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(A Compatible Variables Scheduling Algorithm for

Register Allocation in Microprogram)
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Abstract

This paper proposes a compatible variables scheduling algorithm, which is the process to
pack variables into same register without modifying program semantics, for efficient register
allocation of microprogram.

The algorithm constructs T-V matrix, obtains incompatible variable set and scheduling
priority, and schedules compatible groups. By this algorithm, the number of compatible groups
can be minimized.

The algorithm was implemented with C language on VAX-11/780 computer. By applying
the algorithm to practical microprograms, the effectiveness of the algorithm is verified.
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o374, TEXT# : 7
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2ol A vx7t Add & OUT (b)) : 71222 bl FHolA live & HFEo
P2(vx) = (I V2] —|ICVX|)}/I V] A3
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(1) 3&aez 74

vholzzmeage Wel6)ol wel AETe oz
3 712288 A (node) 22 Fa dlele} BE
2 of|#|(edge) & dh W3k 12 Z (directed graph)
o EEasgzE FAHTh

(2) livel4 24 (live variable analysis)

FAH sEadze e 2T IREH AAH
ZHA live & W4T AL T3/ A8 53
7o dlole} 5 E4) (data flow equation) S ju}sk

(backward direction) 2.2 & &3},
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(3) T-V(Text-Variable) 82
nfolagzg el sZadlz 4o 7 AZ (path)

o tate] dolE @AE, Hollz H4E b 2
A PHe FAGg

7t dAE A4 RD, WR S+ W58 243
st &), el 2z R, W E svl—o‘}l %4l RD,
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olg}gt T-valad T4 zzade oejF 13:-3}
71 dal o Aeg sE et
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A2 FANA A4 WAL dummy text) 3l AH

2~E (entry text), E& €A (exit text) ¥ 2z A
o3z, AlHANA live 3 HEEE A BBl
WR M4 2 23sl3, 2HAA live & W4EE 54
WAEol4e] RD M4EE #HFdh

e 7t 23 (loop) 9 AlAeA live & HFEL 7§
zo] upx|9} WAaEo4e RD W4z e

(4) WR-RD &l 2 - (WRTP)

4 Azel T-vedel 2 W4E$ WR, RDIE

dAE 2 zAlled WR-RDEAE A:,u Age T+
o} ol RDHAEE &ut WR dd2E2] wW4E of
Aleto 2 RD&HE @ AEo|ch
WRTP (v) = {(tw,, try), (tw,, try), o+v, (twi, tri), =,
(twn, tra)t
(B, twy <ty <— twy <o o <= twhe <oy
<try)
(5) A3E5Hs AFACVS)
Wave] AdEEHsEe] Age 3@ o] T
gt
= Wy
TEMP (k) U (RVS(t) UDLVS (1))
Y=tWy +l
ICVS (v) = UTEMP (k)
k=1
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4 VAX-11/780 C ol
o diaf 4
A g g,

28 29 ool Ha- bl, b2%} el,e2 282 {1,

4ol w4z LG Aol

N

| lb,c.d

t] as—bl+c
2 de-d*bl
13 STORE ¢ 1
14 LOAD el
t5 fle—a-+tel

1

t6
t7
t8
t9

e2+-a"d b2ed+el
STORE e2 112 | LOAD ¢ 4
211 2 113 | f2ea*e
LOAD ¢ ]

w0 [hmwe s

exit 1
b,c,d, f

t1l

exit 2

b, d e, f

?)‘w—ﬂ.

-

Kim, Tan®} o4 wlolz g 527 2 edof
2 =
Flow graph of Kim and Tan’s example

microprogram.

(el# 1] 229 ool W3 Kim, Tanel el
=g ol

2829 Az
109 2 daEd

4~ (maximal compatible group) &

1(t1—t10), 24 & 2 (11—15, t11 —t13, -
Zobetel chgsh gol Heh Aau
Taeh, #HA 2
ALg) 2 Qle dAE S WRHAE vi livedt WHEE29
R Vieh g W oln daseld FaA
(maximal compatible group) 5& ZAlsled MGHEoll A

vigl VIZ Hojx 3} olalg td*% AR Qe
7 MG (c)ell ehsh b2 A% AEstel 42§ MG,
MG (@), MG({) & #9 *“*é D%

MG (3) =MG(e) —V
MG (j) =MG (c) - {vit
2828 oo Hz 19 AlHeM x7ixg A=

1o vebps =8 H4E58 MGol ¥epstw, 74z
19 7z daEo thal MG(i), MG(j)) & T3t A2
1o14 782l 25 MGEol Az29 M2y #HF
b2& Frtsln Az 29 7 dxEd sl MG(),
MG(]) g F3kd 0}31154 e Axprl efalct
G(1)= {a, 2, f2!, G(2)={bl, b2, €2},
G(3)={bl, b2, 1}, G(4)=1bl, el, e2},
G(5)={bl,el, {1}, G(6)={c, e2},
MG(7)= {c, {1}, MG(8)={d},
G{9)={f1, {2}
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sh- 4o AW SFS 731713 prime implicant 2 Az224 Jnix] dAEL]1-t138 Hsted A=z
reductiong A& 7ch (2 3). 1,20 &l 224 T-v3ad e FAdc(aa4), o

73219 AlFolA b,c,d7} live Wgolmg T-vaied
T4 Al bl,c,d?t 77} tentrylellA] WR w47} g},

W Mepl oz 45 67 89 % bc,d, 7 A2 18 FHAA live M4oln g texi
(o4 RD W47} "ot Az2el A%, = leee
\/:1 L 1 1 1 1 49 AlAHol M= WS a,d, el livedt2 2  tentry2oll
b2 11 A WRHS7E sln, 34 (71E€82 49 F4) odE
c 1 1 b2, ¢, d, el, f27} livedt 22 texit2o| Al zzH RD ¥4
vd 1 7t "t
el 1 1
Ve?2 1 1 1 1
\/:12 . ! ! ! i Eﬂ:’:iﬂd‘?— a bl ¢ d el e2 f1 12
tentryl W A% 'Y
323, 2829 wpolz 2 aalof ohék prime vl w R R L
implicant reduction t2 L R L X
Fig. 3. Prime implicant reduction for Fig2’s t3 L R L
microprogram. t 4 L L W
t 5 R L R w
t6 R R W L
Kim, Tan prime implicant reduction #H-& 4] ¢ 7 L R L
branch and bound approach® &3l 7z} ¥H4E t8 L R W
cove- & % = MG BE sx4e zAsm, wk t9 W L L
aF AlAbA}zlo] o ol A F AIE dolaim  AALE t 10 w R R L
Fbotn elRREG AYAL TS Az Hekdoh exitd RoRR R
S| ool 4 MG(1), MG(8)3to] 77t ast A& %3 (a)
sl M4 gl 7 (essential compatible group)
°olmg MG(1), MGB)& AlH3ta o AP+ F 5ol P
Z3HEE HE a,d, e2, 28 cover FAlol4] A 2gn}. "INUE b2 ¢ d el 12
ezl WaEoll s covershs MG A tentry2 | W W W
Tl whel A 4eF £7 FelAl e cyclic A 111 L W R L
b whAlgtel &, HAle] 7S bl c,eld cover ke t12 L L w L L
A SEFo g MGI3), MG(6), MG(4) S A= sbed, 1} R L R L LW
x4 A 2gse) m¥ 57»14 Agase L0 Rk R R R
o] T3] A g, 110_},] Aol bl, ¢, el, {13 cover b
she AjPH 4722 MG(2), MG6), MG4), MG(3)&
24zh et ALe wAdslod 5% gl AL a8 4. 272 alelaz=zz aale @) ARl

by A& 20 HE T-vha
Tl A=, Fig. 4. T-V matrix for (a) pathl (b) path2 of
[0‘“}“ 2] _:]_EDY 2 9‘] °ﬂ°ﬂ I')]fﬂ» < 0&1;’42“:‘_9] Z—i-g‘oﬂ Figz's microprogram,

AA 7 gz A4 FHAY live ¢ W4 E
&) nwn} o) Tk,

()= {bl, c, d}, OUT(1)= {a, d, el, f1}, w3 Zt W45 WRTP, ICVSE tp&3 o]
(2= {a, d, f1}, OUT(2)= {c, d, 2}, a2 o,
IN(3)= {c, d, {2}, OUT(3)= {bl, c, d, f2}, WRTP (a) ={(tl, t6,) (tentry2, t13)},
= {a, d, el}, OUT4)= {b2,c, d, el, f2}, WRTP (b1) = {(tentryl, t2), (110, texitl)},
ouT (exntl) = b, ¢, d, f},OUT (exit2) = {b,c,d, e, f} WRTP (b2) = {(t11, texit2)},
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WRTP (c) = {(tentryl,t3), (19, texitl), (112, texit2)},

WRTP (d) ={(tentryl, t2), (12, texitl), (tentry2,
texit2)}

WRTP (el) = {(t4, t5), (tentry2, texit2)},
WRTP (e2) = { (16, t7)},

WRTP (f1) = { (15, t8)},

WRTP (£2) = { (18, texitl), (113, texit2)}

ICVS (a) ={a,bl,b2,¢c,d,el,fl},

ICVS (bl) ={a, bl, ¢, d, {2},

ICVS (b2) = {a, b2, ¢, d, el, 2},

ICVS (¢} ={a, bl, b2, ¢, d,el, 2},

ICVS (d) ={a, bl,b2,¢,d,el, e2, 1, f2},
ICVS (el) = {a, b2, ¢, d, el, 12},

ICVS (e2) = {d, e2, f1},

ICVS (f1) = {a, d, e2, {1},

ICVS (f2) = {b1,b2,c,d, el, f2}

ICVS Aol whet AFFAEHE Fotn(ads),

zZh wage fAFEANE AgdrTE Tk (2H6),
chg3t #el BE 5 ATl FalAch

{d}, {a, e2, 2}, {c, fl}, {bl, b2}, fel}

R Eo M w4l F7 Al Fhde] el ol &2
delz 24 248 vlojazEz anls HEAT]
AzE et

F1& 25 50 melazazaded g3 & o
e ES VAX-11/780 Clejz A skl H&4)7l 2
Theleh, #F 1o et wbeb Fo] HH47% He A
FEe4 ATAE 4 5 Ao

N. # -]

¥ efolde wlolzzzzadel 2 W4Ee A

53
v CGIC CVS |Scheduling
CGI) | a,bl,b2,¢,d, d
el e2,f1,12 [a,bl,b2,c.del, 2. 11,121 ¢
a
CGI2Y | a,blb2.c, [ablb2cdelfl 2,12 a, {2
el,e2, f1,12 | a,bl, b2, ¢, d,el, {1, {2 €2 a, {2 e2

a,bl,b2,c,d el,e2, {1,127 ¢

bl, b2, ¢, el, ¢

CG 311 a, bl b2, ¢,d el, 12 fl o fl

a,bl,b2.¢c,d el e2 11,12 ']

b2

CG 41 | b, b2, el a,b2,c.d el f2 b1 h2, b1
a,bl b2, c.d el {2 é

CGis el el
a,b2, ¢, d el f2 $

O8le. 28l 22 vjolaz xa gale] ohgh Aetwl 4
T 24 44

Fig. 6. Compatible group scheduling procedure
for Fig2’s microprogram,

HE 1. A vielaz g aafo] i & UdnzF

o 4§ Az

Table 1. Result of application the algorithm fo

practical microprograms.

W ICvs e priority
a 7 [
b1 5 7
b2 6 4
¢ 7 3
d 9 1
el 6 5
e 2 3 9
f1 4 8
f2 6 6

25, el 29 mlolzz g addol ohgl AdHsA
=4

Fig. 5. Scheduling prioroty for Fig2’s
microprogram,

Kim, Tan o EEAed | FE4AeA ] hubble

o o ERlkE LA | 4 sart
g2 e 4 13 25 57 36 20
R3S 4 9 13 7 6
44 F| 9 7 12 12 6
APHsts 5 5 8 6 5
4 8 & 6% 13% 2% 9% 33%
FE A2 7 x| AEe Agoz @iy

3 vlelzz =g aaiel oolE WAANA  FowA
Ze g o £ v AYHAFTE T
HE A dneFe Albsigich

%, slelzzxgagel 7 §AEE 2Ahde T-V
delg FAsle] % WsEol i AdEeds AY
£+ T F éi}—g%‘ﬂ o ol web AYFAEH
¥ Folsted fAEHAT w2 ANz AYFozH
H 2 A &31 #ao AT E Fokdth

= ¥ 4neldFg VAX-11/780 Clolz A ¥ sl
AA vlelzzzgade g Ford & G
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2443 vlolaz zg e o

(TEXT #INST

LOAD
CLEAR
AND
STORE
RSH
AND
LOAD
LOAD
INC
STORE
CLEAR
CIMP
ADD
LSH
RSH
CIMP
ADD
RSH
CIMP
LOAD
XOR
CIMP
NOT
ADD
EXIT

WRYV

XSOURCE
VAL
SIGN

RD_V1

XSOURCE
SIGN

XSOURCE
XSOURCE

XSOURCE
DIGIT
ADDR
PWR
ADDR

ADDR
ADDR
ADDR

—_——
TS @ 00 —3 O U L D —

PPROD

DIGIT
PPROD
PWR
DIGIT
DIGIT
VAL
XSOURCE
XSOURCE

PPROD
PWR
DIGIT

VAL
XSOURCE

P

SIGN
SIGN SIGN
SIGN
VAL

VAL

VAL
VAL

(basic block costitution)

basic block 1-1,2,3,4,5
left—> 2,
6,7,8,9,10,11
left—> 3,

12
left—
13
left—» 5,
14, 15, 16
left—> 6,
17, 18, 19
left— 7,
20, 21,22
left—> 8,

23,24
left—

25
left—

basic block

basic block
4,
basic block

basic block

block

basic

basic block

basic block
9,
block

basic

RD_V2

NEXT_ADDR)

s

/

.

3
4
5
! 6
15 7
8
9

2t
Nz’
PROD
y
NZ!

17,12
18

19
2.6
2l

2
23,25
24

2

0
Nz

2%

right—
right—
right—
right —
right—
right =
right—
right =

right =

(236)

(live variables at block-in, block-out)

block 1- in -
out» VAL, XSOURCE
block 2- in » VAL, XSOURCE
out= VAL, XSOURCE, PWR , DIGIT , PPROD
block 3- in - VAL, XSOURCE, PWR , DIGIT , PPROD
out= VAL, XSOURCE, PWR , DIGIT , PPROD
block 4- in - VAL, XSOURCE, PWR, DIGIT , PPROD
out= VAL, PPROD , XSOURCE, PWR, DIGIT
block 5~ in = VAL, PPROD , XSOURCE, PWR, DIGIT
out = VAL, PPROD , XSOURCE, PWR, DIGIT
block 6- in - VAL, PPROD , XSOURCE
out» VAL, XSOURCE
block 7- in - VAL
out > VAL
block 8- in - VAL
out =
block 9~ in -

out 2

(text-variable matrix)

XSOURCE VAL SN DIGIT ADDR PWR PPROD

DR ILDS WD W™~ O
g
T WS

—
™S

._
w
N N ol N el ol el ol

DO DN DD DN DN DD s e
Ul WN O QL o~1O,m
I ol Rl ol ol el el el sl el eali= -l e~ el
S aliolcl--Ealvl--Hall ol ullcl ool ol ol ol ol ol ol ol
o< s
BNl N ol el el el
W C XS

{write-read text point pair)
variable XSOURCE -

)
variable VAL - (2,17), (17.23), (23 24), (24,
variable SIGN - (3,4), (2021), (2122),
variable DIGIT - (6,15), (1516),
variable ADDR - (7,9), (9,10),
variable PWR - (8,14), (14 16),
variable PPROD - (11,13), (1317),
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{incompatible variable set)
variable XSOURCE — XSOURCE, VAL, SIGN, DIGIT,ADDR, PWR,PPROD,

variable VAL

variable SIGN -+ XSOURCE, VAL, SIGN,

variable DIGIT - XSOURCE, VAL, DIGIT, ADDR,PWR,PPROD,
variable ADDR - XSOURCE, VAL, DIGIT, ADDR,PWR,

variable PWR - XSOURCE, VAL, DIGIT, ADDR,FWR,PPROD,

variable PPROD

- XSOURCE, VAL, DIGIT, PWR,PPROD,

(scheduling priority)

variables

XSOURCE

VAL

SIGN
DIGIT
ADDR
PWR
PPROD

no. of icvs priority

1

G W N~

[S2 0w
S oAU W NN

{compatible groups}

CG
CG
CG
CG
CG

1]

[2]

(3]

(4]

1 -
2 -
3 -
4
5

5 -

XSOURCE,
VAL,

DIGIT, SIGN,
PWR,

ADDR, PPROD,

>
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