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A b s t r a c t  
 
T h e  m e t h od  t h a t  c on s i d e r s  op t i m i z a t i on  of  t h e  a m ou n t  of  PAL  m a c r oc e l l s  
i n  t h e  c i r c u i t  of  c om p os i t i on a l  m i c r op r og r a m  c on t r ol  u n i t  i s  p r op os e d .  T h e  
m e t h od  i s  b a s e d  on  t h e  i n t r od u c t i on  of  a d d i t i on a l  m i c r oi n s t r u c t i on s  c od e s  
of  t h e  c l a s s e s  of  p s e u d oe q u i v a l e n t  op e r a t i on a l  l i n e a r  c h a i n s .  T h e  p r op os e d  
m e t h od  i s  b a s e d  on  u s a g e  of  t h e  n a t u r a l  r e d u n d a n c y  of  e m b e d d e d  m e m or y  
b l oc k s  w h i c h  a r e  u s e d  t o i m p l e m e n t  t h e  c on t r ol  m e m or y .  An  e x a m p l e  of  
a p p l i c a t i on  of  p r op os e d  m e t h od  i s  g i v e n .  
 
K e y w o r d s :  m i c r oi n s t r u c t i on ,  c on t r ol  m e m or y ,  c om p os i t i on a l  m i c r op r og r a m  
c on t r ol  u n i t ,  C PL D ,  PAL .  
 
S ynt ez a j ednost k i  st eru j ą c ej   
z  w yk orz yst ani em  z m odyf i k ow anyc h   
li ni ow yc h  ł ań c u c h ó w  op erac yj nyc h  
 

S t r e s z c z e n i e  
 

W  a r t y k u l e  p r z e d s t a w i on o m e t od ę  op t y m a l i z a c j i  l i c z b y  m a k r ok om ó r e k  
PAL  m i k r op r og r a m ow a l n e g o u k ł a d u  s t e r u j ą c e g o.  Pr op on ow a n a  m e t od a  
w y k or z y s t u j e  d od a t k ow e  m i k r oi n s t r u k c j e  z a w i e r a j ą c e  k od y  p s e u d o-
r ó w n ow a ż n y c h  l i n i ow y c h  ł a ń c u c h ó w  op e r a c y j n y c h .  R oz w i ą z a n i e  
w y k or z y s t u j e  os a d z on e  b l ok i  p a m i ę c i ,  k t ó r e  c z ę s t o p oz os t a j ą  
n i e z a g os p od a r ow a n e ,  d o i m p l e m e n t a c j i  p a m i ę c i  s t e r ow n i k a .  W  a r t y k u l e  
p r z e d s t a w i on o t a k ż e  p r z y k ł a d  z a s t os ow a n i a  om a w i a n e j  m e t od y .  
 
S ł o w a  k l u c z o w e :  m i k r oi n s t r u k c j a ,  m i k r op r og r a m ow y  u k ł a d  s t e r u j ą c y ,  
C PL D ,  PAL .  
 
1 . Int rodu c t i on 
 
O ne of th e m ost im por tant b lock s of a dig ital system  is a contr ol 

u nit (C U ) coor dinating  th e cooper ation of oth er  system  b lock s [2 ] . 
N ow  pr og r am m ab le log ic dev ices su ch  as C P L D  ar e w idely u sed 
for  im plem entation of th e cir cu its of C U  [3 , 4 ] . T h e pr ob lem  of  
th e optim iz ation of h ar dw ar e am ou nt in th e cir cu it of C U  is still 
actu al task  in com pu ter  science [1, 4 ]  and its solu tion per m its  
to decr ease th e cost of th e system  [9] . O ne of th e w ays  
of optim iz ation is a ch oice of th e str u ctu r e of C U  th at per fectly  
fits to th e pecu liar ities of contr ol alg or ith m  to b e inter pr eted [8 ] . 
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F or  ex am ple, th e linear  contr ol alg or ith m  can b e inter pr eted b y 
com positional m icr opr og r am  contr ol u nit (C M C U ) [7 , 8 ] . I t is 
w ell k now n th at optim iz ation of th e nu m b er  of P AL  
(P r og r am m ab le Ar r ay L og ic) elem ents in th e cir cu it b ased on 
C P L D  ar ch itectu r e can b e r edu ced du e to th e m inim iz ation of 
am ou nt of ter m s in disj u nctional nor m al for m s (D N F ) of 
im plem ented B oolean fu nctions [3 ] . I n th is w or k  w e pr opose th e 
m eth od of m inim iz ation of th e am ou nt of P AL  m acr ocells in th e 
log ic cir cu it of C M C U . T h is m eth od is b ased on intr odu ction of 
additional m icr oinstr u ctions into inter pr eted contr ol alg or ith m . 
 

2 . Bac k g rou nd of  C M C U  
 
L et contr ol alg or ith m  b e r epr esented b y flow -ch ar t of alg or ith m  

(F C A) Γ [9]  w ith  set of th e nodes B={b0,bE}∪E1∪E2 and set of 
edg es E={〈bq , bt〉 | bq , b t∈B} Her e b0 is an initial node, bE is  
a final node, E1 is a set of oper ational nodes, E2 is a set of 
conditional nodes. An oper ational node b1∈E1 contains  
a collection of m icr ooper ations Y(bq) ⊆ Y, w h er e Y={y1,...,yN} is  
a set of m icr ooper ations of a dig ital system . A conditional node 
bq ∈ E2 contains elem ent of th e set of log ic conditions 
X={x1,...,xL}A F C A Γ is nam ed as linear  F C A (L F C A), w h en 
nu m b er  M =|E 1| of its oper ational nodes ex ceeds th e 7 5 %  of total 
nu m b er  of th e nodes [5 ] .  
L et set C = {α1,...,αG} to b e for m ed for  L F C A Γ, w h er e αg∈C 

is oper ational linear  ch ain (O L C ). An O L C  αg su ch  a seq u ence of 
oper ational nodes 〈bg1,...,bgF g〉 , th at an edg e 〈bgi,...,bgi+ 1〉∈E ex ists 
for  each  pair  of its adj acent com ponents (i=1,...,Fg–1). E ach  O L C  
αg h as only one ou tpu t Og and ar b itr ar y nu m b er  of inpu ts. T h e 
for m al definitions of O L C , inpu t of O L C  and ou tpu t of O L C  can 
b e fou nd, for  ex am ple, in [5 , 7 , 8 ] . L et each  node bq∈E1 
cor r esponds to m icr oinstr u ction M I q w ith  addr ess A(bq) and let th is 
addr ess h as  

 ] [2R log M=               (1) 
b its. 
L et u s to car r y ou t th e natu r al addr essing  [7 , 8 ]  of 

m icr oinstr u ctions M I q, w h er e bq∈E1. I n th is case condition  
 
 ( ) ( ) ( )1 1 1 1gi gi gA b A b g …G i … F+ = + = , , ; = , ,       (2 ) 

 
is h old. F or  su ch  addr essing  of m icr oinstr u ctions an alg or ith m  
for m  [5 ]  can b e u sed.  
I n th is case C M C U  U1 (F ig . 1) can b e u sed for  inter pr etation of 

L F C A Γ [2 ] . T h e C M C U  U1 oper ates in th e follow ing  m anner . I f 
pu lse S t a r t =1, th en th e addr ess of th e fir st m icr oinstr u ction (M I ) 
of a contr ol alg or ith m  is loaded into cou nter  C T . I n th e sam e tim e 
th e flip-flop T F  is set u p and Fe t c h =1. I t initiates th e fetch ing  of 
M I s fr om  contr ol m em or y C M . T h e cu r r ent M I  is r ead ou t fr om  
th e C M . I f it cor r esponds to th e node bq ≠ Og, th en a v ar iab le 
y0 = 1 is for m ed tog eth er  w ith  m icr ooper ations Y(bq). I f y0=1, 
th en pu lse Cl o c k  cau ses an incr em ent of content of th e cou nter  for  
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addres s ing  of t h e nex t  microins t ru ct ion M Ij, w h ere 〈bq, bj〉∈E. If 
bq=Og, t h en y0=0  and addres s  of t h e nex t  microins t ru ct ion t o b e 
ex ecu t ed (addres s  of t rans it ion) is  formed b y  circu it  CC t h at  forms  
ex cit at ion fu nct ions  of t h e fl ip-fl ops  of t h e cou nt er CT  
 

 ( )T XΦ =Φ , .                (3 ) 
 

  
R y s . 1 .  S t r u k t u r a  m i k r o p r o g r a m o w e g o  u k ł a d u  s t e r u j ą c e g o  U1 
F i g . 1 .  T h e  d i a g r a m  o f  C M C U  U1 s t r u c t u r e  
 

H ere T={T1,...,TR} is  t h e s et  of int ernal  v ariab l es  corres ponding  t o 
addres s  b it s  of microins t ru ct ion addres s . W h en microins t ru ct ion 
MIq is  readou t  and 〈bq, bE〉∈E, t h en yE=1 , T F  is  res et  F e t c h =0  and 
operat ion of CM CU  U1 is  t erminat ed. 
If l og ic circu it  of CM CU  U1 is  impl ement ed as  a part  of t h e 

S oP C (s y s t em-on-a-prog rammab l e-ch ip) [ 4, 6 ] , t h en circu it  CC 
can b e impl ement ed u s ing  P A L  macrocel l s  of CP L D  and cont rol  
memory  can b e impl ement ed u s ing  EM B  (emb edded memory  
b l ock ). T h e main feat u re of CM CU  U1 is  a minimal  nu mb er of 
ou t pu t s  of t h e circu it  CC w h en comparing  w it h  ot h er 
org aniz at ions  of CM CU  [ 5, 7 , 8] . It  g iv es  a pot ent ial  pos s ib il it y  t o 
minimiz e t h e nu mb er of macrocel l s  in t h e circu it  CC. B u t  circu it  
CC and cou nt er CT  form M oore finit e-s t at e-mach ine (F S M ) [ 5] , 
w h ere nu mb er of t h e t erms  in t h e D N F  of fu nct ions  (3 ) can b e 
mu ch  more, t h an in cas e of eq u iv al ent  M eal y  F S M  [ 9] . T o 
minimiz e t h e nu mb er of macrocel l s  in t h e circu it  CC, t h e nu mb ers  
of t h e t erms  in t h e s y s t em (3 ) of CM CU  U1 s h ou l d b e decreas ed. It  
can b e ex ecu t ed du e t o ex is t ence of ps eu doeq u iv al ent  O L C 
(P O L C) of F CA  Γ [ 8] , w h ich  corres pond t o t h e ps eu doeq u iv al ent  
s t at es  of M oore F S M  [ 1 0 ] .  
T h e O L C αi,αj∈C are named as  P O L C, if t h eir ou t pu t s  are 

connect ed w it h  t h e inpu t  of t h e s ame node of F CA  Γ [ 5] . L et  
ΠC={B1,...,BI} b e a part it ion of t h e s et  C′⊂C on t h e cl as s es  of 
P O L C, w h ere, αj∉C′, if it s  ou t pu t  is  connect ed w it h  inpu t  of final  
node bE. L et  u s  encode each  cl as s  Bi∈ΠC b y  b inary  code K(Bi) 
w it h  R1 b it s , w h ere  

 ] [1 2logR I= .               (4) 
 
T h e nu mb er of t erms  in t h e s y s t em (3 ) can b e diminis h ed u p t o 

t h e corres ponding  v al u e of eq u iv al ent  M eal y  F S M  du e t o u s ag e of 
addres s  t rans former A T  [ 1 ] . A T  t rans forms  t h e addres s es  of t h e 
ou t pu t s  of P O L C αi∈Bi int o t h e code K(Bi), w h ere i=1 ,...,I. L et  u s  
point  ou t  t h at  s u ch  approach  l eads  t o u s ag e of s ome res ou rces  of 
S oP C for impl ement at ion of A T . It  h as  s ens e onl y , if common 
price of CC and A T  in res u l t ing  circu it  w il l  b e l es s , t h an t h e price 
of CC in CM CU  U1. 
 
3. T h e  m a i n  i d e a  o f  p r o p o s e d  m e t h o d  
 
Cont rol  memory  of CM CU  U1 cont ains  2R w ords  and M of t h em 

cont ain t h e microins t ru ct ions  of int erpret ed al g orit h m. If condit ion  
 

 2R M C′− ≥ | |                (5) 
 
h ol ds , t h en each  of O L C αj∈C′ can b e modified b y  ins ert ing  an 
addit ional  node Og. In t h is  cas e t h e microprog ram incl u des  t w o 
t y pes  of microins t ru ct ions  (2). 
T h e firs t  b it  of any  format  corres ponds  t o v ariab l e y0, fiel d F Y  

(F ig . 2a) cont ains  informat ion ab ou t  t h e microoperat ions  t o b e 
formed, fiel d F B  cont ains  code K(Bi). A l l  addit ional  
microins t ru ct ions  h av e format  t h at  is  s h ow n in F ig . 2b . T h e node 
Og cont ains  t h e code K(Bi), w h ere αg∈Bi. S u ch  approach  l eads  t o 
CM CU  U2 w it h  modified O L Cs  (F ig . 3 ).  

 

  
R y s . 2 .  F o r m a t y  m i k r o i n s t r u k c j i  
F i g . 2 .  F o r m a t s  o f  m i c r o i n s t r u c t i o n s  
 
 

  
R y s . 3 .  S t r u k t u r a  m i k r o p r o g r a m o w e g o  u k ł a d u  s t e r u j ą c e g o  U2 
F i g . 3 .  T h e  d i a g r a m  o f  C M C U  U2 s t r u c t u r e  
 
T h e principl es  of operat ion of b ot h  U1 and U2 are t h e s ame, b u t  

ex cit at ion fu nct ions  of CT  in CM CU  U2 depend on v ariab l es  
τr∈τ={τ1,...,τR1} t h at  are u s ed t o encode t h e cl as s es  Bi∈ΠC:   
 

 ( )XτΦ = Φ , .                (6 ) 
 
T h e fiel d F B  is  t h e s ou rce of t h e v ariab l es  τr∈τ. L et  u s  point  ou t  

t h at  operat ional  u nit  [ 2, 7 ]  of t h e dig it al  s y s t em is  in idl e s t at e, if 
cou nt er CT  cont ains  an addres s  of an addit ional  microins t ru ct ion.  
T h e met h od of des ig n of CM CU  U 2 is  propos ed in t h is  w ork . It  

incl u des  t h e fol l ow ing  s t eps :   
1 . Cons t ru ct ion of t h e s et  C of L F CA  Γ. 
2. M odificat ion of t h e O L C αg∈C′. 
3 . N at u ral  addres s ing  of microins t ru ct ions .  
4. Encoding  of t h e cl as s es  of P O L C Bi∈ ΠC. 
5. Cons t ru ct ion of t h e cont ent  of cont rol  memory .  
6 . Cons t ru ct ion of t h e t ab l e of t rans it ions  of CM CU .  
7 . Impl ement at ion of t h e circu it  CC u s ing  t h e macrocel l s  P A L  and 
impl ement at ion of CM  u s ing  t h e EM B s .  

 
4 . E x a m p l e  o f  a p p l i c a t i o n  o f  p r o p o s e d  m e t h o d  
 
L et  t h e s y mb ol s  U i (Γ j )  mean t h at  CM CU  U i  int erpret s  t h e 

L F CA  Γ j . L et  u s  dis cu s s  an ex ampl e of des ig n of CM CU  
U 2 (Γ 1 ) , w h ere L F CA  Γ 1  is  s h ow n in F ig . 4. 
 
 

  
R y s . 4 .  P o c z ą t k o w a  s i e ć  d z i a ł a ń  Γ 1  
F i g . 4 .  I n i t i a l  f l o w -c h a r t  o f  a l g o r i t h m  Γ 1  



PAK v o l .  5 3 ,  n r  5 / 2 0 0 7     17 
 

In case of LFCA Γ 1  w e h av e set  C = {α1,. . . ,α5}, w h ere α1 = 〈b1〉, 
1
1 1I b= ; α2 = 〈b2, b3, b4〉, 1

2 2I b= ; α3 = 〈b5, b6〉, 3 5I b= ; α4 = 〈b7, b8〉, 
1
4 7I b= , 2

4 8I b= ; α5 = 〈b9 , b10〉, 1
5 9I b= . It  is clear t h at  α5∉C′, 

4G′ = . In t h is examp le M = 10, 2R = 16 , condit ion (5) h olds and 
ap p licat ion of p rop osed met h od h as sense. 
Let  u s insert  t h e comp onent s Og int o OLC αg∈C′. It  leads t o 

modified OLCs α1 = 〈b1,O1〉, α2 = 〈b2,b3,b4,O2〉, α3 = 〈b5,b6,O3〉, 
α4 = 〈b7,b8,O4〉. T h e nat u ral addressing  (2) is execu t ed w h en t h ere 
are u sed met h ods from [ 5] and in ou r case it  leads t o follow ing  
addresses of microinst ru ct ions (Fig . 5).  
 

 

  
R y s .  5.   Adr e s y  m i k r o i n s t r u k c j i  dl a  u k ł a du  U2(Γ 1 ) 
F i g .  5.   Addr e s s e s  o f  m i c r o i n s t r u c t i o n s  o f  C M C U  U2(Γ 1 ) 
 

Let  u s div ide LFCA Γ 1  int o p art it ions ΠC = {B1,B2}, w h ere 
B1 = {α1,α2,α3}, B2 = {α4}. It  means t h at  I = 2, R1 = 1, τ = {τ1}. 
Let  K(B1) = 0, K (B2) = 1. In case of CM CU  U2(Γ 1 ) t h e 
microp rog ram occu p ies 14  cells of E M B . T h e first  4  lines of 
cont rol memory  of CM CU  U2(Γ 1 ) are sh ow n in t h e T ab le 1.  
 
T a b .  1.   F r a g m e n t  z a w a r t o ś c i  p a m i ę c i  s t e r u j ą c e j  C M C U  U2(Γ 1 ) 
T a b .  1.   A p i e c e  o f  t h e  c o n t e n t  o f  c o n t r o l  m e m o r y  o f  C M C U  U2(Γ 1 ) 
 

Addr e s s  F Y  S y m b o l  
F B   T1T2T3T4 y0 
y1/τ1 y2 y3 y4 y5 yE bq Bi 

0000 1 1 0 0 0 0 0 b1 B1 
0001 0 0 * * * * * O1 B1 
0010 1 0 1 1 0 0 0 b2 B1 
0011 1 0 0 0 1 0 0 b2 B1 

 
 

T h e second b it  of t h e w ord of CM  corresp onds t o y1 ( i f  y0 = 1) 
or t o τ1 (if y0 = 0). T h e idle st at e of op erat ional u nit  can b e 
org aniz ed b y  t erminat ion of it s t iming  p u lses, if y0 = 0.  
T o form a t ab le of t ransit ions of CM CU  U2 t h e sy st em of t h e 

formu lae of t ransit ion [ 9] sh ou ld b e u sed. In ou r case it  is t h e 
follow ing  one:  

1 1 2 1 2 5 1 2 7B x b x x b x x b→ ∨ ∨ ;  
 2 3 9 3 8B x b x b→ ∨ .                   (7 ) 

 
T h e t ab le of t ransit ions consist s t h e colu mns: Bi, K(Bi), bq, 

A(bq), Xh, Φh, h. T h e sy st em (7 ) is t h e b ase on w h ich  T ab le 2 is t o 
b e formed 
 
T a b .  2.   T a b e l a  p r z e j ś ć  m i k r o p o g r a m o w e g o  u k ł a du  s t e r u j ą c e g o  U2(Γ 1 )  
T a b .  2.   T a b l e  o f  t r a n s i t i o n s  o f  C M C U  U2(Γ 1 )  
 

Bi K(Bi) bq A(bq) Xh Φh h 
b2 0010 x1 D3 1 
b5 0110 /x1x2 D2D3 2 B1 0 
b7 1001 /x1/x2 D1D4 3 
b9 1100 x3 D1D2 4 B2 1 b8 1010 x3 D1D3 5 

 
 
It  is clear from T ab le 2, t h at  Φ = {D1,… ,D4} T ab le of 

t ransit ions is t h e b ase on w h ich  t h e sy st em (6 ) is formed. For 
examp le, from t h e T ab le 2 w e can form: 3 1 1 1 1 2 1 3D x x x xτ τ τ= ∨ ∨ . 

T h e imp lement at ion of t h e circu it  of CM CU  U2 is redu ced t o 
t h e one of t h e sy st em (6 ) t h at  u se macrocells of CPLD  and 
imp lement at ion of t h e CM  on E M B S  u se t h e t ab le of it s cont ent . 
T h ese q u est ions are ou t  of t h e scop e of t h is art icle.  
Let  u s p oint  ou t  t h at  nu mb er of t erms in t h e D N F of sy st em (6 ) 

is eq u al t o nu mb er of t h e lines H2(Γ ) of t h e t ab le of t ransit ions. In 
ou r case H2(Γ 1 ) = 5, b u t  t ab le of t ransit ions of CM CU  U1(Γ 1 ) 
consist s H1(Γ 1 ) = 11 lines. It  g iv es u s p ossib ilit y  t o decrease 
amou nt  of h ardw are in t h e circu it  CC of CM CU  U2(Γ 1 ) in 
comp arison w it h  h ardw are amou nt  in t h e circu it  CC of CM CU  
U1(Γ 1 ).  
 
5. C o n c l u s i o n  
 
Prop osed met h od of modificat ion of OLC p ermit s t o decrease 

t h e amou nt  of microcells PLA in t h e comb inat ional p art  of 
CM CU . Op t imiz at ion is b ased on nat u ral redu ndancy  of t h e 
emb edded memory  b lock s imp lement ing  t h e cont rol memory  of 
CM CU . S u ch  ap p roach  p ermit s t o eliminat e any  addit ional b lock s 
in t h e st ru ct u re of CM CU , t h at  means op t imiz at ion is not  
connect ed w it h  int rodu ct ion of t h e address t ransformer AT . 
Ou r research  sh ow  t h at  decrease of h ardw are amou nt  is 

p rop ort ional t o coefficient   
 

 ( )
( )

1

2

H
H

η
Γ

= .
Γ

             (8 ) 
 
T h e v alu e of η dep ends on ch aract erist ics of p art icu lar LFCA 

Γ . It  is eq u al t o rat io of t h e leng t h s of direct  st ru ct u ral t ab les of 
eq u iv alent  M oore and M ealy  FS M  u sed for imp lement at ion of 
FCA Γ . 
T h e main disadv ant ag e of p rop osed met h od is an increase in 

t ime of dig it al sy st em op erat ion du e t o idle cy cles of op erat ional 
u nit  (dat a p at h  of t h e sy st em). T h erefore, it  can b e ap p lied, w h en 
p roj ect  t ime ch aract erist ics corresp ond t o init ial rest rict ions. Ou r 
research es sh ow  t h at  ap p licat ion of p rop osed met h od p ermit s u p  t o 
18 –22%  decrease in h ardw are amou nt  in comp arison w it h  CM CU  
w it h ou t  modificat ion of op erat ional linear ch ains.  
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