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ABSTRACT

Many machine languages have differen t i nst ruc ti on formats which

a l l o w  address ing  of “nearby ” operands w i t h  a “short ” instruction

one word) , w h i l e  “ f a r away ” operands r equ i re  a “long ” forma t

two w o r d s ) .  Because the s i z e  of ob j ec t  code may depend upon

the fo rmats  used , the fo rma t s  of different instructi ’- rls may be

dependen t on each other.

An efficien t algori thm is given for optimally assigning formats

to ins tructions in a g iven program , and an implem entation wi l l be

discussed which  is p r a c t i c a l  in space as w e l l  as time. The more

sop h i s t i c a t e d  problem of a r r ang ing  operands w i t h i n  pro c~rams is

discussed. Unfortunately, it is unlikely that an efficient

a lgo r i t hm can even guarantee  good app rox ima t ions  fo r  t h i s  problem .

F i n a l l y ,  impl i ca t ions  of t h i s  p rob lem on h a r d w a r e  and s o f t w a r e

des igns  are considered.
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CODE GENERATION FCP SHORT/LONG ADDRESS MACHINES
*Edward L. Rober tson

I . In troduc tion

One aspec t of machine organization which occurs quite

f r e q u e n t l y  in m i n i -  and m i c r o - c o m p u t e r s  is a v a r i e t y  of address-

ing  modes which  r e q u i r e  differen t ins truc tion leng ths in one

m a c h i n e s .  The most  s t r a i g h t f o r w a r d  example  is perhaps  in IBM

1130 , in wh ich  i n s t r u c t i o n s  may be e i t h e r  “short-format ” , ~l27

words  ( a c t u a l l y  +127  words , -1 28 words due to two ’s - compl emen t

r e p r e s e n t a t i o n  - we w i l l  occas iona l ly  ignore  t h i s  d e t a i l  in

the f u t u r e )  from the  cu r r en t  va lue  of the  program coun ter , or

“ l o n g - f o r m a t ” , w i t h  an e n t i r e  16 b i t  word con taining a d irect

memory  add re s s .  Thus a r e f e r ence  or branch to a “nea rby ” loca-

t i o n  r e q u i r e s  a one-word  i n s t r u c t i o n , w h i l e  a r e f e r e n c e  “ fa r -

away ” requires two words. If we consider housekeeping operations

necessa ry  to e s t a b l i s h  a d d r e s s a b il i ty  (of  i n f o r m a t i o n  a l r e a d y

presen t  in memory , as opposed to , say , p a g i n g  overhead) , then

even such a l a rge  m a c h i n e  as an I BM/ 370 e x h i b i t s  these  d i f f e r e n c e s

in a d d r e s s i n g  c o s t .  Table  I compares the  a d d r e s s i n g  mode varia-

t i o n s  of a number  of machines .

Computer Science Department , The Pennsylvania State University,
University Park , PA 16802.
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TABLE I :
A d d r e s s i n g  mode v a r i a t i o n s

m a c h i n e  “ f a r - a wa y ”

Motorola 6800 bytes 0 thru 255 16 bit byte address
(“direct”) , PC±l27
(“relative ”) , or
i n d e x  reg ister + 8-
bit displacemen t

PDP-8 128 word “pages ”, I n d i r e c t addr ess in g of
can address page 0 4096 word “fields ,”
or curren t (PC) 3 b it field pointers
pa ge (“very faraway”)

Microdata 1600/30 Can address page 0 15 bit direc t address ,
(256 words ) or can generate 16 bit
P C ± l 2 7  w i t h  use of index

reg is ter

IBM 1130 P C ± l 2 7  or index  16 b i t  address  ( i n d e x -
register ±127 ing and indirection)

P D P - l l  P C ± l 2 7  wo rd s 16 b i t  b y t e  address
(BRANCHES ONLY) ( i nd ex i n g , indirec-

t ions , etc .)

PRIME 400 D i s p l a c e m e n t  of up 16 b i t  d i s p l a c e m e n t
to 255 words f rom from procedure  base ,
s tack  or PC base also v a r i o u s  i n d i r e c -
reg isters t ions (16, 32 , or 48-

bi t poin ters )

INTERDATA 8/32 14 bit direc t and 24 bi t addre ss (8/32
15 b i t  P C - r e l a t i v e  uses 20 b i t s ;  s i n g le
address  ( i n d e x i n g  and double  i n d e x i n g )
allowed)

I BM/ 36 0 and 370 Up to 15 (usual ly Mus t load a new base
f ewer )  base reg i s t e r  va lue
reg ister poin ting
to 4 0 9 6 - b y t e  b locks

(PC i n d i c a t e s  the  c u r r e n t  va lue  of the p rog ram coun te r , w h i c h
p o i n t s  to the l o c a t i o n  of the i n s t r u c t i o n  b e i n g  e x e c u t e d . )
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*~en generating code for machines with different address nDdes , it

is of coi~~se desirable to use the shorter formats whenever possible . This

not only decreases the program space requiremant , but may a] s ()

decrease execution tine , since an additional fetch cycle is usually

necessary if a longer addressing ni de is used. This concern is theref ore

a code optimization problem, which may be approached either in a basic way ,

using the mininal ni.vber of long addresses in a fixed program , or in a

rrx re sophisticated way with program rearrang~~~nt. The principle activi ty

in the later case ~~u1d be noving variables “nearby” locations where they

are referenced. As is often the case , the sinpie optimization is easy,

while the sophisticated one is hard .

The particular nodel we adopt--of coin~-se the sinpiest one available- -

has t~~ addressing formats , which we will call “short ” and “long” . All

instructions are single address , with a short instruction (i.e. an instruc-

tin whose address is in the short forn~ t) occupies one wr d  (u -u t) while

a long instruction occupies t~~ ~~rds . A long address may refer to any

location in n~~~ry, while a short instruction may refer only up to a fixed

distance 9. forward or backward frcxn the instruction containing it. Al-

though this is a siuple nodel, it corresponds quite closely to an IP~1 1130

(as described above).

The notation for this nxxlel will consist of identifying labels with

data ~vrds and with instructions and their operands , so that a: 8 will rcpresent

an instruction labelled a which has the word labelled ~ as an operand .

Note that cm : 8  is an aff i rmat ive statement about the ins t ru ct ion l abelled

a .  Of course , each instruction has a un ique labe l hut a laho l nuv occur in

n~~iy operands . The occurrences of labels on instruct ions def ines an order

-3- 
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(<) on these labels (which is a partial to the extent tha t the program

consists of position-independent modules). The distanc e between two instruc-

tions on labels is the number of words between the instructions (a word is

distance 0 from itself , +1 from its immediat~ predecessor or successor).

If an assembler, compiler , or other code-mod i fying procedure is changing

instruction formats, distance is then dependent upon the time or stage of

the procedure , since the nuiluber of words between two instructions may depend

upon whether intervening instructions are long or short. However, we will

always begin presuming that all instructions are short ; thus the initial

distance will be defined to take this into account, i.e., the number of

instructions (plus data words) between two instructions. If c~ and ~ are

labels , then di (a ,8) is their initial distance and d (cz ,8) is the distance

at some (here unspecified) time. An instruction c i : 8  is in the ~~~~ of

y :6  if y < a 6 or 6 a < -y. In this case we also say ~:6 is dependent

on ~~ - that is , d(-(,6) changes if the format o f ~:B does.

A s imple graphical notation is often more convenient to represent

structures of labels and instructions. We will  draw memory as a series of

cells across a page , with address labels written above the cells and operand

addresses indicated by arrows . Thus , Figure 1 represents the following facts:

cz:8, 8:-y, y < a ~~, d(a ,y) = 1, and d( 8, -~i) = k. Observe that the i~~rds

intervening between 8 and y are not indicated , but they are assumed to

have fixed size. The instruction 8:y is dependent on a:~~~.

4 k

~~~ 1 1 ~~
’ 

B

1’
Figure 1
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II .  In-place Code Opt imizat ion

The simplest type of optimization problem on short/long address machine

is to choose exactly those instructions which must have long addresses in a

fixed piece of source code. This optimi zation could be performcd , say, by

an assembler for such a machine. It is clear that such an optimum uniquely

exists: if the arrangement of instructions and data is fixed, making an

instruction unnecessarily long cannot serve to shorten any others, although

it may in fact force others to be long. Indeed, Figure 2 shows a case in

which two ins tructions are arranged so tha t both must be short or both mus t

be long. This is why the initial distance is defined with all instructions

short- -the following algorithm will not expand such situations unnecessary,

but detecting them in order to collapse them could be difficul t.

YZ[ CI~///////////z~1 11/,
1’

Figure 2: (Recall £ is maxinun short address)

Theor~ n 1 A se~ ient of fixed code may be optimized for short/long addresses

in tln~ proport ional to n 9., where n is the length of the code and 9. is

maxinun short address.

A am ple algorithn which a].nost suffices is to make repeated passes

over the code, expanding on each pass only those instructions which require

it, terminating after a pass in which to instructions are expanded. I-kx.~ver ,

this may require about n/ 9. passes thru the program if instructions are

chained as in the pathological case of Figure 3, where expanding 6 forces

-5-
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to cxpand which forces - to expand

—~~~ -~~~ 6~ 
a

~IIlv///flV////1I V/////lI l½P t I

Figure 3

Such pathological cases require a better algorithn for theoretic reasons ;

but practicality also calls for a better algorithn not requiring many

passes over the entire program, which is very likely stored out on a

disk file. A number of systems , however , have made use of this multi-p ass

algorithm . The BLISS compiler uses this technique , along with others, to

optimize branch instructions on PDP-l1 [13, p. 119]. Interdata ’s CAL

assembler wi l l  make mul t ip le  passes if the SQIJEZ option is specified ,

although the number of passes is limi ted by a parameter on the option and

assuming an initial long format thus missing cases as in Figure 2 [ 5 , p. 53] .

The UNIX assembler does three passes, also beginning with an assumed long format.

Linear algebraic solutions, of high computational cost, are presented in [2 and

91. Szymanski [12] gives an algorithm which is similar in flavor but n2 in time.

The pathology of Figure 3 could , of course, be handled by a single

right-to-left pass. Ho~ ever, the pathology can be elaborated to confound

an alternating-pass scheme as well. The technique requires a single pass

over the program to gather dependency information (called “initialization”

below) and a single traversal through a generated data structure in a

method r~niniscent of topological sort [81 .

L . . ~~~~~~ : _ _ _ _



ALcnR 111 ~1 I

data structures :
for each label ~~,

a count C[aJ and a list of labels F [H;
a queue Q;

/*initial i:at ion*/
for each label a , such that ~~~~{set C[y] ÷ d(a:8);

for each y:6 such that d (y,6) < i which is
dependent on ct , place y on L [c~j;if C [aJ > then place a on Q

};

/*ip.~jn loop - marking instructions as long or short */
for each a on Q

{Output a
for each ‘~ on Lfa}

{C [y] 4- C[ ’y ] + l ;
if C [y]  = 9.+l then place ‘~

- on Q
} }.

The output from this algorithm is the set of labels of instructions which

must be in long format. The desired time bound is obta ined on the main loop

by observing that there are at most n labels and that L[~ J has at most

2 elements because of the test d(a,6) < in the initialization ioop .

The initialization may also be implemented in a ~ay which is linea r in n~~,

by only searching for y within 9. of i on a s i ng le  pa~~~ .

The above algorithm (or sketch) has the disadvantage of pr oduc ing a

potential enormous data-structure, with order of n~ entries. h owever ,

this sketch may be fleshed-out into a f a i r l y  e f f i c i en t program . Rather t han

making init ialization and marking distinct phases , they are conibinetF in one

pass. This pass is really an elaboration of the initialization , with marking

done “on the fly”. Fairly simple heuri st ic~ - such as checking whether an

instruction is unquestionably long or short - are used to greatly reduce the

number of labels for which lists must be created and the number of entries

on these lists. Moreover, elements are removed from these l i s t s  at the first

-7-
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opportun i tv , r educ in g the intenned i a t e  sto rage re(ltli red. ;\ com plete algorithm

i nco rporat i ng these heurist ics is g i yen in the appendix.

An al gor i t hm based on s i m i l a r  idea s is  g i ven by Szymanski 1121 . lie also

notes that the algorithm will not work if operands of the form

label constant 
a

are allowed . This is because lengthing one instruction may cause another

to he closer to rather than farther from its operand . ‘rhis happens in the

pathological case where the addressed operand is on the other side of an

instruction from the label specified in the operand - as in Figu re 4 where

lengthening ~ causes d(~,~) to increase but moves the operand at ~ + V

closer to ~~. Indeed , Szymanski shows that problem of optimizing code w i t h

such pathologies is NP-complete. To call a practice such as this “had coding ”

is certainly a severe understatement and any assembler should flag such

usage as an error. This does point-out , however , the failure in this case

of the con inon assembler convention that the difference of two relocatable

terms is an absolute term.

//t (///)V///AK////// /

_ _ _ _  V _ _ _ _

Figure 4
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III . Optimization with Storage Allocation is Hard

Knowing that it is easy to optimize a program if no rearrangement of

storage is possible , it is aatural to ask whether rearranging storage may

produce a shorter program and how difficult it is to perform such rearrange-

ments optimally. The answer is , of course, tha t rearrangements may shorten

a program hut that finding an optimal arrangement is difficult. There are

situations where this optimization is inappropriate or undesirable. Placing

data and code together violates the tenents of “pure” code , making reentrant!

recursive programming difficult to impossible. There are, however, occasions

where it is highly appropriate , as in a compiler for a systems programing

language for a single-user minicomputer system [4 ,lO].

The situation we will consider is as above except that there are certain

(one-~~rd) variables whose location in the program body is not fixed a priori

and certain places i.n memory (for example, following an unconditional branch)

where these variables may be inserted. If a variable is referenced in only

one brief segment of code , placing it near that segment could result in all

references to it being short; placing it , say, at the end of the program would

require al l references to be long. In our graphical notation , a reference

to such a variable will be indicated by an arrow pointing directly at a label

(rather than a cell) and a slot where variables may be inserted will be

indicated by a heavy vertical bar (see Fig. 5). Also, a number m in a cel l

will denote m adjacent occurrences of instructions with the same operand.

The problem of finding the optimal placement of variables in slots is

shown to be hard is a sense which has already become classic in its brief

lifetime: the problem is polynomially complete in NP or, more briefly ,

NP-complete. The NP-complete problems include many from combinatorics,

-9-
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n~ n t  1on ~- re~;c ;ii h , ‘ ft. whose host - k ni ~n~n : i I u1’ i t !i~~i ’ i ’ q i l i r c  ~p(;n~( nIt m l

m e .  ‘111ev arc al l n - e l i ?  U j
~ hi t discover~’ -n pol vnonual • t ime a ] t ~or i t h m

lw  any 1 1~~L p n ’ T h 1 e n n~ i sild n ov i d e  :n polvnoini ;ni I i~~ - solW ion to ~i 1 1 of

them , and hence suc h rn c l i i i :  lent  ;i 1 UoI’~~t l i u  i~ hi ghh’ m l  ikrlv I ,

In order t e x p i c ~ s t h i s  not i c m n  mun ’c’ Ox il t lv n~e ~i l  [t i c ’  ;n pn Thlem

5, P) r to a sot S (of 1st m oos of I mc problem ) and a r r c ! I ~‘ ; i I c  P

del i ned on the  members of S. The ~-i’ t  of the  code r o t c -r a t  ion prob lem

(desi gna t ed S/I.- Will ) has ins t mmno r~ ci l i e fonni prgm , ,k , where prgm

15 1 source pi-ogram and v , and I. a m c  i nt ci~c rs . l1~c- pr od i c-a t i  f or code —

gel lerat  ion (dco i eninted P115) is then t rue if prgm may he t ransl ated into an

object p rogram w i t  In short :mJ dme ~s spa n which requires k or fewe r

instructions in long format . An optimal object program then requires

the minirnLvm k such that the predicate is true of <prgm,9~,k> . A

problem <S , P> is said to be •~~-ccxplete provided that 1) for s c S ,

it tray be nondeterministically (by guessing) discovered that P(s) is

trte in tine polynomial in the size of s , and 2) for scue fixed pro-

blem <L , T> , fran a knc~ n class of problems , there is a translation

tr :L-÷S which operates detenninistically in polyncurial t ine , such that ,

for each x c L , P(tr(x) ) if f T(x). The nondeterministic solution to the

code generation problem, for an instance (pr ~ ii , ~ ,k > , first guesses the

plac~ ient of variables , and then produces object code according to

Algorithm 1, checking whether the resulting object code thes indeed fit

in k ~~rds. Thus short/long code generation satisfies the firs t criterion.

In order to shcM the second criterion , -
~~~~ need a fixed problem for

reference, and we choose <CNF-3,SAT> , where CNF is the set of all for-

nulas of the propositional calculus which are In Conjunctive Normal Form

with at ni st 3 literals per clause. That is a forniiLa In CNF-3 is of the

- 10-



form C1 hC~ h . .  
~~m ’ where each C. is a clause of the fonm \~ vA 7 vA

( or  A 1 or A 1vA~ ) , where is a litera l , tha t is e i t h e r lv or V f or

some var iab l e V . F e C\1:_ 3  is sa t i s f i ab le  ( SAT(F~ is I m u e t if there is

arm assignment 1 truth values to the variables V l , • . • I V k of F such t h at

F is  t rue . This problem is htown to be NP-Comp le te  [7] .

We take advantage of the fact that the conj uncts ( V v 1W and C

appearing in F force ~~
‘ and W to have the same value in any ass i g m m I~- Ii t

of values satisf y ing F. Thus if  a variable appears in more than f ive

conj uncts , we may replace three occurrences of V by some new o n r i a h l e  W

and introduc e the new conj uncts (VvlW) and ( 1 V v W ) .  This process is

iterated until  no variable appears in more than five conjuncts. The resulting

formula is satisfiable i f f  the orig inal one was . It is no more than three

times the length of the original . Thus , w i t h o u t loss of g e n e r a l i t y ,  we

assume that each formula of CNF-3 has no variable appearing in mo re than

five conj unct s. Also we may easil y assume that both a v a r i ;nb l c -  and i t s

negation do not appea r in the same conjunct .

Theorem 2. The problem ( S/L-CODE ,FITS > is NP-comp lete. Moreover , we may

restrict the maximum short address length 2 to a fixed si:c and the

problem is still NP-complete.

Proof: From the remarks above it suffices to show a translation:

~~ CNF- 3 -
~ S/L-CODE such that F ~ ~NF-3 is satisfiable UT the corresponding

program fits in the given space.

Pick an arbitrary formula F c CNF-3, say that F is C 1t C 2~ . .

where each conjunc t C~ is A~ 1vA~ 2vA~ (or A~ ~ 
or A~ 1vA~ ,,

which are treated similarly and thus will not he distinguished). The

variables of F are V1,V2,.. ~~~~ and for each V ,c. 1,c ,,...,c .5

— 1 1-
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(possibly fe~~r) are the conjuncts in which V~ appears . We first con-

struct the program , which actually will be built-up of Independent

“nodules”- -t~~ nodules for each V~ and one for each C~ . The position

of these nodules does not infitence the size of the object code in any

way.

Figures 5 shows ore of the nodules (the f-nodule) corresponding to

variable V~ . The other nodule (the t-module) is exactly the same except the

occurrences of -
~~
. . and ~~~. . are reversed . ~~te that the distances1,3  1,3

shown are initial distances and that 2,-I is the initial distance fran

the rightxrost of the three instructions pointing to r 5 to the slot on

the left .

-~~ £-l~~~~
~~~
— 2. 

~~~~~ 4..—...- 2.

16

-
~~

T
2 

T
4

slot
” T

1 
T

3 
T

5

where T is c~. if V. is a literal of Cr l,Ci r  1 Ci r
~j C~ if is a li teral of Cc.

Figure S

Since u~ is referenced only by the f- and t-modules of V~ and since

it n~y be placed in the slot of either nodule without additional cost to

that nodule, u~ nust be placed in one of these nodules In any opthm~l

-12-



arrarmgen-ent . We shall see that the placen~~ t of u~ In ‘s t-nodule

corresponds to assiguing the truth valm.e true to V~ , and similarly the

f-nodule corresponds to false. If is placed in, say, the f-nodule

then the variables labelled a~ or may be placed in the same

slot so that all references to these variables fran the nodule are short.

In any optimal arrangen~nt , the variables labelled a
ji 

or 
~i,j 

trust

be placed in the f-nodule if such is the case , as wil l  be shown later . On

the other hand, if o~ is again placed in the f-module, then al l  i n ~~tructiorv-.

referencing it fran the t-nodule must use long addresses. Thus 16 addi-

tional words are introduced between the slot of the t-nodule and the

Instructions referencing ajj or ~~~~ forcing all the corresponding

addresses to be long in any case. Since the two nodules corresponding to

V~ are symmetric , the final conbired length of these modules in an optimal

arrangenent is independent of the placenent of u~ .

we turn to the nodule (c-nodule) corresponding to ccrmjirct C~

which is shown In Figure 6, with C~ equal to A1vA2vA3. First

> 6.

[
~~

I
~~

I
±
I

~~
I
j

1
~~~ £ v/

~
///////////A.1

~1~~2 ~3 ~1 ~2 ~3

where 
~r is ctj j  if is V~

is if Ar is -W1
arid 

~r is similar with bars reversed

Figure 6

-13-
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observe tha t any t - or is referenced once in a c-module hut three
- 1 , 1 l,J

t imes  i n a t — or f -m nodu le .  ~kn~~ v c r , omi t t  i n k ’ om a c-module can
1 ,J

c ; Imi se at most one add it jolla I i m l s t r t L t ion , -

~ 
, to expand . Thus , i f  pos s ib l e ,

the variables label led - - and - must he p I ar ~~ 1 in a t - or f -niodul e
1 ,) 1

for the arrangement t he ( )11t  inial . (%e h ave s~~eu that th is only occurs i f

the v a r i a b l e  ~~. i s  placed in t f i  I— or t—mo dulc , re~;i1ectivc l y. Since

i p p t a m ~ i n  the  I -module of - i If -z - -  appears in the t -module ( and
1 ,J  1 ,J

V is in C I , e x ac t  lv  one of the variables ~~~- - or ~~ . . is a v a i l a b l e
1 - 1 , !  l ,J

for p lacement in  the c-module of C.. fluis , exa~ t f t  one of the cor respondi ng

or is long and th e f ina l l ength of the c-modu le in an optimal

arran~~enet is fixed except for the cell

Again , consider the case that is p laced in the t -rnod ule  of

and say V. is a litera l of C~. Then, as noted above , f j j  is a v a i l a b l e

for placement in the c-module of C~ . Thus d(~~~5~ ) ~ and hence

may be short . If , however , none of the variables corresponding to P~ , ~~~ ,

or ~33 for C~ are available for placement in the c-module , the

d(i~~6.) = ~+1 and i
i 

must be long . As noted above, placemen t of

in V~~~S t-niodule corresponds to choosing true for V~ ; and af ter

all these assignments are made, is short itT C~ is true and F

is satisfied iff  all 6~ are short. Let prgin be the program constructed

and let

k lO .fl (for v ’s)

mu
+ 4. ~ (number of literals in C . )  (fo r i ’s and s’s)

j=1 J

Then SAT(P) if f FITS(prgm ,k ,k) .

Inspection of Figures S and 6 will show that an Q of 31(= 2~-l)

is sufficient. 0
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One may suspect that the constraint that variables can only be

placed in specified slots makes the problem difficult. However, this is

not the case. We define two variations on the rules governing the arrange-

ment of program . FITSa (FITS with arbitrary placen-~ it) is true of

~ ,k> if the obj ect program may be arranged as before except that

variables may be inserted anywhere in the program text , and the resulting

program requires k or fewer words in long format. Realistically we

should charge an extra word for branching around the inserted variable,

but it is not necessary in the following result. It will be necessary to

charge for branching in FI1~~ (FITS with branching) where the code may be

rearranged to bring it near the variables which are referenced. Figure 7

illustrates a situation where this may be an advantage . The blocks labelled

> 2 ~

Figure 7

a and B both reference the variable u , but they are too far apart

for u to be referenced by short instructions for both. However, these

blocks could be rearranged as in Figure 8, with br Indicating branch

instructions . i’ri~~ (<pr~ n, z ,k>) is true if pr~ n fits in k words of

object code with rearrange~m~~ ts as Indicated , provided that the cost of

branch instruction is also accounted for .

-15-
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Fig-mze 8

Theorem 3 The problem <S/L-OJIE,FITSa> is NP-complete .

Proof: The proof is similar to that of Theorum 2, except that the nodules

corresponding to the V~ (Fig . 5) mist be modified. This modification is

essentially accct~ lished by mirroring the nodule about the slot , as shown

in Figure 9. In addition , each reference to 8r or 
~ r 

in a c-nodule

(Fig. 6) is doubled.

2~-6  )
~

~~~~~~~~~~~~~~~~~~~ \5 1

) 

2W2)
~~~~~~

*
~

where t is a if V1 is a literal of Cj i ,j  C
j

a if —IV . is a literal of Ci,j  1 C
j

Figure 9

As before , placing o~ In the t—moã.ile of V~ corresponds to

ass iguing true to V~, etc . If u~ is placed In the center of the

nodule , t1~~i each may also be placed In the center of the nodule
a.

in such a way that it nay be addressed with short instructions frcxn



either end , thus “saving” four words . If the is placed In its

corresponding c-nodule , hc~~ver , at mist three words can be saved , thus

forcing the placement in the t- or f-nodule i f possible .

If, on the other hand , u~ is not placed in, say, a t-nodule , then

2~ words will separate the instructions referencing fran the left

and ri~~t ends of the module. Thus placing in the t-riodule will

save only two words , while at least two words will be saved by placing

in the corresponding c-module . Thus , althou~~ the placement of

is not forced in this case , its placement in the c-nodule is no worse .

fl~ rest of the analysis follows as in Theorem 2. L

Theorem 4 The pr oblem <S/L-(X)DE, FITSb> is polyncxnially complete in NP .

Proof: The pr oof is essentially that of Theorem 3, except that two in-

structions referencing addresses local to the nodule are inserted between

every reference to a variable u~, a
~ etc . This forces the entire

module to remain together , since noving a sege~~t containing intra-nodule

references as well as references to variables costs two words in intra-

nodule addresses for every word saved addressing a variable, and since only

moving references to variables costs two branch instructions (at least two

words) for every reference.

Actually sar~ care nust be taken in constructing the intra-nodule

re ferences . For example , if all these references pointed to jus t one

address , that address could be picked t~~ and moved as well. However,

judicious construction, cha ining intra- nodule references , can solve this

problem. It is sufficiently a bookkeepi ng detail that it will not be

further elaborated on. 0

-17-
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Althou~~ negative results fran corTputer science theory are usually

rece ived with distal or dismay, the last two theor~~~ should be cause

for saie rejoicing. ftst computer prog ranii ~ rs have already had sufficient

headaches dealing with ~optimizing~* ccxipilers that they would be mist

dismayed at an algorithm giving ccinpilers license to rearrange their code

(even with branch stat~~~its inserted).

author ’s edition of ~~bster ’s New ~~rld Dictionary (~~rld Ptb ., 1957)
gives “to be given to [or] to treat with optimism” as the only definition
for “optimLze .”

-18-
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IV. APPROXIMATE SOLLTFIONS

When we discover that a particular prob1~~i class is

‘~z - - comp 1ete , or in sane other ~~y difficult to solve, it is natural

to ask whether there is sane algorithm which provides an approximate - I

two [ ~~ ,ll f . Certain problems , such as sati~ 1i afi I i t v of ~i RooIc-~oi ormula ,

have only “true” or “false” as answers and hence do not adu lt  approxii~ite

solutions. However, if a probl~~ is , say, one of minimiza t ion it is

reasonable to ask how close can we cane to the mininiin with an algoritlun

which is “inexpensive” to run. In such a case , we are interc -.ted in the

relative rather than the absolute “error” , In particular, a probl~ n is

said to have an c-approximate algorit hm (c > 0) if, for each instance of

the problem

_ _ _  
< C

whe re $~ is the cos t of the solution provided liv the algorithm and

is the true optimal solution. Since we will concern ourselves on ly w i t h

minimization of positive quantities, the above inequalit y i~-~ equivalent to

SA ~- $o~~~
.

Theorem 4. For any £ > 0 the problem of finding c-app roximate solut i ons

to ( S/L-CODE , FITS ) is NP-complete . Moreover , may he fixed .

Proof: Once again the proo f is by reduction to CMF-3 with tlìe same restric-

tions as before .

Say c > 0 is fixed awl we are given a formula F as above .

As before , we constrict a t-module and an f-module (Figure 10~ for

each variable V~ and a c-module for each clause C~ (Figure 11).

__________________  _____________________  --v -- ---- -~~- — - - - ~— 5- - ~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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~‘Therea s these modules had he ndependent ~ fl pi-cv i ons proofs , they will

now he 1 inked toi~t-ther such t- h. certain inst nict ions in each module

reterenc e operands in t he module inun cdia te lv to the l ef t . The order in

which the modules are arranged is of no consequence , hut i t  is i mportant

t hat  the ,trc linked pro p er ly .  In p a r t i c u l a r , the initial instruction-

operand distance of each inter-module instruction is exactl y 9. - this

condition is achieved by having a sufficient numbe r of labels (maxim ~nn 32)

in each module and by providing sufficient “filler ” hetween modules. The

extra-module instruct ions of the leftmost module arc replaced by no-ops

and a special module w i l l  be placed on the rig ht of the ent ire  assemblage .

2-31 

01 
...

~~~~~~~~ 
26 H6 i6 H6~~~I...

~32~~~~: 
_ _

V .  -t T -r references from
lef t Each 

the 1 3 ~ module to the right

where -r is . if V. is a litera l of C
r l

~
C i r  I C i r

if 1v. is a literal of Cl
~
C i r  1 C

i ,r

the 0’s are un ique to each modul e

Figure 10

-20-
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To analv:e the effect of these modules first observe that each of them ,

whether t- , f- , or c-modul e , has one instruction (the check instruction)

at the ver right (except intermodule “f i ller”) whose operand is at the very

left . Certain conditions on the assignment of operands to a module must

be met or the check instruction will be forced long. In particular , the

check instruction of a module must always be long if all instructions ~ith

intermodule references are long . This is true because, in each module , the

initial distance of the check instruction plus the number of extra-module

references in ~
- + 1 , and becaus e all  extra-module references come from

wi thin the span of the check instruction. Moreover, since the check instruc-

tion is with the span of all references from the module to the right, and

since each of these references from the right has ini tial di stance 9. ,

making the check instruction of one module long forces the check instruction

of the right neighbor to be long as well . In this way lengthen ing one

check instruction propagates to lengthening the rightmost check instruction.

Cons ider now the f-module for V1, 
and assume the check instruction of

this module has not already been forced long by a module to the left . This

check instruction may remain short if either the operand V~ or the operands

corresponding to each of the rr’s are assigned to the module. Since both

the t-module and the f-module of V1 reference v~ , and since the inter -

module filler of length 9. prevents v~ fran being near both modules , one

of the modules must be assigned v~ while the other its corresponding r
r
’s.

Say v~ is assigned to the f-module, then is available for the

c-module of any C~ in which V~ appears as a literal . And the c-module

for C
3 

must have assigned to it at lea st one operand corresponding to a

or i ts check ins truct ion wil l  be forced long .

-2 1-

t 
___________________ ____________

__________ — -. - 5  - - S - — -~~~~~ - . - - - 
S. 

- - .
-A



~~TII ::i::~ 
T I~~~~~

?32~~ : 

L~L~ i~1 ~I J ~7~II 
j  

1 1

to modu le to t he I references from
le f t .  Each d~ = ~~

. 
module t o the r i g ht

whe r e - , i s  ~. . j f A is V .r i , j  r

- i f  A is ~l V .
i ,j r 1

the 0 ’ s are unique to each module

Figure 11

To sum up the construction so far , the assignment of to the

corresponding t-  on f-module corresponds to an assignment of true or

false, respectively, to V~, and the truth assignment satisfies the formula

iff no check instruction is forced long . If the formula is unsatisfiable ,

then the rightmost check instruction must be long .

Finally we a block of q instructions(the exact value of q is

given later) labelled 
~l’ ” 2’~~~

• ~Yq (Figur e 12) . I f  0 31 is the indicated

label from the ri ghtmost module , the : 031 and enoug h f i l ler  is provided

so that di(y 1,0 31
) = 9. .  The 9. - 1 instructions y 7 , . .  . , ‘Y

9. 
have no

operands and 
~r : for 9. < r q. The placement and construction of

this bloc k is such that is forced long i f f  the rig htmost check instruction

- -5 -- —
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~ () ~l 
-

~~~ ~~+l ~~~~~ ! i J

each initial distance exactly 2

F i gore 1 2

is fo rced long; and forcing 
~i long forces each of -‘

~~~1’~~• • ” ~(f t.o he

l ong in turn . Thus each of these q - ~ r ’ S must he lo ng i f  f F is not

s a t i s f i a b l e .  Moreover , e i the r al l  of these y ’ s must be lo ng or none

must he.

Now say the constructed program , be fore adding the ‘ s , has p

short/ long instructions. Then let

q > P (l + i)  + 2.

Now assume F is satisfiable. Then an opt ima l s o l ut i o n has cost S
0 which

is less tha n or equa l p, as does any solut ion which does not I o r ce  the

y ’ s to be long . However , if the approximate solution forces tht ~‘s i i .-

be long , then

$ > q - 9 . > p ( 1 + c ) > $ (l + c )

Hence any c-approximate algorithm must provide a solut ion of cost less than

an equal to p if the org ina l F was satisfiable. And this indeed would

provide a reduction solving 3-CNF .

Examining Figure 10 , we see that the f- awl t -modules , which are

larger than the c -modules , may have an in i t ia l  length as short as 1~ O ,

and hence an 2. of 151 suffices . 0
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Beca use of the fact that an instruction in a short / long address machine

can he expanded at most from one word to two , t h ere is  always an upper

hound of 1 on the ra t io  
~A 

- if $~ and were taken as

measuring the total program length rather than the number of instructions

in long-address format . Indeed , this is the very motivat ion for counting

lo ng ins t ruct ions  rather than total program length.  Indeed , if we modify

the predicate F ITS so that FITSt(prgm ,Q ,k) is true if prgm may he assembled

in k or fewer words (total program length) on a machine with short address

span of 2, , then we have:

Theorem 5 For any c , 0 < c - 1 , the problem of finding -approximate

solutions to (S/L-CODE,FITSt), with fixed 2 , is NP-complete. However,

an c-approximate solution for c = 1 trivial ly exists .

Proof: Perform the construction exactly as in Theorem 4, except that p is

the total length of t- , f-, and c -modules, filler , and associated variables -

that is everything except the block of y ’ S. Now add a block of q y ’ s

where

q > (2 ,  + (1 + 2c)p)/(l - c)

Since 0 < ~ 1 , 1 - £ is always positive so this restriction is equivalent

to

q > 9. + p + c (2 p + q)

Now assume F is satisfiable. Then

$0 < 2 p + q

However , if an approximate solution requires the y ’s to be in long fo rma t ,

then

$~~> (q - 2 . )  + p ~~~q

> p + c (2 p .4- q) + p + q ~
- (1 + c) $

0

-24-



Hence any ~-approx imate solut ion for a program corresponding to a satisfiable

F must have the ‘y ’s in short fo rmat . Again , this would provide a

reduction for 3-CNF .

As noted above, 
~A 

2.$
o from the nature of the problem . The

of Theorem 4, ~ = 151 , again suff ic es. 0
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V. Heur i st ic Cons iderat ions

‘I’h c previous section demonstrated that even approximation of a rather

broadly constrained version of the problem of code generation was NP-Complete.

The implication of such complexity results is not a purely negative one, for

it directs our research to heuristics and approximations which are likely

to , hut are not guaranteed to, provide near-optimal code. In this section

we begin this attempt, with heuristics for the plac ement of var ibles during

compilation or assembly, and cons iderations and suggestions for future

architecture , language, and program designers.

Heuristics for the placement of variables can be exercised by the

programmer or can guide manipulations by an assembler or compiler. The

prime consideration for a programmer is to keep logically local variables

allocated locally. A common-place technique , which is certainly economical

in FORTRAN on a large machine , is to declare a few t emporary variables which

are used repeatedly throughout a program- -using few words instead of many .

However , in machines with instructions of short/long fo rma t variation this

is potential ly quite wasteful . Local variables should be used as much as

possible , with smal l loc al blocks if the language permits.

Corollary to the programmer heuristic for local variables is one

recommending placement of loop indices within /adjacent-to loops . Unless

testi ng is performed in two different places , a for -loop structure must

have an uncond itiona l branch, and the loop index may be placed immediately

following th is .  This  may he done by the pro grammer in assembl y language

or by the compiler in a language like ALGOL W (except that ALGOL W is

recursive) in which a loop-index is implicitly declared for the body of the

loop.

Automa tic heuris t ics , applied by an assembler or compiler , presuppose

the freedom to rearrange storage . The natural “greedy ” heuristic is to

-26-
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count the number of t ines each variable is re ferenced by each module and to

as~~oc i a t c  the va r i ab l e  w i t h  the module which references it most frequently .

Considerations of branch instruct ion are omitted . Not only are “fa r

away” branches relatively unlikely in  a well-written program, hut their

impact on program execution time (related to ins t ruct ion fo rmats because

long instructions require addi t iona l  t ime or complexity of instruction

fetches)  is  even further restricted . This is because frequently executed

branches are in tight-loop situations and hence are nearby. Exceptions to

the above are subroutine branches, but subroutines in this context should

perhaps be treated as data objects whose p lacement is opt imal . Moreover,

the “greed y” heuristic ignores the fact that the placement of variables w i l l

he significant , in that one variable placed between an instruction and i t s

operand c oiild force that instruction to he long (as in sections I I I  and IV) .

In genera l t h i s  is not worth considering for simple variables ; but arrays

and other structured variables should he weig hted by the number of ref erences

divided by size , and objects of hi ghest weight placed with the module first.

This is intent ionally a vague specification , since addressing modes , the

def in it ion of “mod ile”, language features, etc . will strongly influence the

I 

actual details. It is easy to imagine instances where this heuristic is

arbitrarily had (as is expected from section IV). However, the heuristic

can be implemented without much additiona l overhead as part of a first pass.

If we wish to consider branches and the interactions of instructions,

we may estimate a cos t for each short/ long ins truc t ion ~ :B which is a

func tion of al l y:6 dependen t on ~~ considering a) the cost of -~:~c ,

b) 9. - d(y:6), c) a stage in an iterative approximation of the cost (since

dependency is very likely to be cyclic). A similar cost for each possible

- 27 -
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placement of a data object could he computed and then a mod i f i e d  greed y

heuristic could maximL:e est imated b enef i t / cos t . This cost e s t i m a t i o n  could

require t ime  proport iona I to n , however.

-\nv automatic heuristics for p lacement of da t a requ i re language

features which permit movement of data oh ie c t s .  One might assume that

an assembler could a lw ay s  place variables a f t e r  unconditional branches,

but this could wreak havoc in the midd le  of a branch table (or in other

instances of calculated addresses , albeit not ones appealing to current

aesthetics). Many assembler languages have “literal pool here” pseudo-

opera t io ns , and a s i m i l a r  pseudo-operation could a l low the progr imuner

to declare sites in the code where storage for variables coul d he reserved .

Scoping might present some problems, hut there is no reason an assembly

language cannot be bloc k structured . Or a notat ion for label temporaries

(comparable to the “ 3F” and “7B” labels in MIX [8 1) could distinguish

names for which the assembler was to allocate storage from those the

programmer wished to control. Higher-level languages of course free the

all ocation strategy from concern about explicitly generated addresses, but

for those which dynamically allocate storage or force program and data

separation these considerations arc of course i rrelevant. However, a FORTRAN

compiler could perform optimizat ion not only with user variables but with its

own temporaries which it may use during expressions evaluation , etc.

Cons idera t ion of block s t ruc tured but non- recur s ive languages poin ts -

up what may he as much a deficiency in machine architecture as in language.

With block-structure the programmer has considerable ability to restrict

scope of temporaries, but the common ~9. addr essin g range res tric ts the

useful size of blocks wi th local variables. The usual block structure

-28-



r restricts declaratio ns to be g inn in g  of blocks , and it is natura l for coni-

pilers to a l locate  storage immed ia t e l y  (and necessary for a one -pass

c o m p i l e r ) .  This means that  data refer ences may never make use of the forward

range of short instructions . Three solutions to this seem to e>~ s t .  One

l ies  w i t h  the comp iler , at the expense of considerable complication and

perhaps another pass. This is to allocate storage in the middle of the

block. The second solution is architectural and not out-of-the question on

microprogrammed machines. This is to have short data references in the range

- .~~~ to 0, perhaps retaining the -; to ÷~ range for branches . Finally,

short data references may be displacement from a base address in a system

or programmer controlled register .

Another observation about short/long addresses i~ that ind i rection

(as in the PDP8) is better than purely an extra word with a long add ress.

Indirection within the +
~~ range to a word containing the full address of

a variable allows many instructions to share that full address . if a page

o or other common segment is addressable by a short instruction , even more

sharing is possible. Indeed the Prime system makes use of such a shared

with addresses placed at link/load time . Optimization at link/load

time is an interesting area for general consideration .

Concern abou t execut ion (i.e ., fetch) time rather than merely program

size has been mentioned before the preceding paragraphs, but it is fittiug

that thi s sect ion should end stressing this poin t . It would he qui te foolish,

in execu t ion cos t, for an alloca t ion strategy to plac e a var iable with a

routine executed only on rare exceptions rather than with a major loop.

Therefore, it is necessary either to predict probabilities of pro gram flow

based on reasonable programming style or to provide facilities for the

-2 9-
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programmer to indica te  a l l o c a t i o n  preferences (cf.  the FRE~JE~ Y statement

of ea r ly FORTRAN) . There may even be a time -space tradeoff , where cons tants

or modules a rep l icated to shorten instructions and thus save execution

time, but where the replication uses more space than is saved by short

instruction formats.

-30-
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APPENDIX

The algorithm given in this appendix is a more complete version of

the algorithm given in section II. The algorithm for deciding ‘whether a

particular instruction is long or short format is presented in detail.

It is actually to be incorporated in the firs t pass of an asserrbler ,

handling instructions after they have been processed by the scanner,

symbols entered into the table, etc. For simplicity , the algorithm assun-~s

that all assembly language instructions are of the saire form - - single

operand with the option of either short or long format machine represen-

tations .

The critical idea for the heuristics of the algorithm is to determine

inirediately , if possible , whether an instruction most be short or long for-

mat independant of the formats of all other ins truc tions -- which we call

“certainly ” long or sF~ rt. An instruction is “cer tainly long” if at least

~ words of source program (generall y assumed to be in short format)

intervene between the instruction and its operand. On the other hand, an

ins truc tion is “certainly sF~ rt” if the nuther of intervening words plus

the nunber of intervenin g instruc tions whose format is yet unknown (and

which, therefore, could expand requiring an extra word) is less than f. It

is , of course , easy to test these conditions for Instructions which reference

backwards , but a forward reference requires an £ word “look-ahead.”

The “ look-ahead ” is actua lly acccx~~lished by ~ instruction buf fers (see

Figure 13). The buffers are I instructions rather than nerely -e words in

length in order to facilitate synchronization of the processes filling and

emptying the buffers . Backward reference instr uctions are classified as

certa inly long or shor t by E~ ThR . RIQfr , which accepts all input and fills the
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4— Motion of cc8 thru buffers (

ENIER• RIGIfl’ accepts inputs fran scanner and fills BR

MIDDLE eupties BR and fills BL

EXIT• LEFT enpties BL and writes output

Figure 13: Buffers and procedures for Algorithm II

right buffer BR. The proc edure MIDDLE takes input off BR and places

instructions on BL , the left buffer , after proces sing . Forward re ference

instructions can be classified certainly long/ short by MIDDLE, since if the

operand is not among the ~ instructions in BR then the forma t is certainly long .

MIDDLE also places all backwa rd referenc e instr uctions , except those whose format

is baiown based on the information in BL , in to the list structures corresponding

to those set up during the Initialization phase of Algorithm I (this is

part of the initialization “on the fly”). t~ ferrlng the entering of these

instructions until this point means that all certainly long/short instr uc-

t ions in their scope have been discovered . For a slmLlar reason , forward

refer ence instructions are not entered on to the lists until they are re-

moved fran &. by FXtT~LEFr.

Since the length of generated code appears to increase as more Ins truc -

tions are forced to expand to long forna t, each of the three procedures

—3 4—



FMER RIGHT, MIDDLE, and EXITS LEVI’ keeps its ~~~~. location counter (at Least

potentially , the location counter is not e~q licitly kept in DCIT .LEFF, but

is kept in ~~Tfl~R . RI(~{r and MIDDLE as PR and PM respectively) . By biasing

these location counters by dis tinct nul t iples of 100000 (presur~d to be

longer than or the length of any generated code), it is possible to meke

cciTparisons which test the re lative position of two labels even though they

have been assigned tositicns by different procedures .

where label gets position value bias

undefined 300000
ENTER . 200000
MIDILE 100000
EXIT LEFT 0

Table 2

For exanple , the test

P[c t] <P [8 ]

is actually a combination of two tests: has ~ passed a “stat ion” in

the buffers which S has not , or have they both passed the same stat ion

with x preced ing S . Of course it is occassionally necessary to ensure

the sane bias is used when comparing two positions - - hence the two different

t imes when P and N are assigned value s in the procedure MTDDLE , iiw~ediately

in the case of a backward reference but not until the completion of processing

a forward reference.

We now give the algorithm in a slightly unconventional but hopefully

understandable notation . In particular , man ipulations of lists , buffers ,

files , queues, and records (the preferred implementation of C,D,P,L[cz]) are

largely descriptive .

_ _ _ _  
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1* =~~~== data stru cture s *1

buffer  BR. B!.. for ( instruct ions;

f r  eich la bel e (
int~ qer Cf c J  initially 0 /~ cou nt */;
in teger D(e l i!~itia11y 0 /‘ distance ~/;integer  P( c- ) ini t ial ly 300000 1* position *1;
li3t LfcJ initially nu l l  );

/* PR and PM are position estia~ tes for ri ;ht and •iidl3 ,
r~ speti ve ly, biased by the ir initial  va lues. 7n~ et i ne1
position , in P( . J . is 300000 */

in te q er PR initially 200000;
integ er PM initially 100000;

I
IS U an d tIM count the nua ber of yet un .a rked inst ru: t ions
(i. e. instructions for vh ich the required len gt h ha ; a~ t
b ea n la ters ined )  at the right ani u iddle res pect ively */

in t ege r  NB , MN ini t ial ly 0;

-

L _ _ _  . . .



/*  ==~~~
= spe:iale~ p roce d ure s

Boolean procedure L0N~~(G ,~ )
/* returns trua IF? 9-~-~ is cer tainly long
frDa curren tly kno wn infor .ation*/
$ P U 9 ]  - P(~~~P > A ;

Boolea n pr ocedure S HOR 1’  (9 ,4)
1* returns true IF? 9:~ is certainly short */
‘Pt 91 — + $N(93 — N[4~~

p r o c e l ur e  LON G’DELI ST (~)f*~orresp on ds to the main loop of algorith m I. r~~ins truc t ion la bellei c is ia~ e 1on~ (“aarked ~) an~ t h ~
bo okkeeping of all y:8 which have e in their scope is
up dated. If this forces V:S to be long, then th e
pr ocedure is repeated with )‘, atc.~ /
r iu eue ~;put on Q;
fo~ each V on Q

(mark V as long ;
for each ~ on L ( Y ]

(D(~~ J 4— D(f l  + 1; C(~~J 4— C ( t l  - 1;
if O f t )  = A ~ I then place M on Q)

1 1;

proce lure SH3RT .D~LIST(*)
/*si .ilar to the main loop of algo rithm I and the
pr~cedu re LONG .D !LIS?, exce pt t he ins truc t ion la b elleI  r

t is cads short •I
( i~ eue Q ;
put on Q ;
fo~ each V on Q

(mark ~ as short;for each t on L ( V )
( C ( M 1  4— C( t )  — 1;
if C f t J + D ( t J = 4 ’ th en put M on~~~)

BEST AVAILABLE COPY
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main “corou t ines”

pr o ce lu r e ENI’ER .RIGHT
( c:f3 gets next instruction f rom f ile ;
P [ x ]  4- P~~ s f z ]  4— N R ;
PR 4— PP 4 1;
if P [c1 - P[~~] > A /*only ba :kwards ref. sat’fy* /

then f mark C:? as long ; PR 4— PR + 1)
else NP 4— MR + 1;

p lac e c:~ ~n BR ) ;

pr oc e lu r e  M I D D L E
( P N 4— P M + 1 ;
x :3 4— next instruct ion from BR; place c:3 on BL;
if z:t~ ~ 5 marked long

then PM 4— PM + 1
else if P f z J  < P (f l  / *forvard reference 5/

then (
if LDM~~(r,~3) /*compare bas ed on PR values */

then f P M 4— PM + 1; mark c:13 as long
else if SH0RT(c ,~ )

then mark c~~ as shor t
~lseNM 4— NM + 1 ;
Pt c] 4- PM ; N( c) 4— tIM)

else /S b ack w ar d reference 5/
( P~~cJ 4— PM; N t c i 4— MM ;
if L0NG (c,~ ) /*based on new values*/

than ( PN 4— PM + 1; mark c:~ a s long )
else if SRORT( c ,f3)

then mark c :t3 as short
else

(integer T init ially 0;
for each unmarked )‘:$ on BL such that P ( Y 1  > 

~ :n( T 4- T • 1: ente r r on L (V]I ;
C (c1 4— r; D(ci 4— P( c l  — P( f 3 J ;
M M 4— tIM + 1)

I;

BEST AVAILABLE COPY
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f
pr oc e lu re EXIT .LEFT

( x :~ 4— nex t  instr ucti on from B L ;
if x:~3 is unmarked  and P ( c]  ( P r f l

t hen
if LO N (g ,p)

then LONG .DEL ISr(e)
else if SRO R T( ,D)

then SHORT .DELIST (I)
else

( intege r TN , TP initially 0;
for each y :S on BL such that P ( 7 )  < P !fl

if )‘:S is mar ked short
then ‘liP 4— TP + 1

else if )‘:~ is mar k ei long
then TP 4— ‘liP + 2

else
( l iP 4— ‘liP + 1; TtI 4- TN + 1) ;

if liP + TN
then SffORT .D !LIST (g)

else
for each y :S on BL such that P ( y J  < P (fl

if ~‘:8 is unmarkedthen enter c on Lf 7) ;
Df cJ  4— l iP ;  C ( c]  4— TN )

Y AYMI.ABtE TO DUC D&S ~T
PERMiT FULLY 1EC~~211 PR O~~~~~~~ C
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1* ==== mainline progra. ==== 5/

/* the main progr am is es sen t i a l ly  c ycling th rou ght  t h e
three “corou tines ” EM TER .R IGM T, M IDDLE , an d FZTP’LE!F .
There is, however , soa~ ini tial and final control 3m :?
EN TER .RIGHT must be executed A times before the right bu ffer
is filled and MIDDLE begins executing, e tc. *1

/* initial fillin~ of buffers SI
for N 4— 1 to A

do ENT !R .RIGRT;
for N 4- 1 to A

do f ENT~B .PtGfIT; NID DL~ );

1* process f~ rtber inpu t */
while IN PtJT .REM& INING

do ( ENTER .RIGIIT; M IDDLE; EXIT .LEFT )

1* f i n a l  f lushing of buffers 5/
for N 4— 1 to A

do ( M IDDLE; E~IT.LE?T );for II 4- 1 to A
do !IIT.L!FT.

H . TT 
.. 

:



The above algorithm, as specified , provides a nEthod of deciding whether
each instruction is short or long format , but does not apply this information
to the actual generation of instructions. A particular problem is the fact

that the information about instruction length, in either version of the
algorithm, is not produced in the order of the program text. This ~~uld not
be particularly inportant if the label cz of instruction (~~~~ was actually
a user-defined label and hence resided in the synbol table. But a is likely
to be “generated” by the asserrbler -- for exauple the sta ten~ it number - -and

there ~~uld be far too many generated labels to fit in a reasonably sized
symbol— table.

One of the major advantages of the above algorithm, h~~ever , is that the
format of “n~)st” ins tructions is determined before they leave the left buffer .
A fina l tentative location counter (PL is the above notation although not
actually part of the al gori thm) would be kept by EXIT-LEFT and assigned to
PEa] as a :~~ leaves the buffer if a is a user defined symbol . St ill assum-
ing unmarked instructions are short , it is however necessary to adju st for
instructions discovered to be long by LONG DELIST after they have left LB.

In particular , a file FIXUP should be created to hold adjustmant infor-

mation and the statE~ nt

“mark y as long”

in L~~~
. IE..IST should be auge~nted to

“if y is in BL t}~ n mark y as long

else output y on file FIXIJP”.

At the end of the first ass~~bly pass the file FIXUP is then sorted in

statemant niither. A linear pass thru this sorted file will then deterutine

an adjt~ trr~~t factor ~thith is added to the location of i~ er-defined symbol. 



This adjustn~ nt can be thou~~t of as the operation

“if the staterr~nt niither of user defined label y

is in the range S1 
to S then the actual

position of y is P [y] + ar
” .

It is , of co~~se , efficiently ip l~ i~ -ited as a binary search . “Origin”

psucdo operations which reset the assemblers location cotriter rrust also

be included in FIXUP if they are n~ re ccvplicated than setting the location

cotnter to a constant or to the old vali~ of the location coix~ter plus/minus

a consort. Few uses of “origin” pseudo-operations ~~,uld violate these con-

ditions. They ni~ t in any case be restricted to expressions containing user

defined symbol(s) which have been previously defined in the program text ,

for otherwise extra pass(es) ~~uld be required. The user defined variables

will thus have adj ustn~nt already associated with then, which can be used

to ecaipute the adjus tmant oorresponding to the “origin.”

—4 2—
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20. ABSTRACT - Cont ’d.

‘operands within programs is discussed . Unfortunately, it is unlikely that an
efficient algorithm can even guarantee good approximations for this problem .
Finally, implications of this problem on hardware and software designs are
considered .
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