implementation of CMCU logic circuit. 

Analysis of proposed method 

Let us compare hardware amount of CMCU U1 and U2 using 

the probabilistic approach suggested in [9] and developed in [2]. 

There are three key points in such an approach: 

1. Usage of classes of GSA instead of a particular graph-

scheme of algorithm. Each class is characterized by para-

meter p1, which is treated as probability of the event that a 

particular vertex is an operator vertex of GSA. In case of 

linear GSA p1≥0,75. 

2. Usage of matrix models of CMCU [6] instead of logic cir-

cuit implementations with standard CPLD chips. In this 

case the hardware amount is determined as chip area occu-

pied by CMCU logic circuit. 

3. Study of relations S(U2)/S(U1), where S(U1) is an area of 

matrix realization for CMCU Ui(i=1,2). It is proved [2] that 

such relations are the same for both matrix realization and 

logic circuit implementation with standard CPLD. 

The matrix realization of CMCU U1 is shown in Fig. 3. 

Fig. 3. Matrix realization of CMCU U1

Let us point out that some details such as Start, Clock, TF, 

Fetch are omitted in Fig. 3 because they are not important for fur-

ther discussion. In Fig. 3, conjunctive matrix M1 implements terms 

F corresponding to terms Fh(h=1,…,H) of CMCU transition table, 

disjunctive matrix M2 implements input memory functions �,  ; 

conjunctive matrix M3 implements variables Am∈A, where A is a 

set of CMCU addresses; disjunctive matrix M4 implements micro-

operations yn ∈Y and additional functions y0, yE. 

Let K be the number of vertices in GSA Γ ,  then 

2 1
log .R p K= � �� � (13) 

Block BIA can be viewed as Moore FSM having 
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1 1 1
M k p K=  (14) 

states, where M1 is equal to the total number of inputs for all OLC 

αg∈C1; k1≤1. This block has R outputs and L+R1 inputs, where 

1 2 2 1
log .R k M= � �� �  (14) 

In (14) coefficient k2 determines parameter G for particular GSA 

(k2≤1). The following formula from [2] can be used to find the 

values of parameters needed to find a matrix realization area: 

1
(1 ) /1.3;L p K= −  (15) 

1 1
17, 4 1,7 .H k p K= +  (16) 

Using formula (13)-(16) we can find areas S(Mi)1, where i=1,…,4, 

namely 

1 1 1
( ) 2( ) ;S M L R H= +  (17) 

2 1
( ) ;S M HR=  (18) 

3 1
( ) 2 2 ;RS M R= ⋅  (19) 

4 1
( ) 2 ( 2).RS M N= ⋅ +  (20) 

Sum of areas S(M1)-S(M4) gives area S(U1) needed for implemen-

tation of CMCU U1. In case of CMCU U2 we have 

1 2 3 0
( ) 2( )S M L R H= +  (21) 

2 2 0
( ) ;S M H R= (22) 

3 2 3 1 4 2 4 1
( ) ( ) ; ( ) ( ) .S M S M S M S M= =  (23) 

Value of R3 can be calculated as  

3 2 3 2 1
log ,R k k M= � �� �  (24) 

where coefficient k3≤1 determines parameter I0 for particular 

GSA. Using results from [2] we can find 

0 3 2 1
4,4 1,1H k k M= + . (25) 

Some results of our probabilistic experiments are shown in 

Fig. 4. The figure presents comparison of estimated area of circuit 

U1 and U2 (η =S(U1)/S(U2)). Values k1=0.75, k2=0.75, k3=0.6 were 

obtained from analysis of our set of benchmark GSAs. 

Fig. 4. Influence of parameter p1 on function η

As one can see from Fig.4 the method can be used with any li-

near flow-chart (p1>0.75). Area of CMCU U2 can be reduced up to 

50% if the value of parameter p1, is close to 1.0. 

This results will be checked using our own software, which in-

cludes VHDL models of CMCU U1 and U2. The method 

ESPRESSO [1] is used for encoding of OLC and their classes. To 

generate a logic circuit of CMCU, standard package WebPack was 

used [8].  

Conclusion 

The method proposed can be used if additional control microin-

struction can be inserted without increasing control memory size. 

It means that condition (10) should take place otherwise, equation 

(5) will be violated and  

1 2
1R R R+ = + (26) 

It means that the control memory size for CMCU U2 will be 

twice bigger than its counterpart for CMCU U1. 

If condition (10) takes place, the total number of PAL macro-

cells in logic circuit of block BIA can be decreased up to 50 % 

with use of the proposed method. The best results were obtained 

for graph-scheme of algorithms with more than 500 vertices. 

Disadvantage of this method is slowing down of resulting digi-

tal system. Each control microinstruction corresponds to idle cycle 

of system data-path. It means that operational linear chains mod-

ification can be applied if resulting performance satisfies initial 

technical requirements. 

Further development of our researches is verification of pro-

posed method application in case of control units implemented 

with FPGA. 
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Title: Synteza jednostki steruj�cej z dzieleniem kodów oraz mo-

dyfikacj� ła�cuchów operacyjnych 

Artykuł recenzowany 

η = S(U2)/S(U1), k1=0.75, k2=0.75, k3=0.60, N=50 

η
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