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ABSTRACT

A facility to effect separate compilation within block-structured

languages is presenÈed and its utility diseussed. This faciliEy is

expanded to support ongoing maintenance to, multiple versions of, and

local modifications to large software systems. The following ne\^/

abstraction mechanisms are described as they appear in the language L.

A facility for user-defined types which is cornpaLible wÍÈh block

sEructure and Separate compilation is presented. lulore powerf uI

parameter mechanarems is described, namely parameters of type TYPE'

FIELD SELECTOR, and DURATION, as well as implicit parameters which allow

aspects of the type of a formal parameter to be unspecifÍed. A facility

for parameterizaEion of types and pointers as well as procedures is

presenred. The SCOPE of a variable is divided into VISItsILITY and

DURATION. Storage of permanent duration is described which allows the

language sysEem to maintain conËrol over disk and tape storage. The

division between VISIBILITY and DURATION is applied to constants. The

duration and modifiability of storage is included as parE of the type of

a pointer, prevenEing dangling references and allowing pointers to refer

to constants. Overloading and user-defined auEomatic conversions are

incorporaEed inËo the separate compilatiou sysÈem. This involves the

solution to ¡nu1ti-dirnensional matrix equations where ttminimum" and

"addition" are used in place of the conventional t'summation" and

"multiplication" in performing matrix multiplication.
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Chapter I

INTRODUCTION

This thesis presents tr¡o components of a complete programming system: a

separaÈe conpllation system and a nehl programming language, L. The

syntax and control structures of L are not fully and preísely defined in

this thesls; they are described only to the degree necessary to

illustrate the novel features of \ whfch can be classified as

abstraction mechanisms. The separate compilation system is presented

first as a general system which could support a wlde varlety of

languages" Next, the features of L are presented. All of the features

of L have been desÍgned with compilation in mind, and are intended to

fir inro rhe scs.

Traditionally, the fields of language design, compiler design, and

program support environments have been addressed independently" This

lndependence has led frequently Èo programming languages which have been

hard to lmplernenÈ, and general purpose operating systems not weII sulted

to providing the facilities requlred to run programs written in some

languages. For example, block-structured languages have existed for

tr.Jenty years, yet very few systens have provisions for compiling nested

programs other than as one monolithic unit. Similarly, very few linkage

editors and loaders provide support for type checking.

The design aims of the SCS and L are now discussed.

-1-



I"I DESIGN CRITERA FOR TTIE SEPARATE COMPILATIO¡{ SYSTEH

The najor aim in Èhe design of the SCS is to supporE Lhe language L"

Since L ls a block-strucEured language, suPport for the seParate

conpilation of block-structured languages 1s the uajor requirement of

the SCS. In order to prevent massive recompilation effort for each

progran nodificatlon, the SCS must allow segments of the program to be

reconpiled. It is not deslrable to force the progranlmer to break his

program into Índependent units (thus defeatlng block st.ructure at the

iltacroscopic level) in order to coropile them lndependently, as such a

requirement would be inflicting the system's view of the world on the

language design.

It is also undesirable that reconpÍlation of one unit necessitate the

recompilation of others. However, it is essential that the programmer

be notlfied if this sftuation occurs; it should be impossible to run an

inconsistent set of program units.

Since L is a statically Eype safe language it is essential that the

SCS ¡uaintaln this type securfty at all Ëines.

Additional facilities which must be wlthin the scoPe of the

prograrnming envJ.ronment,, and therefore must be supported by the SCS, are

libraries of conmon abstractions, nultiple versions of a program, and

dÍstribution of a program from one site to another"



r"2 DESIGN CRITERIA FOR L

L was designed according to three basic criteria: general

applicability, cornpilability, and usabillty" Each 1s now discussed"

L 1s intended to be general purpose programning language; L is

fntended ¡o be useful in a rside varíeËy of applications ' auch as systeEs

programming, mathematical programning, simulat.lon, data base, and

business applications. This generality is not achieved by attenpting to

anEicipate all areas of application and to include bullt-in facilities

for each. Rather, the tools are provlded for each user to develop his

own envfronment within which he can wriLe hls programs. Abstraction

Èoo1s, block structure 
'

development.

and separate compllation permit such

L is a conpilable language; all symbols and types are resolvable at

compile Ëiue. Conpilation allows efficient object code t.o be generated,

early error detection, and perniÈs oPerator selection (as discussed in

chaprer 4). It is also intended that L should be easily compilable;

that is, each feature of L should have a straightfors¡ard translation

into a low-level object code. In addition to iniElal conpilability' L

has been designed Èo allow separaEe conpilation: recompilation of

subprograms without necessitatfng reconpilation of entire programs.

L is int.ended to be usable. This criÈerion

programming in L should not be excessively cumbersome.

familiar with traditional programming languages such as

should ftnd that progranning in L 1s less work, not more'

requireruent imposed by this crit.erion ls that all of

indicaEes that

Programme rs

PL/I ot Pascal

An addirional

the abstraction



I0echanisms

designers "

request to

PrograrD or

4

be usable by all levels of programmers, not just by system

For example, the programmer should not have to submit a

an adrninistrator ln order to use these facllities for his own

subsys tem.

I.3 ABSTRACTION MECHANISMS AND

I.3"1 I¡IHAT IS AN ABSTRACTION?

THEIR PARAMETERS

"To abstractrr is defined by the Oxford English Dictionary as

"to separate qualltles common to all individuals of a group

fro¡n t.he peculiarities of each individual ."

L.3 "2 I.¡HAT IS A PARAI,ÍETER?

The Oxford English Dictionary defines a parameter as

"a quanÈity which is constanÈ in a part.icular case considered,

but which varies in dlfferent cases.rl

I.3"3 AESTRACTIONS IN L

I "3.3.I PROCEDURES AND TI{EIR PARAI'IETERS

A procedure provides a solution to a class of problèms" The parameEer

mechanism permits the caller to specify which instance of the problem is

to be solved. For example, we may write a procedure which solves a

quadratic equation" Supplying Ehe coefficients as parameters indicaÈes

which parÈicular quadratic 1s to be solved" Thus, the abilfty Èo create

procedures is an abstractfon mechanÍsm, More powerful parameterlzaÈion

facilities in L allow procedures to be wrfËten which solve a larger

class of problems and are therefore better abstractions.
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I "3"3"2 TYPES

A type in L describes a class of variables and values" The tyPe

defined here should not be confused with an abstract data type [LIS75],

which is, ln facË, a type plus a set of operations on values of that

type. This dlstinction ls also nade by steensgard-l'ladsen IsTE8lJ.

Since a type descrlbes a set of variables it is an abstractfon' and a

facllity for fhe user Eo define his own types is an abstraction

mechanism"

I "3"3"3 TYPE GENERATORS

A type generat.or is an abstracEion which defÍnes a class of types. In

conventional languages, the type generators ARRAY and STRUCTURE are

usually found. An instance of a tyPe generator 1s a tyPe, and is

created when parameters are supplied to a type generator. For example,

ARRAY is not a type, However [10] ARRAY 0F REAL is" l0 and REAL are

parameÈers to the type generator ARRAY. Clearly, a facility for the

user Lo create his own type generators is an abstraction mechanlsrn.

I.3"3"4 STORAGE GENERATORS AND POINTERS

A varÍable ls one lnstance of a given type. A storage generator allows

many instances of storage of a given type to be created at execution

tlme. A pointer varlable contains all of the information v¡hich is

unique to a particular insÈance of storage (fts address). Thus a

storage generator is a method of creating instances of an abstracÈion

and a pointer is the mechanisu identifylng each instance. If more than

jusE the address of storage varies fron one insÈance t.o the nexE, this
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information as well can be stored (along with rhe address) as a

component of the poinËer" For example, if the storage generated r^¡ere of

variable length, a pointer to such storage would consist of its address

and length.

I.3.3"5 PROCEDURE OVERLOADING

Overloading allows many procedures Ëo be defined with the same name.

Thus the name is an abstraction representing many procedures wirich

(presumably) implement a similar function. The particular instance of a

procedure whose name is called is selected according to the number and

type of its parameters. The mosE familiar example of overloading is the

overloading of built-ln operaÈors in languages such as FORTRAN. The

operator rr+rt, for instance, performs addition, even though a wide

variety of object code may be generated, depending on the Eypes of the

operands.

I.3.3.6 AUTOMATIC CONVERSIONS

Automatic conversions not only increase the conveni-ence of using a

programming language; they allow more pov¡erf.ul procedural abstractions

Ëo be created. For example, wê may write a procedure, GAI'll'lA, which

evaluates the gamrna funcEion of a LONG REAL argument and returns a LONG

REAL result. If automatic conversion exists between INTEGER, REAL, and

LONG REAL, this GAl"lMA procedure will function with any combination of

these types as argument. and result. This abstraction is Èhe equivalent

of r¡riting nine overloaded functions. Furtherurore, such conversions

will increase Èhe abstraction of a1l- procedures which operate on L0NG

REALS.



T"3.4 ABSTRACTIONS NOT IN L

A very powerful absLract.ion mechanism which is not found in L is a nacro

facitity for texËual substitution" Such a facility is outside the scoPe

of a compilable language, âs a macro language is itself a (different)

prograrnming language whose execution time output is source code for

ano¡her language. Macros are often used where existing facilities are

inadequaÈe; the abstraction mechanisms in L are intenC".r' '-i> i-¿ por¿erf ul

enough to solve most problems for which macros are currently used.

I.4 THESIS ORGANIZATION

Chapter 2 of this thesis presents t,he separate cornpilation system which

can be used for L or, fndeed, for any block-st,ructured language. The

separate conpilation systeln allows the programmer to recompile any

procedure within the program without necessarily having to recompile

EhaE procedure's subprocedures" This system provldes type checking

across cornpilation boundarfes, library support, and provision for

on-going maintenance to and rnultlple versions of a program. In

addition, the concepts of dlstributed programs and local versions of

prograus are presented.

Chapter 3 discusses scoping rules and four abstraction mechanisms:

procedures, user-defined types, type generators, and storage generation-

New parameters which enhance t,he procedural abstraction are presenÈed'

namely, parameters of type fiPE, Parameters of fyPe FIELD SELECTOR' and

inpllcit parameters t,Ihich are automatfcally supplied at each call. In

addition, a mechanlsm is described whereby defaults may be supplied for

omitted paramet.ers; these defaults may be looked up in the syurbol table

either aË the call siÈe or at the site of the procedure's definltion.
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Two forms of user-def ined type are presented in chapter 3:

eguivalent types and new types. The MODULE mechanism of L is shown to

provide the inforrnation hiding necessary to implement an abstracE daEa

type as defined in [LIS75].

the same paramet.erization to

Type generaEors are provided by allowing

be applied to user-defined types as to

procedures. The implicit parameter mechanism is used to interrogat.e

these parameEers. Lastty, storage allocation and pointers are discussed

as they appear in L. The duration of storage, as well as l¡hether or not

that storage may be modiffed, may be controlled explicitly by the

prograrnmer. The duration and nodifiability of sEorage to which a

pointer refers are lncluded in that pointer's type. A paraüeter

facility for pointers 1s defined whereby a poinÈer may refer to storage

whose duration or type is not fully speciffed at compile tirne.

Chapter 4 discusses the facilities of procedure overloading and

automatic conversions. An algoriEhn for the selection of overloaded

procedures based on the tyPe of their ParameEers and result is

presented. A facility for auEomatic conversion is int.roduced and found

to interact with the selectlon Process. For this reason, a best fit

solution is presented for the selecEion Process. The addition of

user-deflned autonatic converslons has a large impact on the separate

compilation systen. Therefore, algorithms are presented v¡hich miniroize

this inpact.

ChapÈer 5 contains some concluding remarks and makes suggestions as

to further research artsing fro¡n this thesis"



Chapter II

A SEPARATE COMPILATION SYSTEI'Í

2.L INTRODUCTION

This chapter presents a separate compilation sysÈeE for L" However,

most of the features of this system are applicable to other compilable

languages such as Pascal [WIR7t], Algol 68 [IIIJ76] ' 
Ada IICH79a ICI{79b

IcHBOl, Protel IFOX79] , and Mesa []lrT79l .

A separate compilation system Ls a system which allows the programmer

to recompile a section of an existing program without having to

recompile the entire program. Such a system is necessary for several

reasons.

Firstly, a program may become so large that it is irnpossible to

compile it in its entirety; if is necessary to break aparÈ such a

program lnto many compilatlon units, each of which is nanagable by the

conpiier.

Secondly, a large program will inevitably require maLntenance

modification. A considerable saving in compilation expense can be

and

had

theby rnerely reconplling Èhe affected compilation uniÈs,

whole program.

rather than

Thirdly, it is not reasonable to expect the user to recomPile each

rout.ine r,¡hich he uses in his prograrn. Such a requirement r¿ould cause

-9-



the recompilation of

user Programs"

IO

a large fraction of the operating system for most

Fourthly, the user mus¡ be able to create his own library or

envlronment. Such a faclllty is necessary for the user to suit the

language, L, to hts specific purpose. It is Ëhrough rhe use of such

user libraries, coupled with the abstraction mechanisms presented, that

L is lnÈended to obviate the need for many of the special-purpose

languages that exist and are being developed today"

Finally, a separate conpilation system can be used Ëo maintain

several versions of a particular program withouE having to duplicate the

large amount of code r¡hich roay be common to many specific versions"

2.2 THE UNIT OF COMPILATION

The separat,e compilation sysÈen described here fulfils the above

requiremenÈs by allowing the programmer to recompile any procedure

r¡ithin a program at any time. The procedure was chosen as the unit of

compilaEion for the following reasons.

No extra compilation informaEion need be specified by the programmer

when he is writing hls progran. Blocks and procedures are natural

units; currenE programming methodology dict,ates that programs be

subdlvided into fairly small procedures which could be complled easily

on a minicomputer. Blocks and procedures nnay be further conbined into

modules or packages, however such a comblnation is not forced by the

compilation system. In facE, these modules are often too large to be

compiled in their entirety" For example, Ada's MATH LIB and TEXT I0



packages are both enormous. There is, of course, no reason

components of a module could not be compiled together; there

requirement.

why

is

II

all the

no such

Other languages, such as FORTRAN and PL/I, use procedures as the unit

of compilation" These languages require that Èhese procedures be

independent; that they share no common declaraËions " It is seldom

convenient to break up a program into independenÈ procedures; often this

process is deferred until the program becomes so large that it can no

longer be compiled.

Ada allows the separate eornpilation of procedures which are not

independent" However, the header of the separately conpiled procedure

must be specffied within its contaÍnfng procedure, and the body marked

as separate. The header, therefore, nay not be separately coupiled.

Furthermore, the programmer has to predfcÈ which procedures Eay require

recompilaÈion and do extra work for these procedures. In the author's

experience, it is impossible to predict which procedures will require

maintenance or modification.

Another reason for the use of small compilation units is that when a

nodÍflcation is made to a program, the programmer making the

modification must Eake control of the entire compilation unit" The use

of small coupllation units reduces the probabilfty that two

nodffications will lntersect,

In fact, âny scope delimeter can be used as the unlt of compilation;

the procedure was chosen in L because it is the snallest unit. Under

some circumstances, âr entire scope may be too large a unit" We nay
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wish to recomPile only one or two declarations from a particular scope'

This could be done using the facillties discussed here. However, only

compilation time would be saved; the effect on the system v¡ould be the

same as if the entire scoPe had been recompiled.

Z "3 ORDER OF CO}IPILATION

All separate compilation sysEerns, other Ehan those r¡hich recompile only

independent unÍts, require thaÈ these units be cornpiled according to

some partial ordering. Furfhermore, this same ordering is imposed on

recompilatlons. In L, an order is required for the initial compilation

of a program. Horlever, af ter the initial compilation, uniEs

(procedures) nay be recornplled in any order. Recompilation of one

procedure will necessitate recornpilation of another only if Èhat second

procedure 1s invalidated by the recornpilation of the first.

Since L is a block-structured language, the order of initial

compilation can be determined easily. Since any procedure can reference

the declarations of lts ancestors, each of its ancestors must first be

compiled before the procedure itself can be. Thus, the program may be

compiled in any Eop-down order. Languages such as Ada, Mesa, and ProÈel

explicitly name the units $¡hose declarations are referenced. Such units

must be complled in an order such that any included unit is complled

before the unit which includes it.

l.Jhen a unit, is recompiled, any uniE which can ref erence its

declarations may be affected. In other compflation systems' these units

must immediately be recompiled, along with any unlt lthich nay depend on
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them. In the L compilatlon system, Ehé new version is compared to the

object code for the old, and it is determined whether or not dependent,

uniÈs could possibly be affected. T.f. they could not, the change is

called a compatible urodification, and no further Processing occurs. If

the change is not cornpatibleo the incompatible changes are recorded with

the objecr code and are checked by the linker or linkage editor" If the

change does not affect a unit, no further act.ion is taken. If the unit

is affected, the linke¡ mekes the appropriate fixups to the object code

if possible. If a fixup is not possible, the linker rejects the unit as

being incompatible with the new version of the program.

There are tvJo reasons for such an approach. First, a large amount of

recompilation tirne can be saved. Second, Ehe system tray be used where

¡he dependent units are not necessarily available when the recompilation

is done.

The amount of recompilaEion Eime which can be saved is not

insignificant. Many common units will be referenced by almost every

progran in the system. Lauer and Satterthwaite state that such a

universal reconpflarion for the Pilot project ILAU79] Èook

one-and-one-half to two days of enforced inactivity among the members of

the project "

Universal coropilat.ion, as mentioned above, ls possible only if all

componengs of the program are available to be recornpiled. Consider,

however, the standard prelude available to all programs. If such a

separate conpilation 6ystem were used to create Èhis prelude, then all

prograps lrritten in the language ç¡ould be found to be dependenÈ on this



prelude. After any urodiffcation

procedure, it would be necessarY

exi s Èence .

Several similar lssues,

in [JoLBl].

2.4 LIBRARIES AND DISTRIBUTED PROGRA},IS

fncluding upward compatibility, are discussed

L4

netJ

in

to

to

this prelude, such

find and reconpile

as adding a

every progran

A library can be irnplemented ln the following way:

REAL
REAL

I. BEGIN
2" PROC SIN(X: REAL)'RETURNS
3. PROC COS(X: REAL) RETURNS

4 " BEGIN
5. END

6. END

Y:
Y:

BEGIN ".. END

BEGIN . ". END

A compÍlation of a users' p^tagram using this library can be viewed as a

replacement of the block beginning on line 4 " The program can be

cornpiled r¡hether or not the bodies of SIN and COS have been written. If

they have not , a null body rnay be supplied at the outset, 1at,er to be

replaced by the actual implementations. The user's program need not be

recompíled when these replacements are done. If three Programmers are

developing the three programs, much of their work can proceed in

paralle|" Furthermore, if Ehe library is a system library, maintenance

rnay be done wlthout forcing existing programs Eó be recornpiled. The

sysÈern therefore faciliEates top-down as well as bottom-up Program

development. The Algol 68C systen [80U74] provldes a subset of such a

facility; only top-down compilation of nested environments is provlded.

Of course, the programmer cannot actually change a public library.

Instead, his rnodiflcations are effected in his own object dåta base
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(ODB). !ùhen he links his program, both the library's and the

prograrnmers ODB are supplied " Any rouÈines v¡hich the programmer has

modified will reside in t,he programmer's ODB and will be selected in

preference to the versions in the library's ODB. The linker verifies

that the saue ODB's are supplied at llnk time as those which !¡ere

present at conpile time.

There can be an unlimited number of user's ODBs, each of which is

under the sole conErol of a user. It is noE possible to have any

pointers or references fron the library ODB to the user ODB. On Ehe

other hand, references from the user ODB to the library ODB are

numerous. If a program resides on more than one ODB, it is called a

distributed program.

In a large program, there will probably be more ODB's than just those

of the library and the user. There may be a user library, âs well as

system and sub-systern libraries" In addition, there may be various

special-purpose libraries which the programmer r¡ishes Èo use, such as a

linear algebra package or a plot.ting package. Each of these libraries

would.have its own ODB. When the user's progran is conpiled, all of the

ODBs are supplied to the compller to form a distribuÈed objecE data base

(DODB).

Distributed programs also arise from a user's ¡oodifications to a

suppller's softvrare. In this case, the user makes whatever

rnodificatlons are necessary to make the softv¡are conform to his

requirements. These rnodifications are reflecÈed in his ODB" Now, if

the distributor applies mainÈenance to the software, the user can stíll-
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make use of this new release so long as none of the procedures he

nodified are also modified by the EainËenance. Reducing the size of the

unit of compilation reduces the possibility of such conflicting

nodifications. IBM has recently developed a Syst.en l'{odif icaEion Program

IIBM80] to aid the user in applying such rnodifications.

2.5 IMPLEHENTATION OF THE SEPARATE CO}ÍPILATION SYSTEI'I

The heart of the separate cornpflation system is the ODB. The ODB

contains the objecC code for each procedure in the Program. In

addition, the ODB contains all of the symbol table informat.ion necessary

to cornpile (or recompile) the Procedure or one of j-ts sons. The

dependency structure of the procedures is rnâintained in the ODts. In

addition, control information is stored r,¡htch indicates when

recompilaÈion is necessary.

Two programs which access the ODB are part. of Èhe seParate

compilat,ion sys teIB: the program editor and the linker/Ioader. The

prograg editor conpiles or recompiles procedures (supplied to it by a

text editor, which is not discussed in this thesis) and updates the ODB

appropriately. The linker brings together all the procedures of the

program, checks their consistency, does fÍxups if possible, and produces

execuÈable rqachine code. The loader performs all of the functions of

the linker and then executes the machine code. The loader is discussed

!n this chapter; the linker nerely perfonns a subset of its function"
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2.5"L THE OBJECT DATA BASE

The objecÈ data base must be capable of primary-key and secondary-key

retrieval, where there may be multiple occurrences of the same secondary

key. It nust be possible to concatenate these data bases, so that the

ones closest to the front are searched first. Thus, a user rnay have his

own llbrary which takes precedence over that of the systen.

Each procedure is stored as an entity in this data base. Lhe

secondary key of the ent.ity is the unqualified name of the procedure.

The primary key is a unique key generated when the entity is defined for

the first time. Each such object module contains the following
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informaEÍon:

1. the name of the object module conÈaining this procedure's

father. The father is that procedure which fmmediately

contains this one"

2. a timestamp. (TS)

3. the tine sEamp of the father under which this procedure

was compiled. (FTS)

4" the symbol table entries corresponding to the local

declarat.ions of this module.

5. a list of procedures called by this module, and the

addresses within the object code of each of the calls. A

procedure passed by this procedure as an actual parameter

will be ln this l1st; formal parameters will not.

6. t.he sfze of local storage for the procedure

7 " a list of the addresses in the object code of all variable

references. Alternatively, object code could be generated

so that variable references could be identified by

context,.

8. the objecÈ code for the procedure.

9. backwards conpatibillty records to be described in secEion

2.s "s. (cR)

2"5.2 TIIE LOADING ALGORITTIM

The algorithm by which a program is loaded and subsequently executed

fron t.he object data base is now presented' This algorithn ignores
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compatibllity crfteria which will be discussed later.

I " Read the object module corresponding to the mainline

Prograln"

2" Bring in all object uodules which this procedure

references and whlch not already present.

3. Repeat L1213 (recursively) for every object nodule brought

in by 2.

4" Resolve all interprocedural references by filllng in the

appropriate calls with the address of the uodule called.

If all the necessary modules 'cannot be loaded into memory

at one time, tre can place the address of a dynamic loader

into the call address fields. When this dynamic loader is

called it can load modules into memory using an

appropriate paging algorithm.

5" CaII the nainllne procedure.

This algorithm traverses the call graph of the program, loading all

procedures on that graph" Not.e that, in step 3, only the procedures

called by procedures which were not previously loaded need themselves be

loaded; if the calling procedure were already loaded, then steps 1'2'

and 3 would have already been executed for the called procedures when

the calling procedure was loaded. This saue check prevents infinite

' recursion if the call graph has a loop in lt caused by recurslve

procedure calls. Only routines v¡hich are actually called are loaded by

Èhis algoriEhm"
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2"5"3 STORAGE ALLOCATION CONSTRAINTS ON THE COMPILER

In order to accommodate the program editor, certain constraints on the

object code generated by the compiler are necessary. A declaration of a

variable of any type must cause a fixed amount of storage to b€

allocated on the stack. This is a very common approach to compilaEion.

Local variables of unkno\,¡n or variable length are handled by storing a

pointer on the stack and using a level of indirect.ion whenever

referencing them. Thus, all local variables are addressed as a

displacement from the beginning of the local storage area for the

procedure" A given proceilure can reference variables in the n scopes

which contain it (n is small). The set of n addresses of the local

areas corresponding to Lhese scopes 1s called the display. All variable

references wiEhin the object code consist. of a pair of integers b,d

where b is the index into t,he display of the base address, and d is the

displaceroenÈ from this address at which the variable to be referenced

will be found"

2"5"4 RAI'{IFICATIONS OF PROGRAI'{ MODIFICATION

When a program is nodified using the program edltor, the ediÈor must

locate the corresponding object module in rhe object data base" The

programmer may have speciffed an incornplet.ely qualífied name. Using

secondary key access all modules wlth t.he same ungualified name can be

found. By followlng the father pointers of these modules, the editor

can eliminate all of the incorrect choices.

Instead of building the symbol table

reads the synbol table segments fron

procedure and all of its ancest.ors.

from the program, the ediÈor

the object modules for the
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Irlhen the declarations are processed, each symbol 1s looked up in the

existfng syrobol table, If the symbol exist.s and the types are the same'

no action is taken as no change has been made" If the types are

different, the declaration is recognised as a modiftcatlon Èo the old

one. If the syrnbol is not found, the declaration is recognised as an

insertion. After all of the new declarations have been processed, ânY

synbol table entries which have not been referenced are recognised as

deletions "

When a declaraEion ls added to a procedure, it is added Eo the syrnbol

table and its storage is allocated at the end of the local area. The

length of the local area is updated appropriately" If t.he type of a

variable is changed so as to change its length, oE a declaratlon is

deleted, the locaEions of local variables must be reassigned.

If a type declaration ls changed, all variables of that type

affected as if their type was changed directly. Furthermore'

subprocedure which references that type will be affected.

If a procedure is inserted, a unique nar¡e for the procedure

creaEéd, and so is an object module in the object daEa base.

procedure is deleted, its object module is also deleted.

Replacing execut,able code causes no problem; the new code is coropiled

uslng the symbol table from the appropriate object modules, and the

object code port,ion of the appropriate object urodule is replaced"

The symbol-table entry for a procedure header belongs to the syrnbol

table for the father of that procedure" Thus, ânY change to the header

are

any

is

Ifa
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is Èreated by the editor as a change to the father as well as t.o the

procedure.

2"5.5 COI'IPATIBILITY INFORMATION IN OBJECT I,IODULES

If we have done nerely insertions which do not obscure more global

na6es, and execuËable code modifications, we have no fear of affecting

lower-leveI routines . This will be Ehe siti'a i -- ^,r: f or most

modifications. Such modifications are ca1led compatible changes. All

other changes are called incompatible because they may affect dependent

procedures. If we have a compatible modification and the "father time

stamp" (FTS) field of the module being changed is equal to Ehe "time

stamp'r (TS) field of the father, then the edltor can merely update the

data fields in the object module. If the FTS does not corresPond to the

father's TS, or an incompatible change was made, v¡e must create a

ne$¡-gene ration nodule .

Creation of a ner.¡-generation module involves writ.ing the module with

a nerdr TS and FTS. Furthermore, a compatibility record (CR) is appended

to the module. The CR contains the old TS and the old FTS.

If an incornpatible change \.vas made, subprograms to the module changed

nay be affected. If there were deletions or modifications to

procedures, the CR contains a list of the unique nau¡es which were

generated for these procedures. The loader ensures that no module

accessing these procedures will be run. If there Í¡ere deletions or

changes to variable declarations, the CR contains a list of b'd

addresses which are no longer valid" If a reallocation of storage bras
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done for any reason, the rnapplng from the old brd addresses Èo new brd

addresses is included 1n the CR. If a type definition v¡as modified so

as to change the length of the internal representation, then t.he name of

that type would be included in the CR, so thaÈ the loader could re-nap

local storage of subprogralls as necessary"

There 1s a special case of insertion and deleÈion. If an lnsertion

obscures a more global iteu, and the type of the inserted declaraÈion is

different from that of the nore global, the b,d (or the unique name in

the case of a procedure) of the obscured symbol is added to Ehe invalid

list in the CR. If the two tyPes match, a mapping from the global b,d

to the new b,d is added to the CR. The situation of deleting a

declaratfon to uncover a more global one is analagous; if the more

global declaration does not have the same type, the name or b'd is added

to the invalid list fn the CR; if the types are the same, a mapping froro

the local brd to the globat brd Ís provided. This special case is

useful for the addition and deletion of local replacements which

override library or system procedures and variables" For example, the

programmer xnay wish to intercept all cal1s to the system routine, PRINT'

in order to formaE his output differently" This end could be met by

adding a more local version of PRINT wÍth exactly the same parameter

types.
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In summary, the CR contains the following information:

l. the TS of the o1d object module

2. Ehe FTS of the old module

3" a list of b,d addresses which nay no longer be used

4. a list of unlque procedure names which may no longer

called

a list types which have been changed

a list of old b,d to new b,d maPPings.

a list of mappings of old unique names to ne\.l unique names

of procedures.

2 "5 "6 COI.ÍPATIBILITY MAINTENANCE VIA THE LOADER

tr^Je can ensure conpatibili ty of modules by enhancing the loading

algoriÈhm. For every module which is loaded, w€ check the FTS field

against the TS field of the father. If all of the tlme stamp fields

match, the program can be executed without further concern. For every

module, M, whose father is no longer compatible, Ehere must be a

compatibllity record, associated wiEh the father, whose TS is equal to

l'I's FTS. l.Ie then check the list of procedures which are no longer valid

against. the list of procedures called. If there fs any intersecÈion, we

terminate the loading and inform the user that his Program musE be

recompiled because of an obsolete reference to the procedure in the

invalfd list. Sirnilarly, wê check the list of b,d addresses in the

lnvalid list with the list of b,d addresses used in the procedure being

loaded. If there is no intersection, the module can be nodified to be

coxopatible with its father by applying Èhe b rd rnappings " The

be

5.

6"

7"
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¡nodificatÍon can then be saved back into Ehe object data base to create

a ne!¡-generation module r¿hich is compatible" Or, if write access Eo the

object data base is not available or \.¡e wish to maintain the older

version of tÏre module, \de can apply the rnodifications to the in-memory

copy only. In thls instance, the compatibility modificatlons must be

re-applied every ti¡ne the module is loaded.

If a courpatibillty record is applied to a module being loaded, then

all newer compatibility records associated vtith the father must also be

applied. Furthermore, if the FTS in.the compatibility record does not

correspond to the father, the necessary compatibility records from the

father's module must first be applied. Once this recursive process is

complete, the module can be executed.

2 "6 AN EXAMPLE OF THE USE OF TTIE PROGRAI'Í EDITOR

Suppose we have a hierarchy of procedures wlth C

B a subprogram of A. The object data base after

Iooks like this.

name FP TS FTS

Anullt-

BAII

CBII

At time 3, we make a compatible change to B.

the above information 1s changed"

a subprogram of B, and

the initial compilation

B ls updated but none of

AÈ tlme 4,

conpaEibili ty

lre recompile A makfng

record and arrive at the

incompatible changes"

following structure:

We build a
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| --- original rnodule --- | --- CR --- I

narne TS FTS TS FTS

I-

At time 5, we make a compaËible modification Eo B. We detecE that B's

FTS is not equal Eo A's TS. We therefore apPly A's CR Eo B" A

coropaEibility record is added to B and B's TS and FTS are brought up to

daÈe"

I --- original rnodule '---l --- CR --- |

naue TS FTS TS FTS

I-

4LI

I

AE Ei¡ue 6, we make an incornpatible ¡nodificatlon to A. We write another

conpaÈibility record and arrive at the following:

| --- original module --- | --- CR --- I --- CR --- |

name TS FTS TS FTS TS FTS

l-4

B54II

CII

At tine 7, l¡e attempt to run the program" l.le check the modules for

compat,ibility 1n top-down order. B assumes version 4 of A. We must

therefore apply A's CR for TS=4. This brings B into line with A,

version 6. l.le now have:

A
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| --- origlnal

name TS

A6

B7

cl

--- CR --- I --- CR --- |

TS FTS TS FTS

l-4-

1154

module ---

FTS

6

I

C assumes version I of B. We must eventually aPply B's CRs to bring

c up to B level 7, B's CR for brlnging TS=1 up to TS=5 requires A level

4. since B level I assumed A level l, we must apply A's CR for TS=l in

order to bring C fnto line with A level 4. Then ¡,¡e aPPly B's CR for

TS=l to bring C into line with B level 5. Slnilarly, in order to apply

B's CR for TS=5 we must flrst bring C up to A level 6 by applying A's CR

for TS=4. Finally we have:

| --- original module --- I --- cR --- |

TS FTS

I.

l1

1t

--- cR --- I

TS FTS

4-

54

name TS FTS

2"7 OTHER FEATURES OF THE

2"7 "L OBSOLETE VERSIONS

The program editor described

That is, all versions are

recent version is valld" It

installed at lnany locations,

version of the syscem"

PROGRAM EDITOR

above supports a forward

ordered chronologically and

is possible, however, that

and every location does noE

6

7

moving system.

only the most

the systeur is

have the same
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Thus, when a program 1s being cornpiled on one system, the donor

system, to be used on another, the receptor sysEem, ft is quit.e possible

that. the receptor sysÈem is obsolete, and t.herefore the donor system

musE be back-levelled in order to do the necessary comPilation.

A back-levelled compilation may be requested by supplying an old time

stanp to the program editor. If the ediÈor needs to bring the sysEem

forward to this time, 1t does so by applying the appropriate CRs as

described prevÍously.

If, however, the system needs Eo be regressed to an earlier version,

the inverses of the compatibilíty records must be applied. The

algorithm to apply the inverse CRs is the correct order is much the same

as the origlnal algorithm.

The inverse CRs nay be generated easily; the inverse of an insertion

is a deletion, the ínverse of a delet.ion is an insertion, and the

urappings between b,d pairs are trivially inverted"

Thus, with the addition of inverse CRs to the object data base, âDY

old configuration of the program may be reproduced.

2"7 "2 }IULTI-CONFIGURATION COMPILATIONS

When maintenance to a program becomes necessary, íE is often necessary

to make the same change to all older versLons of the program as well as

to the current version. In Ehis section the possibility of naking the

same change Èo all or many versions of the program aE the same time is

discussed.
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The most frequent change will be the recompilation of executable code

in some procedure. It would be desirable for the same object code to be

valid for distributlon to all receptors, regardless of the level of each

receptor's systeE. The programmer can request such a multi-leve1

compilation by specifying a list of TSs along wiÈh the appropriate

command to the program edit.or. Alternat.ively, the programmer may

specify a range of times or nay specify that all possible versions are

to be supported.

In order to implernent such a requesE, the program editor courpiles the

program in the context of his existing system" Then the appropriate

inverse CRs are applied Èo bring the object code through the various

versions" If there is an intersection between an invalÍd list and Ehe

corresponding reference list, the editor must stop and indicate thaE

previous versions are not compatible"

If a brd paír needs Ëo be translated, then more than one version of

the objecr code is produced, each version handling a subset of the

desired configurations. If there is no intersection, Èhe object code

applies to all versions and can be marked with all the relevant t.ime

stamps indicaring t.hat the objecE code may be inserted into an object

file at any of Èhose levels.

2.7 "3 MULTI-CONFIGURATION DECLARATION CHANGES

If a change to be effected on nultiple versions of a progran involves

replacement of declaracion parts, extra processing is required of the

program editor" As mentioned earlier, the program editor conpares the

new declarations Eo the ones which exist in the object data base and
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recognises additions, deletions, and changes to declaratlons" These

elemen¡ary operations are effected and a new symbol table is produced"

This new symbol table will be approprlate for older versions of the

program only if no declaraEion changes were made to the procedure in

question since the older versions. It is also necessary that none of

the declarations in the symbol table are affected by more global CRs.

If these two conditions are metr the same symbol table can be used for

the older versions as well as the current one.

RaËher than treh¿iilå a declaration change as the replacement of all

of the declarat.ions in a procedure, each elementary operation recognised

by the edÍtor can be consfdered individually. The CRs nay be extended

by adding the necessary informat.ion to converE a symbol table from one

version Ëo the next. In the case of additions, the CR would contain the

new symbol table entry. In the case of a deletion, the CR would

indicate such. In the case of a change, the CR would conEain the new

synbol table entry. From this infornaÈion, all the abbreviated

information previously in the CR can be deduced. Inverse CRs would

conEain slmf Iar informaÈfon"

These CRs need not be applied in strict chronologlcal order' For

example, a sysEem nay be creat.ed at tirne I. At tirne 2 some declarations

are added" At time 3 some other declarations are added. A user running

level I nay l¡ant the later changes applied but not want to bring his

entire sysEen to level 2. The CR taking level 2 to level 3 may be

applied to Ehe user's system. He does not end up wiEh level 3.

However, he does benefit from rhis latest nodification'
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Clearly, idenElfying versions by TS alone is no longer adequate"

Inst.ead, versions must be identified by their genealogy. For example a

level 3 systen is called a L-2-3 conffguraEion urhereas the user's system

discussed is a I-3 configuration. The CRs may be applied in any order

provided that an attempt is never made to insert. an existing declaration

or to delete or change a non-existent declaration.

It is possible that the modlfications at time 2 and 3 both affect the

executable code for a procedure, P. In this case the code for P for

version l-3 and for version L-2-3 would noE be the same. Thus, a

different verslon of P would have to be maintained by the programmer.

There are tv¡o lrays in which the versions of P may differ. If one

versfon references declarations which not avallable in another

version, the program editor w111 enforce the distinctlon between

versfons. If there is merely a logfcal difference between the

procedures, a general purpose versÍon which r¿orks for all configurations

can be written.

In any case, these conflicts occur only if the same declaraËion or

block of code is involved in more than one modification. The

probability of such interference Is greatly reduced by the fact EhaÈ

these unfts are generally small. In a system with larger compilation

units, the probabiltty of interference is much higher as any t¡'¡o

uodificatfons which affecÈ the same cornpilarion uniÈ will conflict"
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2.7,4 SELECTABLE FEATURES

A selectable feature (SF) is an enhancement or ¡nodificatfon Èo a program

whích may selec¡ed or noE depending on the requirements of an individual

user. Such rnodifications are nefther chronological nor hierarchical;

they may be applied in any order or combination in order to generate a

special-purpose version of the prograrn" It is irnpossible to maintaln

each possible version separately; t0 SFs generate 1024 possible versions

while 20 SFs generate 11048r576. The program editor handles SF's in

much the same 1.¡ay as the chronologically ordered modifications discussed

in sect.ion 2.5. Each SF is'given a name instead of a number. This name

is found in the CRs instead of the TS. The appropriaEe combinaEion of

CRs is applied in order to generate a particular system" The program

editor can deËermine whether or not SFs conflict and also minimize the

number that do conflict. If a nevl SF conflicEs with existing

configuraÈions, Ehe progranmer must declde vrhether to maintain many

different versions of the procedures

purpose procedure, to effect his

disallow certain combÍnations of SF'

contention, to write a general

in a different mânner, or to

in

SF

s.

2"8 CONCLUSIONS

This chapter has presented a program modification system based on block

structured languages. The unit of compilation has been chosen to be the

procedure. A program editor has been presented whfch will allow

separate coupllation of any procedure without ext,ra prograrnming or

foresight as to which procedures would require recompilation. An object

data base 1.¡as presented rchich stores the compiled version of the program
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and enough control infornation so that Program fragments can be

recompiled, and so thaE procedures can be recompiled r¿ithout

necessitating recompilation of subordfnate procedures. Subordinate

procedures whlch are invalidated are detected when they are loaded.

Thus, the need for a massive compilation effort r¡hen a core declaration

or procedure is changed is obviated" Extenslons to the object data

base and program editor which allow many configurations of a progran to

be mainËained concurrently l¡ere presented.

The separate compilation system would be of little use if its use was

just as expensive as recompilation" Expense involves many criteria

includfng CPU tlure, computer melnory, and dlsk storage. In addition, CPU

t.ime and memory usage are dlvided into that used at courpile time and

Èhat used at run time.

At run time, normally the only expense of the SCS 1s thaL a Èime

stamp must be checked every time a procedure ls loaded. Unless a change

has been made and the program has not yet been thoroughly tested, the

tine sÈamps will always natch. If it is essential that no additional

overhead be incurred, the program can be pre-linked before execution.

Since a large number of changes are compatible, many recompilations

of subordinate programs are prevented. When incompatible changes are

made, however, the Eime stamp checklng will cause conpatibility analysis

to be performed on all subordinaÈe prograus. Only if this analysis

fails does recompilation need to be done. The conpatibility analysis ls

cheaper than reconpilation; it consÍsts merely of nerging the faÈher's

and son's compatibiliÈy lists, looking for maEches. This Process
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requires no symbol table, very little memory, and the time required is

linear with the size of the CRs. In addition, iE could be inplemented

on the target machine, which nay not have a compfler" On the other

hand, recoupilation requires that Ehe source for the program be read in,

that all global symbol tables be read in (and searched), and that the

syntactic and semantic analysis be done. Thus recornpilation uses more

storage and is more complex than performing the compatibility analysis.

Sice a single change may cause many procedures to be checked, the saving

is very sfgnificant.

The SCS uses some disk storage. The symbol tables stored in the ODB

would be required by any separate compilat.ion system. The disk overhead

of the coropatibility analysis is Èhe extra storage required to cross

reference each non-local brd address, and the storage required to store

the CRs. A cross-reference entry need be no larger than the brd address

itself. Addresses t,hemselves urake up a fraetion of the object code. 0f

these addresses only a fraction will be global. It is the author's

estimate that the cross-reference infornaEion will noE increase the size

of the object code by Eore than l0Z. This est.inate is based on one

third of the object code being addresses and one Ehird of these

addresses being global. The storage required for the CRs depends

entirely on Èhe amount of rnalntenance applted to the system" Because of

the CRs, the source for the Prograll roay be stored off line, freeing a

considerable amount of sÈorage.



Chapter III

A VIEW OF PARA}TETERS AND SCOPE

3.I INTRODUCTION

Many different concepEs of parameter passlng and scoping rules have been

developed. Three, in partÍcular, have been widely accepËed: the Algol

system of staEic scoping [NAU62], the system of textual substitution as

wlth MACRO parameters IIB]'175 IBM76] , and the system of dynamic scoping

as in ApL I IVE62 IBM78] and LISP [WEI67] . Some are more povrerful and

some are more clear in sone instances. Some are more "compilablett than

others. In this chapter we atÈempt to unify the three parameEer

mechanisms to provide the most power while stil1 maintaining the

security necessary for compilabiliEy. New language features such as

user-defined types are discussed (in the conEext of this ParameEer

mechanism).

3"2 PROCEDURES AND MACROS

In all programming, certain processes are performed ruany times. If the

code necessary to perform a process is replicated as necessary by the

programmer, two problens arise" The first problem is that manually

repeating the code is tedious and error prone. The second is that this

duplicated code causes prograu size to swelI. Two independent

mechanisms have been developed to counter Èhe two problems: ttmacrott or

in-line procedures, and remote procedures"

-35-
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3 "3 MACROS

Macros provide a rnechanism to avoid the tedium of repeated code; one

merely needs to copy the pertinent code wherever it is required by

calling the macro. Once Ehe macro has been debugged there Ís no

possibiltty of a clerical error in copying" Hor¿ever the problem of

program size is not alleviated"

3"4 R3MOTE

A prograrnmer

each lnstance

In an unscoped language, where there can only

variable with a given name, lt is inpossible

compiler has generated remote or in-line code i.e"

are funcÈiona11y identical in this case.

PROCEDURES

can also compile the repeated statements, and, in place of

of the stalemenEs, he can place a branch Eo this remote

procedure. He uust tell the procedure where to return control after the

staEements are executed. This information which is Èransmitted to the

procedure is in fact a parameter.

Normally this return address is placed in global storage at a fixed

location such as a parEicular register and the procedure finds the

inforuration there by convention.

The problem of progran size is reduced but the programmer has had to

write code to save the reËurn address and branch Eo the routine.

However, in a high level language, Ëhis parameter is invisible.

3"5 SCOPED LANGUAGES

be one instance of a

to detect whether rhe

macros and procedures
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a given identifier may have

Program "

Þlacros usually reference

the call siEe and X is

be distinct withln

different meanings
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a scoped language, where

in different parcs of a

Suppose we define a procedure, P, which references the non-local

variable X" At a particular call slte a differenL X is visible from

that which r¡as vtsible where P was defined. The X visible at t.he call

siEe and at the definition site r¡ill be known as Xc and Xp respectively.

I.Ihich is referenced within this call of P?

In an Algol-like language Xp is refèrenced. This choice is justified

using many criteria. The reference can be resolved when P is compiled,

whereas the meaning of Xc is noE known until the call is compiled.

Furthernore, Xc is not necessarily Èhe same for each call, meaning Èhat

a gr:e¡': ceal of cornpilation would have to be done for each call,

resulting in many different versions of P. Furt.hermore, the reader of

the procedure does not know which X is referenced without. examining

every call siÈe. Because A1gol-like languages avoid this decision

making at run time, they are said to be statically scoped.

In APL, which is interpreted rather than compiled, Xc is used. This

approach is possible because each symbol is resolved at execution tiure;

when P executes it. looks up the current. version of X, which is Xc for

the particular call being executed. Such a language is said to be

dynamically scoped.

Xc; the source code is merely inserted at

resolved later by the compiler. Thus
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parameterless macros and parameterless procedures nay be distinguished

in a scoped language.

In-line procedures, on the other hand, usually obey the same scoping

rules as remote procedures. Thus Algol-like procedures, even in-line

procedures, lack "adaptability" to their calling envlronment,. Call-site

versus definition-site resolution is discussed further in section 3.8.1.

3.6 PARAI'IETERS

Many times t.he code which i.s repeated within a program is not identical

in a1l cases but is similar. The most common insEance of this situat.ion

is one in which the sane operation is applied to different data. For

Èhis reason procedures are allowed to have parameters, which are

references which are not resolved unEil the call site. Implicit in this

mechanism is the ability for the parameter's name to be different from

the actual variable which it references.

Parameters can easily be incorporated in a statically scoped

for three major reasons:

l. Èhe number of parameters is relatively sma1l and so

exEra time spent, referencing these variables

ins ignificant ,

2. the names of the parameters are not relevant outside

procedure; the call merely lists variables which

maEched in a one to one correspondence with

paramet.ers,

Ianguage

any

is

Èhe

are

the
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3, the type of each parameter is specified by the procedure

and must. be rnaLched by t.he caller; Ehis Eyping makes iÈ

possible Èo compile Ëhe procedure, as all necessary

declaration informatfon is presenÈ at the procedure

definition.

l'lacro facilitles also incorporate parameters. These para$eters

permit the internal name of a global variable Eo be different from the

actual name " Furlhermore , roany addi tional f aci li ties can be

incorporated if parameters are treat.ed rnerely as textual substiLutions "

Names of procedures, types, or even sequences of code can be passed as

parameters. The price of such generality is that. no compilation or

error checking can be done at macro-definitfon tirne.

3 "7 MORE POWER-FUL PARAI'{ETERS

In some languages, more powerful parameters are found which introduce to

statically scoped procedures some of the power of tnacros. Three such

features will be dlscussed in this section, ôs they appear in existing

languages and as rhey appear in L.

3.7 "I PARAI'ÍETERS OF TYPE PROCEDURE

PROCEDURE parameters are used withln a routine rvhich funplenents an

abstract process which nay have variations from one call to the nexE.

For example, Simpson's rule is a well-defined process Èo integrate a

funct.ion. A macro facility with paraneters can produce a nerl varlant

for each function, F, to be integrated. However, ln order to compile a

procedure Eo effect Simpson's rule we require that F be passed as a

procedure paraneter.
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Languages such as FORTR.AN and Pascal II^IIR7 I] aIlor¡ procedure

parameEers to be declared by statlng only Ehe type of the result" This

type of declaration does not adequately describe Ehe parameters to the

compiler. The compiler ls unable t,o verify the type and number of

parameters to this procedure paraneter, or to do any conversions which

are necessary. In order to perforn this matching, a substantial

fraction of the compilation effort musÈ be done at each call site"

Algol 68 and PL/I (as an option) regard the types in the parameter

list to be part of the Èype of the procedure. The routine wifh a

procedure parameter can be compiled in the same r{ay as a procedure with

variable parameters; only the address of the procedure is resolved at

the call site.

Due to the design criterion of compilability, the latter approach is

Èaken in L; a formal procedure parameter must be ful1y typed by

specifying Èhe types of ali of its paraneters and the type of its

result. The corresponding actual procedure must match in these Èypes.

In order to match, the types must either be exactly the same as those

specified on the formal parameter, or musE be convertible to that type.

If any conversions are required, a duurmy procedure is passed which has

parameters of the exact type required by the formal parameter, performs

the necessary conversions and then calls the procedure supplied as the

act.ual parameEer.
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3"7.2 PARA}ÍETERS OF ARBITRARY PRECISION

In Pascal and other languages, array and subrange bounds must be

specified on formal parameters" This requiremenE is consisÈent wit.h the

fact that such precislons are part. of the type of the parameter.

Nevertheless the requirement. is resÈrictive; Lre cannot write a procedure

to sum the elements of an integer vector of indeterminate size"

FORTRAN provides a facility ca1led "execution time dimensionitg"; if

an integer is passed as a parameEer to a procedure, another parameter

may use that integer as a bound. The procedure can be compiled by

uraking the object. code sufflciently general to operate on arrays of any

length.

PL/I provides an irnportant simptification to FORTRAN's execution time

dirnensioning" Instead of requiring that the bound be passed as an

addltional parameter, PL/I derives the array bound from Ehe array which

is passed. If X has 100 elements, we can call SUM(X), which is more

convenÍent and more clear than FORTRAN'S SUM(X,100). AlEernatively, if

the length of the array is signiflcant , a constant bound may be

specified in the formal parameter definition. AlgoI 6B provides a

facility sirnílar to Èhat of. PL/ I except Ehat a const.ant bound rnay not be

specifled for an array parameter.

The following procedure headers

dinensioning arrays"

i I lus tra te t,he three modes of

PROC SUM( X: [ 100] INT) RETURNS R: INT

The above header defines SUM, a procedure with an inEeger atray

parameËer, X, and returnfng an integer, R" The length of the array is

fixed at 100"
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PROC SUM(X: tN] INT, N: INT) RETURNS R: INT

This header represents F0RTRAN style execution time dimensioning.

an array of INT whose bound is the INT parameEer, N"

Xis

PROC SUÌ'l(X: [*] INT) RETLJRNS R: INT

In this header, the asterisk indicates that the bound of X is

unspecified; an array of any size may be passed as an actual parameter"

In order to deterrnine what the bound of Èhe actual parameter was the

wrlter of SUM urust use a magic built-in funcEion such as HBOUND, UPB,

LENGTH, etc"

Such funcÈions are magic because they could not be written as

procedures in the language. In fact, Ehey must be built into the

compiler. Ada's attribute syntax ('FIRST and 'LAST) more clearly

indicates thaE such a built-in language feature is being used. But the

buíIÈ-in approach is not general; there must be a built-in attribute for

every variable part of every type. These builÈ-in attribuEes increase

the complexiÈy of the language definition, as well as introducing a vasE

number of keywords Eo the language. l'lost importantly, such attributes

are not available for user-defined types, as described in section 3.10.

In L, parameters of arbitrary precision may be passed using the

implicit parameter mechanism:

rROC SUM(X: IN:INT] INT ) RETURNS R: INT

This syntax makes N an implicit parameter" An Ímplicit ¡iarameter is a

parameter which appears as a paramet.er within the ca1led procedure, but

is passed automatically at the call site and is therefore invisible to

the calIer" N rnay be used within SUM to query Èhe lengÈh of X but the
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caller has no knowledge of N. Such lmplicit parameters achieve Ehe same

generaliry as PL/T or Algol 68, but obviaEe the need for the built-in

magic functions, allowing any paraneter of a user-defined type to be

automaEically passed"

The synEax of a for¡na1 lmplicit parameter is the same as ÈhaÈ of an

ordinary formal parameter: a nane followed by a colon and Ehen a tyPe.

Any such paraneter which appears as part of the type of another

parameter is an implicit parameter and no corresponding aclual parameter

is supplied by Ehe caller.

3"7 "3 PARAMETERS OF TYPE TYPE

It is desirable to further generalize SUll so Ehat it will operaEe noË

only on an array of inËegers, but also on arrays of real, complex, or

any numeric type. In order to accomplish this generalization, the type

of the elements of the array must be a parameÈer.

Consider the following procedure headers.

PROC SUI'I(X: II00] T, T: TYPE) RETIIRNS R: T

lJe have used an array of fixed length for sirnplicity. X is an array

whose elements are of type T. SUM returns R, a variable of type T. T

itself is an extra parameter to SUM. Note that, as is Ehe case r¡ith

FORTRAN's execution time dimensioning, T Ís an unnecessary parameter.

The following header makes T an implicit parameter, âs it would appear

in L"

PROC SUM(X: [I00] T:TYPE) RETURNS R: T

Allowing X to be of arbitrary size glves us:

PROC SUI'l(X: IN:INT] T:TYPE) RETURNS R: T
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The code of SUM is now presented and t,he problems of compiling it are

considered"

I " PROC SUI',I( X: IN: INT j
2" R:=0
3. FOR I FROM 1 TO N

4" R:=R+X[I]
OD

END

T: TYPE) RETURNS R: T

DO

5.
6"

First consider statement 2. This sEatement requires the assignment

of Ehe integer literal 0 to the variable R of type T. Such a conversion

may not exi.st, and certainly cannot be found at compile time. A

possible solution is Èo require the appropriate zero to be passed as a

parameter. The header for SUI'I would then become

yROC SUI'í(X: IN: INT] T:TypE, ZERO:T) RETURNS

Statement 2 would be replaced by:

R := ZERO

Now consider st.aEement 4. This statement contains three operations:

subscripting, assi-gnment, and "+t'. The subscript calculation requires

the length of an object of type T, which is not known at compile Eime.

However, code can be generated to ¡nake use of chis length when it is

contained in the information passed as the actual parameÈer to T.

Similarly, the assignment operaEion can move a number of bytes which Ís

specified by the actual parameter to T.

R:T

Compiling the "+" operation is more

overloaded (as described in chapter

information to select the appropriate

is used, neÍther the type T nor the

difficult. Since the operator is

4), we do not have enough type

tr+rr. Indeed, if a user-defined T

appropriate "*" may exist wiÈhin
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scoPes known to SUM" This problem has been approached differently in

ELI [tlEG74] , CLU ILrS79] , and Ada,

In ELI,the programmer would have to specify a list of all possible

types which T could take on. Object code would be generated for all

possibilitíes and the selection done aE run tine" Such a constraint

greatly reduces the generality of t.he procedure SUI'I .

In CLU, operaEions and types are combined in CLUSTERS" Rather than

passing a type as a paraneÈer, a CLUSTER containing the type and

operation "*" would have Ëo be passed to SUll. The for¡ual parameËer T

would indicafe that any clusÈer whlch is an actual parameter musE

contain the operation "*". This overall approach of using cluslers

would preclude many of the features of L and Ëherefore this type passing

mechanism is not used.

In Ada, type parameters are permitted only for macro-like GENERIC

units. Such parameters are supplied at the instantiation siËe, rather

than Ehe call site. An Ínstantiat.ion is an extra stateuent in which

parame.ters Eo a generic unit are supplied, yielding an insEance of the

generic unit which is given a new nâme and is called in t.he normal way"

Any operatlons or functions which refers Ëo a generic type parameter in

one of its parameÈers or in its result must itself be a generic

parameter and be supplied at the instantiaÈion site"

The definition of SUlf in Ada is:
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GENERIC
TYPE T IS PRIVATE
I^¡ITH FUNCTION'+'(A:T, B:T) RETURN T
ZERO: T
SIZE: INTEGER;

FUNCTION SUD,1(X: ( l..SIZE) 0F T) RETURN T IS
R: T;

BEG IN
R := ZERO;
FOR I IN I. "SIZE LOOP

R:=R+X(I);
END LOOP

END SUM

The necessary lnstantiations :

FUNCTION INTSUM99 IS NEW SUM(INTEGER,"+",0,gg) ;
FUNCTI0N I'tpSUt'fsO IS NEW SUM(MULTT PRECTSE,MPADD,t-lprNT(0),50) ;

Typical declarations and calls:

MPARRAY: (1..50) OF MULTI PRECISE;
INTARRAY: (I..99) oF INTEGER;
I: INT;
I,lP: I'tULTr PRECISE;

Typical calls:

I := INTSUM99(INTARRAY) ;
Ì"1P := Ì"1PSUM50(MPARRAY) ;'

In L, any procedure may have iruplicit or explicit TYPE parameters.

Any procedure which references a TYPE parameter in one of fts parameters

or in its result must have that procedure as a paraneter. This rule is

the same as that for ADA's generic parameters. However, in L, all

parameters are supplied at the call site; there is no concept of

ins tantiation.

A def inition of SUI'Í wrÍtten in L is:
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PROC SUI,Í(X: IN:INT] T:TYPE, ZERO:T,,'*'I: PROC(T,T) RETURNS T) RETURNS T
R := ZERO

FORIFROMITONDO
R:=R+X[I]

END SUM

VAR I: INT
VAR I'IP: MULTI PRECISE
vAR TNTARRAY: Tt..SOl INT
vAR MPARRAY: [1."99] MULTI PRECISE

I := SUM(INTARRAY,0,"*")
MP := SUM(I'ÍPARRAY,t'lPINT( 0) ,t"lPADD)

The L version avoids entirely the complexiÈy of instantiation. This

is not the same as automatic instantiat.ion as described in IICH79a

BERTB]. Inst,ead, we define the procedure, SUII, which sums an array, and

then call it to sum various arrays.

The ma jority of calls Èo SUM will, in f act,, use 0 and rr*rr as the

second and third paramet,ers. In fact, the specification of SUM says

nothing of these paramet.ers; SUM should nerely sun an array. However,

: they cannot be implicit parameters. InsÈead, they can be supplied using

a general default parameter mechanism which allows symbols to be

resolved at the call sÍte inst.ead of the definition site.

Using the default mechanism descrlbed in the next section, vle can

call SUM in the sinplest possible way:

I := SUM(INTARRAY)

l,Ie will have def ined a compilable procedure y¡hich sums an array, which

is the abstraction we wíshed to implement.
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3"8 DEFAULT PARAMETERS

In L, as in Ada, lt is possible Eo specify default values for

parâmeters. In L, defaulËs may be specified for parameters of type

pROCEDURE or TYPE as well. parameter is omitted, this default value

will be used. For example, we may write a procedure, LOG, which

calculates the logarithrn of a number. Unfortunately, the term

"logarithm" is ambiguous; it could mean natural logarit.hm, common

logarithu, oE logarithn Eo some arbitrary base. We define here a

procedure which accepts two parameters: the number whose l-ogarithn is

to be taken, and the base to which the logarithm is to be taken.

However, if the base is noE specified, the value e (2.718 "..) is used

resulting in the natural logarithm being calculated.

PROC LOG(X:REAL, B:REAL DEFAULT(2.7L8)) RETURNS R:REAL

END LOG

Given the above definiEion,

A := LOG(X)

and

A := LOG(X,2 "718)

would have exacÈly Èhe

logarithm were desired,

A := LOG(X,10)

same effect. Hor¿ever, if the the common

the following call could be used.



49

3.8"I DEFINITION SITE AND CALL SITE RESOLUTION

A default value may also be a symbol or expression" In eit.her case' Ehe

value is evaluat.ed when the call ls executed. However, ânY symbols

appearing in the DEFAULT clause are resolved at the deffnition site"

For example, we may have:

CONST E: REAL VALUE(2.718)
**o. 

:T,x:REAL, 
B:REAL DEFAULT(E)) REIiRNS R: REAL

END LOG

BEG IN
VAR E: REAL INIT(123.456)
A := LOG(C)

END

The statement

A := LOG(C)

is equivalent to

A : = LG( C,2 "7I8)

not

A:= LOG(C,I23.456>

Even though a different E is visible at the call siEe, the E which was

visible when LOG t¿as defined is used.

In this case, the proper E was referenced" Consider, however, a

' slighrly dif ferent def inition of L@.
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CONST L@BASE: REAL VALUE(2.718)
PROC LOG(X:REAL, B: REAL DEFAULT(ZLOGBASE)) RETURNS R:REAL

END LOG

BEGIN
CONST LOGBASE: REAL VALUE(t0)
A := LOG(C)

END

In Lhis case, the statemenE

A := LOG(C)

is equivalent to

A := LOG(C,LOGBASE)

or

A := LOG(C,10)

not

A:= LOG(C,2.7I8)

The difference is that the Z preceding LOGBASE in the definition

indicates that Ehe resolution of this symbol is to be deferred unÈfl the

call site. Only a single synbol nay be so deferred, not an expression,

as the symbol itself is part of the specification of the procedure and

therefore must reside in the symbol table. Since the parameter is fully

typed, this deferral does not impair compilation of LOG" This deferral

allows the prograürmer to use dynanic resolution for any symbol provided

thaL he identifies and types that variable via a paraneter declaration.

Thus, ¡nuch of the power of macros and dynamic scoping can be had when

des ired "
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LOGBASE is an example of an iurportant facility; the ability of a

prograrnmer to set up his own environment. By one declaration, the

programmer specifies th¿it eiLìler common or natural logarithms are used

within a particular scope. Other languages, such as APL and Algol-\rl,

have used global variables to alter the environment within which a

program executes. There are two problems with Èhis approach: it is the

programmer's responsibility to reset these variables so as not to

interfere v¡ith other programs which assume the normal environment r and

t.he normal environment must be restored before any library routines are

called. The approach of deferred resoluËÍon ensures that the

environment is affected only for code which is statically contained

$¡ithin Ehe scope of the declaratíon.

3.8.2 FIELD SELECTOR PARAI'IETERS

Further generalization of procedures may

of parameEers which selecÈ fields from

Ëype which is composed of components or

ourn Èype. Each field is identified by

be effected by the introduction

sEructures. A structure is a

fields, each of which has its

name. Such names are call-ed

FIELD SELECTORS.

The following declaration declares DATE to be a structure vriEh fields

whose selectors are YEAR, l,lONTlt, and DAY. The types of the f ields are

INT, CHAR(3), and INT respectivelY.

VARIABLE DATE: STRUCT(YEAR: INT, MONTH: CHAR(3), DAY: INT)

l.Ie can easily write a procedure which accepts DATE as a parameter:

PROC NEXTDAY( DATE : STRUCT( YEAR: INT, I'IONTH : CI{AR( 3 ) , DAY : INT) )

FurEhermore, the tyPes of the fields of D rnay be implied parameters:
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PROC NEXTDAY( DATE : STRUCT( YEAR : Y : TYPE, I"IONTH : M : TYPE, DAY : D : TYPE ) )

Of course¡ any operaËors which oPerate on YEAR, MONTH, or DAY musE be

additional parameters.

It is also feasible to treat YEAR, MQNTH, and DAY as implicit

parameters. The field selectors in the parameter could be matched

positionally with t.he actual ffeld selecÈors. A more general approach

is to treat any structures whose fields have the same type as being the

same Èype. We have not pursued this approach; in L field names are not

interchangable. The equivalence rules for structures are as in Algol

68.

WiÈhin the context of L, it is possible to use the following header:

PROC NEWDAY(D: T: TYPE)

The field names have not been specÍfied" In fact, D may be of any type.

However, this specification is not very useful. Consider, for example,

trying to compile the following statement within NEWDAY:

D.DAY := D.DAY * I (not valid within NEI^IDAY as defined above).

This statement adds I to the DAY field of D" Two problems arise when

compiling this sfatement: the Èype of D.DAY is not known, and the

position rsithfn D of the DAY f ield is not knovm.

Thus DAY must be a paramet,er; the information passed is the offset of

DAY withtn a variable of type T. DAY must also be typed in the same lray

that procedure and variable Parameters must be typed. In order to

specify the paramet.er, DAY, we ¡.¡rite:

PROC NET^JDAY(D: T: TYPE, T.DAY: INT)
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declaration of the parameter DAY states that 1t is a field selector

structure T, where the type of the field is INT.

The ability to pass field names as paraneters enables an important

generalization of procedures. Of particular significance is the fact

that a general set of rout.lnes to manípulate data strucÈures can be

written" For example, a sort routine can be written to which is passed

the naure of the field on which 1t is to sort an array, file, or linked

Iist. A general linked list rouÈine may also be written r.'here the name

of the link field is a parameter. This is useful because the same

records may be linked into several different lists; the appropriate list

is selected by passing the name of the link field as a parameter. LINK

or NEXT could be chosen as t.he default name. As an example, a routine

t.o insert lnto an ordered linked list is given.

PRoc rNS(vAR ToprNPwi prR(R-Ec¡ TypE), REC.LTNK prR(REC),
REC.DATA: T: TYPE,
rr<rr. pRoc(T,T) RETLJRNS BOOL DEFAULT(%"("),
NULL: PTR(REC) DEFAULT(%NULL) )

VARIABLE P,PREV: PTR(REC)
FOR PREV,P FROM NULL,TOP REPEAT P,P.LINK

WHILE P-=NULL AND P.DATA < NEI.I"DATA DO 0D
NEI,J.LINK := P

IF PREV = NULL THEN TOP := NE[.] ELSE PREV"LINK := NEW

END

Pointers are parameterized by the type to which they point and automatic

dereferencing is provided. A more complet,e discussion of pointers

follows.
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3.9 POINTER PARAMETERS

In L, the type of a pointer includes the type of storage to which the

pointer refers. This approach has been used in AlgoI-W, Algol 68, and

Pascal, but not in PL/I" The inclusion of this information enables all

point,er refererces r-o be statically type-checked. However, it is often

necessary to omit some of this typing information and have it maintained

dynamically. In L, Èhis facility is provided by means of a

parameterized pointer.

A typical non-paraneterÍzed poinÈer declaration is

VAR P: PTR( tI00l INI )

indicating thaÈ P fs a polnter which refers to an array of integers of

the address inlength 100. The sEorage for P will contain merely

storage being referenced. 0n the other hand, a pointer

r^rhich can refer to an integer artay of any length:

Q may be defined

Nis

the

both

and

VAR Q: PTR( [N:INT] INT )

an irnpliciÈ paraneter to Q which, at any gíven time, will indicate

length of storage t.o which Q refers. The storage for Q will contain

an address and N. Some examples of valid and invalid uses of P

Q are presented.

vAR A: [100] INT

VAR B: [50] INT

P := A -- valid, Algol 68 dereferencing rules are used
therefore P gets address of A

a := A -- valid, address of A and I00 copied to Q

Q := P -- valid, P and 100 copÍed to Q

(¿ := B -- valid, address of A and 50 copied to Q

P := B -- invalid" length does not match
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P := Q -- invalid, length will not necessarily uratch

Thus, any information which mây vary from one instance of storage to

the next is stored r.riEhin the pointer by way of an implicit. parameter.

This facility makes Èhe mafntenance of hidden dope vectors and

descripÈors unnecessary" Any variable length inforrnation must be stored

wlth one level of indirection. However, this level of indirection uny

be made lnvlsible using the user-defined type faclllty described in the

next section.

3"IO TYPE DECLARATIONS AND THEIR PARAI'{ETERS

L has two disfinct forms of type declaraEion. One form creates a name

whích is merely a shorthand for another type; equivalence rules such as

those used in Algol 68 apply" The other form creates an entirely

distinct type; no operations, procedures, or lfterals are inherited frorn

an existing Lype" This dichotomy avoids Èhe compromises found in

Pascal-'s name equivalence and Ada's derived types"

3.10.I EQUTVALENT TYPES

The ffrst form of

declaration of Algol

VAR Q: [10,10]

is identical to the

TYPE M: II0,I0]

type declaration is

68" For example, the

REAL

declarat.ions

REAL

very similar Èo the l'10DE

declaratlon of Q

VA,R Q: M

If several variables of type [i0'I0] REAL are used, such a type

declaration saves much tedious, error-prone repetition. In addition, if
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the type of all of the variables needed to be changed to [20,20] REAL,

such a change could be made by altering only the type declaration.

3.I0.2 NEW TYPES

IE has become apparent since the design of Algol 68 that a more powerful

form of user-defined Èype is desirable; one whích is not interchangable

with the original type (the original type ls the tyPe on the right side

of the type declaration). For example, wê may wish to define the new

type ,'COUNTER". Variables of type COUNTER are intended to be

incremented, decremenEed, initialized, and compared to zero. Thus it is

natural that a COUNTER shouid be represenÈed by an INTEGER.

The declaration of such a ner/, distinct type differs from the first

form of declaration in that the keyword rrNEI¡Jrr is inserted before the

original type:

TYPE COUNTER: NEW INT

None of the operationsr lfterals, functions, or primiÈives such as field

selection and subscripting are inherited fron fhe original type" Values

of the ner,r type uÉy not be assigned to variables of Ehe original; values

of the original type nay not be assigned to variables of the new.

Qperator selection (discussed in chapter 4) regards the two Eypes as

being distinct.

It is necessary for the programmer to define the functions which

operate on COUNTERS" The headers for these four functions are:

PROC UP(VAR C: COUNTER)

PROC DOWN(VAR C: COUNTER)

PROC ZERO RETURNS C: COUNTER
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PROC ISZERO(C: COUNTER) RETURNS B: BOOL

UP and DOI,IN are functions which increment and decrement a counter,

respectively. DOWN does nothing if Ehe counter is already zero" ZERO

returns a zero counEer for initialization purposes. ISZERO tests a

counter to determine whether or not its value is zero.

The following procedure is an incorrect version of UP:

PROC UP(VAR C: COUNTER)
C:=C*I

END UP

This procedure is incorrect. because the sÈatement rtC := C * Itr cannot be

compiled as Èhe operation "*" does not exist for the type COUNTER. IE

is necessary wiEhin the procedures which define the operaÈions on the

type COUNTER to be able t.o treat counters as if they were integers. For

this reason, the language primitive 'REP is defined thus: any variable,

X, of new type, T, q¡hose original type is O shares its storage with a

variable named X'REP whose type is 0. If alt of PL/y s Èypes are

considered to be represented as bit sErings, then L's 'REP is identical

tO PLI I'S UNSPEC.

The four procedures nay be wrltÈen using 'REP:

PROC UP(VAR C: COUNTER)
C, REP := C, REP + I

END UP

PROC DOWN(VAR C: COUNTER)
IF NOT ISZERO(C) THEN C,REP := C,REP - I

END DOI.JN

PR0C ZERO RETURNS C: COUNTER

C.REP := O

END ZERO

PROC ISZERO(C: COUNTER) RETURNS B: B00L
IF C,REP = O THEN B := TRUE
ELSE B := FALSE

END ISZERO
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to

in

This division is noE possible in CLU, r¡here accessing the

representation of a variable 1s tied to the parameter mechanlsm. The

type of a forrnal parameter in CLU may be specified in the normal way, in

which case the representation of the parameter may not be referenced.

On the other hand, the type of a formal parameter may be specified as

CVT, fn which case all references to that parameter will access its

rep res entat ion "

It is possible Eo resÈrict the scope within which 'REP may be used

for a parEicular type, thus allowing information hiding. This facility

ls provided by the MODULE, as discussed in section 3.12.

3.I0"3 INITIAL VALUES ON TYPE DECLARA'TIONS

IÈ is essential that the prògraur*er be able to supply statements which

will initialize ne\{ storage of a part.icular type. For example, if we

define a variable of type COUNTER, we want iE Ëo be initialized Eo zero.

If a queue is represented as a linked 1ist, the head and tail pointers

must be set to NULL. Such a facility is provided by the INIT clause on

a TYPE declaration:

TYPE COUNTER: NEW INT INIT(ZERO)

The expression in the INIT clause is evaluated whenever storage of type

COUNTER is creaÈed. Any symbols in the INIT clause are resolved at the

sÍte of the type declaraElon; Èhus t.he type definer can be sure that his
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iniËialization routine w111 be called, even if the user has a more local

procedure with the same name. If the symbol in the INIT clause is to be

resolved at the site of storage allocation, the deferred default

parameter mechanism discussed in the nex! SecEfon must be used.

Suppose, however, that we did not wish to provide the function ZERO

for counters; the init clause could not be written" For this reason' an

inverse to the 'REP facility is provided in L. The name of this inverse

is 'PER (Rgp backwards)" 'PER will treat a value of any type o which is

the original type of new type T as if it were of type T. The INIT

clause rnay be written using 'PER:

TYPE COUNTER: NEW INT INIT(O,PER)

Note thaE 'PER is overloaded; the type yielded by 'PER must be

determined from context. This determination from context is discussed

in chapt,er 4. It should be noEed that PL/I lacks an inverse to UNSPEC'

frequenrly causing lnconvenience to the programmer.

3.1I TYPE GENERATORS

A parameterized type declaration is a type generat.or; a type is created

only when actual parameters are supplied Èo the tyPe generaËor.

Built-in type generators are ARRAY and STRUCT" A programmer may create

his own Èype generators by adding a formal Parameter list to a tyPe

declaration" For example the declaration

TYPE MATRIX(N:INT): IN,N] INT

creates the type generaEor MATRIX which has one parameter, N, indicating

the size of a square matrix. I,Jhenever a variable is declared, a type

(not a type generator) must be specifiej i-.r. r-herefore all pararneËers to

MATRIX (or any type generator) must be supplied.
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VAR X ,Y,Zz MATRIX( 100)

Formal parameters to procedures uny be ful1y typed, or a type generator

rnay be used as the type of the parameter. If a type generat.or is used,

the parameÈers supplied to the type generator to form Ehe type of the

corresponding actual parameter rnay be detersìined using the implicit

parameter mechanism. An example of each using the built-in type

generator, ARRAY, has already been given. An example is now given using

I''IATRIX.

The type of the parameter is fully specified in this case:

PROC INVERSE(I"f : }TATRIX(IOO)) RETURNS I: MATRIX(iOO)

But the more general INVERSE is wrftten thus:

PROC INVERSE(M: MATRIX(S:INT)) RETURNS I: MATRIX(S)

Note thaË only Èhe size of M is derived using the irnplicit parameter

mechanism. The size of I is then determined" The implicit parameter

facility is thus more general than as originally presented.

Parameters to type generators rnay be of type TYPE. For example, a

linked list is composed of elements, each of which contains a pointer

and some data. A type generator to create such elements is

TYPE LISTELEM(T:TYPE) : STRUCT(LINK: PTR(LISTELEM(T) ), DATA: T)

order to set up head and tail pointers for a linked list of integers

need merely declare:

VAR HEAD,TAIL: PTR(LISTELEI'1( INT) )

Type generators may also have irnplicit parameters. For example, a type

generator which is sinilar to PLI I's LIKE can be defined.

TYPE LIKE(X: r: TYPE): T

VAR A: LIKE(B)

In

!te
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Thfs pair of declarations creates a variable A with the same type as

another variable B"

As rnay parameters Ëo procedures, Parameters Eo type generaEors mây

have defaults. For example, \{e nay wish to make the default size of. a

MATRIX 3 x 3. This can be accomplished thus:

TYPE MATRIX(N: INT DEFAULT(3)): [N'N] REAL

Normally, symbols in default expressions are resolved at the type

deflnition site, e"g.

CONST THREE: INT VALUE(3)
TYPE MATRIX(N: INT DEFAULT(TTIREE) ): IN,N] REAL

BEGIN
VAR THREE: INT INIT(165)
VAR X: I"IATRIX
ENI)

In the above example, Èhe size of X is 3 x 3"

On Èhe other hand, resolution of synbols may be deferred to ttre

storage allocation site by using a %.

CONST NUI'IBER OF DIMENSIONS: INT VALUE(3)
TYPE MATRIX(N: Ïl¡r OEreuLT(zNU¡'IBER_OF_Drf'fENSTONS) ) : IN,l¡] REAL

BEG IN
CONST NUI'IBER-O!- DIÌ"ßNSIONS: INT VALUE(4)
VAR X: },IATRIX
END

In this case, the defaulÈ size of a IIATRIX is the currently visible

NUt'rBER OF_DIMENSIONS, 4 .
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3,T2 MODULES AND ENCAPSULATION

All of the priniEives necessary to create distinct user-defined types

have already been presenLed. However, in order to provide information

hiding, the MODULE facllity in included in L. A module is merely a set

of declarations whose visibility is restrlcted; names defined within a

raodule are not normally known outside" However, the duratÍon of

variables and the semanEic meaning of the declarations is the same as if

they were not enclosed in the module"

A name defined within a module uay be made visible outside by

prefixing its declaration wirh the keyword VISIBLE. If a varlable is

made visible, it rnay be used in the normel way, since its duration is no

different within the module than outside. If a procedure is made

visible, its formal parameter lisc and result are made visible in the

normal way, but not its body. If an equivalent type is made visible,

boEh the type, it.s parameters, and the original type are made available.

If a new type is made visible, the corresponding'REP and'PER suffixes

are not rnade available. If these suffixes are to be made available, the

keyword NEW nust be prefÍxed by VISIBLE. Normally, variables of a new

type may be assÍgned to each other; the coPy function of the

representatlon is used (if there is one). However, this default copy

facility nay be overridden by supplying a user-defined function, ' r=' .

If such a definition is present, that funcEion will be used instead. If

the definition is VISIBLE, the copy rnay be used outside the module; if

the definition is not VISIBLE, no copying is permiËted outside the

module" If the standard copy is not overridden, it will be used inside

and outside of the module.
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The module may be used to create an abstract data type, whose

internal representation is not known ouEside the rnodule. As an example,

the absËract type COUNTER is presented.

MODULE
VISIBLE TYPE COUNTER: NEW INT INIT(O,PER)
VISIBLE PROC UP(C:COUNTER)

C,REP := C,REP + I
END UP

VISIBLE PROC DOWN( C : COUNTER)
IF NOT ISZERO(C) THEN C,REP := C,REP - I

END DOWN

VISIBLE PROC ISZERO(C:COUNTER) RETURNS R:800L
IF C,REP = O THEN R := TRUE

ELSE R := FALSE

END ISZERO
MEND

VAR X:COUNTER
CALL UP(X)
CALL DOWN(X)

X := 17 -- INVALID
X'REP z= 17 -- IIWALID
X := 17'PER -- INVALID

tlithln the module, the representation of a counter is referenced using

'REP and 'PER. Outside Èhe module, such references are not allowed.

Had Èhe declaration

VISIBLE TYPE COUNTER: VISIBLE NEW INT INIT(O,PER)

been used, such references would have been legal. Of course, iË is

always. illegal to say X := 17 as no conversion between integer literals

and counters is provided. Note that, with the exception of the

statements which are urade invalid by the module, the semanÈic meaning

of thls program would be Ehe same if all },ÍODULE, MEND, and VISIBLE

keywords were removed.

Although modules are not themselves parameterized, they may be used

to realise parameterized abstract tyPe generators. As an example, the
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type generator QUEUE is presenEed" A queue is irnplemented as a linked

list and therefore has no maximum size" However this irnplementatíon is

invisible Ëo the user of a queue"

MODULE

VISlBLE TYPE QUEUE(T:TYPE) : NEW PTR(LISTELEM(T)) INIT(NULL,PER)
TYPE LISTELEM(Z:TYPE) : STRUCT(LINK: PTR(LISTELEM(Z))' DATA: T)
VISIBLE PROC PUSH(Q:QUEUE(T :TYPE),ELEÌ'I:T)

Q'REP := GLOBAL LISTELEM(T) := (Q'REP'ELEM)'PER
END PUSH

VISIBLE PROC POP(Q:QUEUE(T :TYPE) )
Q, REP := Q, REP .LINK

END POP

vrsrBLE PROC TOP(Q:QUEUE(T:TYPE) ) RntURl¡S n:t
E := Q,REP.DATA

END TOP

VISIBLE PROC EMPTY(Q:QUEUE(T:TYPE)) RETURNS R:BOOL
IF Q,REP = NULL THEN R := TRUE

ELSE R := FALSE
END EI'IPTY

}fEND

The declaration of the type LISTELEII is not vlsible as it is not

relevant to the user of the QUEUE type generator. Siroilarly, naking

QUEUE a NEh¡ type ensures that. the user cannot depend on the fact thaL

the QUEUE is implemented as a linked list.

The fact that parameters are associated with procedures and types,

not modules, enables us to provide facilities which are not possible

with paraüeterized modules. For example, withiir the module v¡hÍch

defines QUEUET w€ may define a procedure which copies a queue whose

elements are of one type to a queue whose elements are of anolher,

provided thaÈ the elements themselves can be copied.
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VISIBLE PROC COPY(Q:QUEUE(QT:TYPE)'
COPY: PROC(QT) RET[JRNS QT) RETURNS R:QUEUE(RT:TYPE)

VAR QP: PTR(LISTELEM(QT) )
VAR RP: PTR(LISTELEI'1(RT) )
IF Q,REP = NULL THEN

R, REP := NULL
tttot' 

:= Q'REP
Rp : =R'REp : =GLoBAL LISTELET'{( RT) : = ( NULL, COPY( QP .DATA) )
I^JHILE QP"LINK -= NULL D0

RP.LINK := GLOBAL LISTELEì'Í(RT) :=
(NULL, COPY( QP "LINK.DATA) )

RP := RP.LINK
QP := QP.LINK

END COPY

Such a procedure cannot be written in CLU or Ada.

In CLU, COPY would have to belong to either the insfance of the

cluster defining QUEUE(QT) or to the instance defining QUEUE(RT). If it

belonged to the former, it would not be able to reference the

representation of the latter; if it belonged Eo Èhe latter, it would not

be able to reference the representatlon of the former. IE is essential

to reference both in order to irnplement COPY.

In Ada, QUEUE would have to be defined in a generic package. As

CLU, a single instance of this package could not reference both kÍnds

QIJEUES. A procedure outside of the package defining QUEUE would not

able to reference eiÈher representation.

Another application of a nodule is to define two or more related

types. An example of such related types are Ehe types VECTOR and MATRIX

which might be found in a linear algebra package:

in

of

be
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MODULE

VISIBLE TYPE VECTOR(N:INT): NEW [N] REAL

VISIBLE TYPE MATRIX(N:INT,I'1:INT): NEW IN']'{] REAL

VISIBLE PROC ,*,(A,B: VECTOR(N:INT)) RETURNS R:REAL

END ,*,
VISItsLE PROC '*' (e: UetRlX(I,f ,N:INT), B: VECTOR(N))

RETI.JRNS VECTOR(N)

END ,*;
VISIBLE PROC '*' (A: VECTOR(I'1:INT) , B: IIATRIX(M,N:INT) )

RETURNS VECTOR(Þ1)

END , *;
VISIBLE PROC '*' (A: ìÍATRIX( L: INT,l"1: INT) , B: ÞIATRIX(l'l ,N : INT) )

RETURNS R: MATRIX(L'N)

END ,,*,i

}IEND

3"I3 DURATION OF VARIABLES

The storage for an ordinary local variable exisEs wtrife the procedure in

r,rhich it is declared is active" It is frequenEly desirable Ehat the

duration of a variable be longer than the duration of the procedure to

which it belongs (its vísibility).

The classic applicatlon of such a variable is in a pseudo-random

number generator. It is necessary for the generator Eo remember a seed

value from one call to the next"

Algo1 68 and Pascal support no such concepÈ. Algol 60 and PL/I

provide a crude facility in OI,JN and STATIC variables resPectfvely" The
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storage for these variables persisEs for Ehe duration of the main

program. The pseudo-random nurnber generator may thus be implemented

using a static variable for the seed value" Unfortunately, an OLrN

variable may not be used, as iniEialization is impossible.

This distinction betrrùeen static and automatic storage allocation is

too coarse; the duration of a static variable nay be too long or too

short. A static variable would have a longer duration than was

necessary for the seed of the randon number generaror" What is really

required is a variable whose storage has the same duration as the local

sEorage of the procedure containing the random number generator.

This excessive duration is harmful because the initial value of the

static variable must be a constant whereas Ehe initial value may need to

be calclaEed at run time. For example, it rnay be read in or generaEed

fron the clock. Initialization of variables with longer duration than

visibility will be discussed in more deEail later. A second problem is

Èhat storage is wasted; when a st.ack discipline is used, storage is

minimized by rnaking all durations as short as possible. A third problem

is that nany asynchronous procedures may wish !o use Èhe random number

generator, Yet have separate seed values.

On the other hand, Èhe duration of a s¡atic variable may not be

sufficient. It is quite reasonable for a program to remember daEa from

one invocation to the next. Such information is usually stored in a

general purpose data set or externat file, and its use is not consistent

with other data accesses in the prograrnming language. None of the

language's type security is available for daÈa sets" If storage for a
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In order to provide as much flexibility as possible, the duration of

storage for a variable roay be specified within the declaration. The

duration may be one of Èhe following: 1ocal, containing, intermediate,

global, or pentranent 
"

Variables of local duration are conventional local variables v¡here

Èhe duration is the same as the visibility. Any variable whose durat.ion

is not specified by the prog,rammer is of local duration.

Variables of conÈaining duration have the duration of Ehe scope which

immediately cont.ains the procedure in which the variable is declared.

Globa1 duration is that of the main procedure.

Permanent duration persisEs between program invocat.ions.

All other durations correspond to procedures whose scopes are between

containing and global. Such durations are known as intermediate

durations, and must be referred to by the name of the procedure whose

local variables are of that duration"

It is also desirable to control the

storage. l'lost languages allow storage

global level " Algol 68 allows generators

In L, the same duration control uay be

storage as on the storage for varfables.

scope of dynamically allocated

to be generated only aÈ the

to specify local storage also.

placed on dynarnically allocated

In order to be courpatible with
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exisEing languagesu the default duration could be global" However, in

the auËhor's opinion, the conÈaining duraÈion would be more useful. Of

course, data sets of any organization may be created using dynaurically

allocated permanent storage"

3"T4 DURATION OF ARRAY BOUNDS

l^Ihen an array is created, its bounds must be evaluated. Thus any

variable which ls used as an array bound must exist when this creaEion

is done. For an array variable the duration of any variables used as

bounds must be greater than or equal to the duration of the aîtay. For

constant arrays, the values in the bounds must themselves be consEantt

f.e. of infiniEe duration. For dynarnically created arrays any visible

variable can be evaluated at allocation time and is therefore valid "

The same duration rules also app1y

variables. In f aet, all pararneters t.o

allocated must obey these rules.

to values used Èo initialize

the type of the object being

3.T5 DURATION OF EXPRESSIONS

In general, arbitrary expressions may be specified as array bounds,

iniEíal values, or as type parameÈers. IË is necessary t,o define the

duratÍon of an expression such that the duration of a variable must be

less than or equal to the duration of any expression used as a parameEer

to its type, or as an initial value.

The duration of a variable and of a constant have already been

defined. Thus, the duration of an expression consisting of a single
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ofconstant is infinity whereas the dura!Íon of an expression consisting

a single variable could be the duration of that variable.

If the expression consists of more than one term, none of the terms

may have a duration which is less than that of the variable being

declared. Thus, the duration of an expression does not exceed the

duration of any of its ËerBS. An expression with more than one term

involves operators or procedures as well as variables and consEants.

These funcEions have a duration rvhich must equal or exceed thaE of the

variable being declared.

The duratlon of a procedure variable t.he duration of the variable

procedure constant ls noti tself . However, the duration of

necessarily infinite" If the procedure makes references to variables

whose duration is non-locaI or calls procedures which make such

references, Èhe duration of the procedure constant urust be considered to

be reduced accordingly" References to varlables wiEh local duration are

not relevant as such variablàs are created and discarded every time the

procedure is called. Thus, the duraÈion of a procedure constant is the

duratlon of the variable or procedure of least non-local duration which

is referenced by the proeedure. This definition is similar to the

definition of the scope of a routine text in A1gol 68"

Since procedure constants may have other than infiniËe duration, it

is necessary to state an additional rule which was previously impossible

to violate: the duration of a value must be greater than or equal to

the duration of the variable to which that value is assigned. Since the

duration of most values is infiniÈe, this rule is usually easily met"

1S

d
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However, care must be taken Eo observe this rule when procedure

varlables are assigned" Further dlscussion of this rule is necessary

when discussing poinEer variables in section 3.19"

Since the duration of a procedure value affects assignment

compatibility, it is reasonable to consider Ehis duratlon to be part of

the procedure's type" It is also reasonable that all type information

be specified in the header of t.he procedure. Thus, a programmer would

have to specify INFINITE, PERMANENT, C0NTAINING, etc. as part of the

procedure header. Any code compÍ1ed within the conLext. of this

declarat.ion could be checked to recognise violations to the duration

ru1es.

A restricted forrn of t.his concept can be found in preliminary Ada:

subprograms can be declared as either procedures or functions.

Procedures are assumed Eo have conEaining duration i.e. are allowed to

reference global variables, while functions have infinit.e duraEion;

i.e., are allowed t.o reference only constants, local variables, and

other functions.

0n the other hand, it rnay be argued that the duration of a procedure

can be det,ermined from the text. of that procedure and therefore its

specffication on the header Ís redundant. Freeing the programmer from

having to specify too much redundanÈ informat.ion is desirable. The

costs of doing so are the following" The compilation process becomes

more conplicated " The program editor has more difficulty. The

prograruner uay lose sight of the significance of the duration of

procedure.
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Deriving the duraÈfon of a procedure from t.he Eext causes more work

for Èhe conpiler. Not only musE the text of the procedure be examined,

so Eust Ehe Ëext of al1 contained procedures. The duration of all

non-contained procedures which are called must also be known" This

derivation can, however, be done using a fairly simple exEra pass for

duration checking" First, a list is made of which of the possible

durations each routine accesses.

procedures can be calculated.

From these lists, the duration of all,

The separat.e compilation problem may also

is fhat recourpilation of execuÈable code is

cornpatible change. However, such situations

texË is modified so as to reference storage

previously referenced, then the procedure's

one of lts fathers nay be affected.

be addressed. The problem

no longer guaranteed to be a

can be recognised. If the

of a duration which was not

duration or the duration of

I'fore specif ically, if there exists a procedure, P, whose executable

code is being modified or whose descendant's executable code is being

modified, and that rnodification causes a reference to an item whose

duration is less than the durat.ion of P but greater Ehan or equal to the

visibility of P, then P's duration is reduced by the modification.

If one of these durations is affected, the change must be regarded as

a change to Èhe declarations conÈaining the header of the procedure

whose duration is affected. If the duration is reduced, this change is

non-compatible and could possibly necessitate further recompilations.
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Thus, the programner must. be arìrare that, even though he has not

explicitly specified the duration of á procedure, that duration is

neverEheless a parE of the declaration of that procedure. For this

reason, Ehe prototype of language L will allow the programmer either to

specify the duration of a procedure, oE to state explicitly Ehat the

duration is Èo be derived frorn context. If the duration is sLated, the

compiler can easily verify that iE is not violat.ed"

3.16 DURATION OF TYPES

It has already been mentioned that parameters to the type of a variable

must not have lesser duration than 'that variable. A more general

approach is to consider the type specification to be an expression of

type TYPE, and to require that the duration of this type expression must

not be less than the duraÈion of the variable. The duration of a type

expression is the least of the durations of the parameters and the rype

generator itself.

Built-in type generators such as INT, REAL, and ARRAY have infinite

duration. The definition of the duraEion of a user-defined type is

sirnilar to that of procedures: the duration of a new Eype is that of

the least duration referenced in the right-hand side of t.he type

definition" The problem of separate compilation and the declarat.ion of

the duratlon of a type does not arfse; type definitions may not be

'nested and do not contain a body or declarations which uray be separately

compiled.
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This definition of the duration of a user-defined type removes a

major impediment to bringing "external" files under conErol of the

language system; records in files may be defined to have user-defined

types provided that those types have permanent duratlon.

3 "L7 CONSTANTS AND ''READ ONLY VARIABLES''

Languages which a1low constants t.o be defined by the programmer usually

permiE only one of two kinds: Èhe constanE which must be equivalent t.o

a literal, âs in Pascal, and t.he constant which exists only for its

visibility and therefore nay take on any value which can be computed at

entry to its vlsibility, ab in Algol 68. Some languages support both

facili ties . In these languages, the former are referred to as

consEants, and the latter ironically as 'rread-only variables".

Both facilities are encompassed by a more general constanE facility

in L. A consEanE behaves exactly as a variable except t,hat it may not

be the targeE of an assignment; it maintains its initial value

throughout its lifetime. A constant has storage, âf, address' a

vlsibility, and a duration as does a variable"

Constants of pennanent duraËion correspond to t.he first kind of

consÈant described with the extensíon tha! the value of such constants

roay be the result of an expression provided that that expression has

permanent duration. ConstanÈs of locaI duration are "read-only

variables'r as discussed above. Loca1 constants may be given any value

which can be computed at the declaration site" A constant nay also have

any int.ernediate duration" The following L declaration is like a Pascal

constant declaraÈion:
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CONST E: REAL VAIUE(2"718) ,

while the following is equivalent to an Algol 68 identity declaration:

LOCAL CONST X: Y*l

The following declaration

expression 1*2 is evaluated

IS

at.

legal in L

co.-i.; iir: Eime:

but not in Pascal; the

CONST THREE z L*2

3"18 INITIAL VALUES AND INVOCATION EXITS

As mentioned in section 3"15, storage is allocated for variables of a

particular duration aE the beginning of that duration. At this time,

the INIT clause for that variable is evaluated. A side effect of this

feature is thaÈ any procedure may gain control wÌìen any of its ancesEors

is invoked, merely by ptacing a call to an exit procedure in an INIT

clause for a variable of the appropriate duration. If that duration is

CONTAINING, the exit will be called when the father is started. If the

duration is GLOBAL, the exit will be called when the program is

Ínirially loaded. If the duration is PERMANENT, the exit will be called

aE courpile time.

This feature can be used to implemenE "optional features" as found in

the Prote1 systero [LAS79]. An optional feature is a feaEure which is

implernented by a procedure whlch nay or may not be linked with the

program. If the procedure is linked with the Program, it must. let its

father know thaE it is present by assigning itself to a procedure

variable" This approach is taken so that there is not an unresolved

reference if Èhe procedure is not llnked !¡ith Ehe program" An example

of an optional feaEure is presented.
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PROC USER
VAR EXTRA: PROC

VAR EXTRAPRESENT: BOOL INIT(FALSE)

PROC EXTRAFEATURE

CONTAINING VAR JUNK: BOOL INIT(EXIT)
CONTAINING PROC EXIT RETURNS R:BOOL

EXTRAPRESENT := TRUE

EXTRA := EXTRAJ.EATURE
R := TRUE

END EXIT

--- implement.aÈion of exEra feature ---

END EXTRAFEATURE

IF EXTRAPRESENT THEN CALL EXTRA

END USER

The procedure USER contains but does noË reference EXTRAFEATURE. If
EXTRAFEATURE is linked with usER, rhen USER calls ir rhrough rhe

procedure variable EXTRA. rf EXTRAFEATURE is not present, usER does

nothing. A complete discussion of the use of this facility is found in

lLAST9l "

3.I9 POINTERS AND SCOPE

Pointers allow the programmer to reference storage indirectly. A

pointer value refers to an area of storage with specific atEributes.

some languages, such as PL/r, do not restrict the type of storage to

which a poÍnter nay refer" This failure defeats sÈatic type security

within Èhe language, and requires extra inforrnation to be kept and extra

work to be done at run time in order to ensure type security

dynamically. A further problem exists because the duration of storage

to which a pointer uay refer is not. constrained; iE is entirely possible

to reference storage whose duration has terninated. Such a reference is
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stored and extra checking done every time a pointer is used in order

detect dangling references.

Algol 68 has solved the type security problem by maklng the type of

storage to which a pointer refers part of the type of that poÍnter. The

duration problem has been recognised and relieved buE still relies on

run-tlme checking" The rule which is enforced in Algol 68 is that a

pointer variable may not contain a pointer t.o storage whose duration is

less than that of the pointer variable. This rule prevents dangling

references but cannot be enforced statically. Thus every pointer value

must also contain the durat.ion of storage to which it refers" While

run-tlme checking is sÈill required, it need only be done when pointers

are assigned rather than at every poinÈer reference. This saving is

significant "

In L, the duration of the storage Eo which a pointer refers is

considered to be part of that pointer's type as is the type of the value

contained in Ëhat storage. For example, the programmer may declare:

VAR X: PTR(GLOBAL INT)

or
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be

to

VAR Y: PTR(LOCAL REAI)

indicating that X points to g1oba1

Èo 1ocal REALs. The duration to

of the duraÈion of the pointer va

the exceptlon that the laÈEer Dust.

(HEAP in Algol 68) INTs and Y points

which a poinEer refers is independent

riable which contains the pointer wit.h

not exceed the former.
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In L, a further storage attribute exists that does not in oEher

languages. Storage may be variable or constant, âs both variables and

constants have storage allocated on their behalf" A1go1 68 pretends

that the storage for constants does not exist; a pointer cannot refer to

constant storage" This restrict.ion is severe in some cases IK0S75],

such as when large arrays are forced to be copied in order to allow

constanÈ as well as variable arrays to be used as actual paraneters to a

procedure. The property of storage that determines whether it

represenEs a variable or a constant is named accessibility. In L, the

accesslbility of storage Ëo which a pointer refers is also part of the

type of that pointer. A pointer may Ehus be declared to be a VAR

pointer or a CONST pointer, with VAR or CONST indicating the

accessibility. In order to be compatible with other languages the

default duration and accessibility for pointers is GLOBAL VAR.

3"19.I CONVERSION OF POINTER VALUES

It is possible to convert pointers which refer to one type of st.orage to

pointers whieh apparently refer to a different type of storage. This

conversion nay be done if storage of the old type can, with security,

impersonate storage of Ëhe new type" For example, a PTR(LOCAL VAR INT)

may be converted Èo a PTR(LOCAL CONST INT), as variable storage may

always be treated as CONST storage. Of course, VAR sEorage nay be

changed via a PTR(VAR) even r,¡hile a PTR(CONST) refers to it.

Another conversíon which is possible within the uodule which defines

a new type is the conversion between a pointer to a NEI.I type and a

pointer to the representation of that NEIJ type (within the module which
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must be explicitlydefines the NEW type, of course).

requested using the 'REP syntax.

It is also possible in L to shorten the duration of a pointer. For

example, a PTR(GLOBAL REAL) may be converEed to a PTR(LOCAL REAL)' as we

know that no dangling reference could result; the poinËer variable wiII

disappear before the storage to which iE refers.

Under some circumsEances, it 1s possible to treat storage for a

variable of one type as if it were storage of another type. One such

example has been given: the ability to refer to storage of type T as if

it were of type T'REP. Another instance is the ability to refer to

storage which contains a type of a parËicular duration as if it

contained a type wiËh srnaller durat.ion. This pretense can only be made

if the reference is a CONST reference. A CONST reference can be made as

it is always safe to use a value of longer duration as if it had shorEer

duration. However, a VAR reference cannot be made as Ehis would allow

us to place into the storage a value of lesser duration than that

storage is permi tt.ed Èo hold, thus potentially causing dangling

references. In order to illustraÈe the difference between this and the

previous rule, the Ewo rules are sÈaled precisely and rhe following

example is given"

l. A pointer t.o storage of a certain duration may be

interpreted as a pointer Lo storage of a lesser duration"

2" A pointer to constant storage which contains a value of a

certain duration may be fnterpreted as a pointer to

constant storage whlch conEains a value of

duration "

a lesser
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VAR A: PTR(GLOBAT VAR PTR(GLOBAL VAR INT))

VAR B: PTR(LOCAL VAR PTR(GLOBA]. VAR INT))

VAR C: PTR(LOCAL VAR PTR(LOCAL vAR INT))

vAR D: PTR(LOCAL C0NST PTR(LOCAL VAR INT))

A := ts (invalid because of first rule)

B := A (valid because of ftrst rule)

C := B (invalid because of second rule)

D := B (valid because of second rule)

D := A (valid because of firsE and second rules)

In fact, one does not frequently use pointers to pointers. However,

it is very common to use a pointer to a structure which has a pointer as

one or more of fts fields. These rules apply to every field in the

structure. The same duration rules apply to pointers to procedure

variables. All other values have infinite scope and are therefore not

subject Eo the second rule.

3.20 DURATION OF PARAMETERS

As in Algol 68, parameters in L are passed by value" The duration of

these values is loca1. The accessibility is CONST. If a formal

parameter is to specify call by address, this raay be done in two v¡ays

r¡hich are equivalent. The fornal parameter

VAR X: INT

is equivalent to

X: PTR(LOCAL VAR INT)

Call by address without allowing updating can be specified by:

CONST Y: INT
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or

Y: PTR(LOCAL CONST INT)

These alternatives are provided so that the programmer

modes of parameter passing withouÈ being familiar with

pointers: call by value, call by consE, and call by var.

can

Ëhe

have three

concept of

or

The forroal parameter nåy point to

example

a value of greater duration. For

GLOBAL VAR X: INT

X: PTR(GLOBAL VAR INT)

In this case an lnteger variable of less than global duration may not be

passed as an actual parameter. The benefit is that the address of this

variable may be assfgned to a GLOBAL pointer"

under some circumstances, the duration of storage to which a

Parameter points is not known or is not the same for al-I invocaEions of

the procedure. In such instances, Èhe duration may be specified as an

implicÍt parameter of type DURATTON. For exarnple, consider lhe

following procedure r¡hich interchanges tv¡o GLOBAL pointer variables.

PROC EXCH(VAR P: PTR(GLOBAL INT), VAR Q: PTR(GLOtsAL INT)):

VAR TE},IP: PTR( GLOBAL INT)

TEI'IP := P

P:=Q

a:=P
END EXCH
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nyThe above procedure is generalized

scope:

to exchange two pointers to a

PROC EXCH(VAR P: PTR(D:DURATION INT), VAR Q: PTR(D INT)):

VAR TEI-'IP: PTR(D INT)

TEÌ'IP := P

P:=Q

a:=P
END EXCH

The implicit parameter D is used in place of GLOBAL as t,he duration of

P, Q, and TEì'IP. Run-time duration checking is required whenever a

duraÈion specified by a parameter is used in combination with another

duration "

It. is also possible Eo use implicit duration parameters in the type

of poÍnt,er variables in the sane \.¡ay as other implicit parameters"

Pointers whose duraEion is implicit are equivalent to the pointers in

Algol 68:

TYPE REF(T:TYPE) : PTR(D:DURATION T)

Thus, unless

point.ers, all

above-mentioned

the programmer specifically requests dynamic duration of

duration checking can be done sEatically using the

ru1es.
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3"2L COMPILE-TII{E INVOCATION OF PROCEDURES

Many languages support a compile-time programming facitity" This

faciliEy is anot.her feature used to jusÈ1fy MACRO processors. In some

languages, such as 370/ASSEMBLER IrBl'175], the compire-time language does

not resemble the run-time language" rn ot.her languages, such as pL/r,

the syntax of the compile-time language is similar to that of the

programming language, but Ehe compile-tiroe processor is nevertheless a

distinct facillty"

In L, the same procedures may be called at compile time as at run

time. Indeed, variables contairj,-r¿. such information as generaËion

parameters and compilatÍon date may be placed in variables shared by the

compiJ-e-time and run-t.ime rouEines. The resÈriction is thaE only

procedures which are of permanent duration may be called at compile

time. In fact, âtY expression whose duration is permanent is evaluated

at compile time. This facility imposes an additional constraint on the

order of compilation. Eust have been compiled previously.

3.22 CONCLUSIONS

These facilities for parameterization of procedures and types enable the

programmer to define abstractions which are considerably more general

than Ehose feasible using conventional parameters. All of the

facilities provided by abstract types, and many currently provided by

macro facilities have been provided" The parameterization discussed can

be compiled easily; no run-time synbol table or instantiaÈj-on (of

procedures or types) is required.
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The concepts of duratlon and visibility of variables have been

separated, allowing much more flexible storage control, including

control over permanent disk storage. The duration of sEorage Eo which a

pointer refers, and whether or noE that storage may be modified, has

been included within the type of a pointer" This inclusion allows all

dangling references to be prevented at compile time unless the

programmer specifically uses dynamic durations using the general pointer

parameter mechanism presented "



Chapter IV

OVERLOADING AND AUTOMATIC CONVERSION

4"L INTRODUCTION

l-lany languages allow the same

functions. At a parÈicular

selected based on the types of

of the desired result. as well"

symbol or name Èo denote rnany different

call site, the appropriate funct.ion Ís

Íts parameters and, in Adar oû the type

These facilities are known as operator

overloading and operator selection.

Many languages also support automatic conversions betrveen various

data types" However, all such converslons follow a set of predefined

rules. It would be useful to al1ow the user to define conversions,

especially if the language allows him to deftne his own daÈa types. The

inclusion of thls faciliLy is difficult, and is particularly difficult

when operaËor overloading is also permitted.

AnoEher issue which affecÈs overloading and conversion is that. of

separale compilation. The facilities discussed in t.his chapt.er have

been lncluded in various combinations in exfsting languages, but are not

all supported by a single language.

Some existing languages are novr discussed.

-85-
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4"2

Given

OVERLOADING IN FORTRAN

the following FORTRAN staEemenr:

Z=X/Y

a REAL division is performed if X and

division is perforrned if X and y are

considered. This omisslon frequently

progranmer; the statement

Thus, FORTRAN provides

major drawback is the lack

that the type of Èhe result

4"3 OVERLOADING IN PLII

For built-in operators,

However, because of

consider the desired

expression

Y are REAL, whereas

INTEGER. The type of

causes problems for

an

Z

the

INTEGER

1s not

unr,Jary

Z= L /3

gives Z the value zero regardless of its type.

FORTRAN also al1ows type conversion at the same time as overloading.

rn the previous example, if x or y is REAL and the other TNTEGER, the

one which is INTEGER will be converted to REAL and REAL division will be

performed. FORTRAN is able to support conversion and overloading

because all operators and types are defined ín the language; all

possibilities may be tabulated within the compiler.

useful facility with two drawbacks. The

user-defined types. The other drawback is

not considered in t.he .selection process.

PL/I provides the same faciliries as FORTRAN.

a richer set of predefined types, failure Èo

result in select,ion is more serious. The

a

of

is

r0 + l/3
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in PL/I because an inappropriat.eyields

division

Ehe

is

value 0"33333333333333

performed.

As well as the FORTRAN-1ike facÍlity, PL/I does allo¡.¡ overloading of

user-defined functions via Ehe GENERIC statement" Each function has its

om unique name. However, a group of functions may be assembled under

one GENERIC name. 'lhe GENERIC statement specifies which of the

functions should be selected when this name is referenced. Ihis

selection is accomplished by searching a list of possible parameter

types; for each set of types on the list, the programmer specifies which

function is to be used" Possible conversions are not considered during

the selection process. After selection, however, conversions will be

applied as necessary.

The major drawback of the PL/I system is that all possible functions

and combinations of types must be tabulared in the GENERIC statement.

FurÈher problems are those of the FORTRAN sysEem.

4.4 OVERLOADING IN ALGOL 68

The authors of Algol 68 have recognized that conversions and overloading

interact and are difficult to provide at the same time" They have,

therefore, chosen to provide tlro distinct kinds of functions. Operators

are functions which nay be overloaded but for which conversions will not

be done fn order to maEch thelr paraueters. Procedures, on the other

hand, may not be overloaded but, auconatfc conversions will be applied in

order to match actual parameters to for¡nal parameters of procedures.
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Algol 68's treatmenE of operators necessítates the definition of a

very large number of operat.ors" For example, in order to define a

FORTRAN like nultiplication operation which operates on INT and REAL

values, it is necessary to define four multiplication operations:

INT*INT, REAL*REAL, INT*REAL, and REAL*INT. Defining a new operation to

apply to all N numeric types would require N**l operator definitions"

In a system v¡hich takes the type of the result into consideration,

defining this new operation would require N**3 operator definitions.

4"5 OVERLOADING IN CLU

CLU was one of the first languages to allow the programmer to define a

new data type along with the operations for objects of that new type

within a CLUSTER" Overloading is permitted ln CLU, as each CLUSTER may

have its own version of a parEicular function. However, the selection

rule is trivial; only the type of the first parameter is considered in

selecting the appropriate CLUSTER and hence the appropriate function.

The type of the result is certainly not considered. FurÈhermore, CLU

a1lc¡ws no automatic conversion.

4"6 OVERLOADING IN ADA

Ada is similar to CLU in that it allovrs a progranuner to define ne\r types

along with their access functions" AlI functions are overloaded and no

automatic conversion is provided. The selecEion process is more

sophisticaÈed than that of CLU; not only are Ëhe types of all of the

parameters considered during selection, the type of the result is

considered also" It is necessary, therefore, to select all operators in
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an expression simultaneously" ExisÈing algorithms to perforn the

selection, and a ner.t algorithm Eo do so are discussed in section 4.11.

4.7 THE LANGUAGE L

The language L supports all of Ehe features described aE the beginning

of this chapter" Unlike those in Ada, all operators are not

auÈomatically overloaded. Selection of overloaded operaEors takes the

tyPes of all parameters and of the result into account. L also allows

the programmer to define his own types, âs discussed earlÍer. Along

wit.h user-defined types, user-defined automatic conversions are allowed,

and these conversions are considered during the select.ion process.

Ambiguities introduced by ne$¡ conversions are resolved by the use of a

"best fitil selection algorithm. These features are discussed in the

context of the separaÈe compilation system discussed previously.

4"7 "I OVERLOADED PROCEDURES IN L

Typically, procedures are not overloaded. A progranmer may write

routines called INIT, READ_RECORD, PROCESS_RECORD, PERf'ORl'f CAICS, eËc.

where the selectÍon algorithm is obvious; Iook up the name in the symbol

table. However, in Ada, the entire syrnbol table must be searched to

ensure that Ëhere is no other procedure with the same name" This

overloading could cause programs to be unreadable; the reader would

.have to carculate the type of each parameter and work through the

selection algorithm before he could assure himself that the follo!¡ing

call act.ually referred to the procedure XYZ defined here.

XYZ: PROC(

CALL XYZ(

):

);



90

This problera is part,icularly severe when separate cornpilation is

permitted; all libraries must be searched in order co find all XYZs.

FurEhermore, one of the most important compatÍble modifications, Ehe

ability to add a procedure to the envlronment, is no longer a compatible

change; adding a procedure to a library could cause a correct statement.

to become ambiguous" The problem is even more severe if a "best fit"

selection algorithm ís used. We may introduce a procedure which causes

a better fit than the inEended one, thus inadvertently changing the

prograIn.

Overloaded procedures are, of course, useful in such cases as the

operations rr+rr, NULL, etc.o For this reason, functions in L are not

normally overloaded but the keyword OVERLOAD may be specified with the

procedure definition indicating that this definition overloads an

existing more global one, called the BASE procedure. It is not correct

to specify OVERLOAD lf there is no such BASE procedure. Overloading is

transitive and so a set of overloaded functions may be defined by

specifying OVERLOAD on the definitions of all but the base (most global)

procedure.

This requirement enhances both readabiliEy and compilability. When

\,re are reading a program, most procedures are not overloaded, Ehus we

may look directly at the most local definítion. In the case of

overloaded procedures, hre need only consider all procedures until Èhe

base procedure is encount,ered; no more global scopes and libraries need

be searched.
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Cornpatfbillty analysis is also sirnpllfied; an overload definition is

considered t.o be a reference to the next mosÈ global procedure l,rith the

same name" If a new function v¡ith Ehe same name is inserËed more

globally than the base function, the change is compatible and is not.

reflected in the CR. If the new function is less global than Ë.he base,

a CR entry will be generated because the new function obscures a global

reference (the overload reference)"

4"8 USER.DEFINED AUTOMATIC CONVERSIONS

FORTRAN originally had no automatic conversions. This restriction led

to awkv¡ard expressions containing many calls to built-Ín conversions

routi¡i.,s iuch as FLOAT and IFIX. It also led to such absurdities as

five functions to compute the maximum of a list of numbers: AllAXO,

AlfAXl, MAX0, I'{AXI, and DMAXI. With the introduction of user-def ined

types, these problems become even more severe, resulting in the

definition of a combinatorial number of procedures being required to

impleurent essentially one function.

Sorne languages, such as l"lesa, provide automatic conversions only for

built-in types. It is argued that auEomatic conversions (and

overfoading as well) are really only useful for numeric Eypes. I.lith

certain exceptions this is true, but it is also true that a large number

of user-defined types will be numeric. For example, wÊ may define

counters, quantities , disËances, and addresses, all of which are

manipula ted ariËhuretica1ly.
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is when

operations are done on objects which have varying precision" For

example, if we concatenate t\./o strings of maximum possible length ten,

the result is a string of maximum possible length EwenEy. However, it

is common Eo assÍgn that result to a variable of maximum possible length

ten, requiring t.runcat.ion.

Another exception to the "conversions for numerics onlyrr rule is that

of literals for user-defined types. CLU does not support lirerals for

user-defined Èypes. This restriction is very cumbersome. Furt.hermore,

it encourages the implernentor to add extra built-in types to the

compiler instead of adding type definitions to a library, a more

flexible approach.

Ada att,empts to address this problem by having Ewo independent ways

of creating user-defined types. The modular version of a user-defined

Ëype does not allor^r the programmer to use literals. The other form of

user-defined type is the NEI,J type. A NEW type is defined thus:

TYPEX=NEWY

X inherits all literals which are valid for Y, âs well as all functions

defined which have a pararneter or result of type Y. While NEW types

appear to give the programmer a useful facility wiEhout âuEomatic

conversions, several serious drawbacks exist"

NEW types do not support data hiding" NEW types are useful in a

limited number of applications where dimensional consistency is required

(e.g" preventing the addition of apples and oranges), A compleËe

system to perform dimensional analysis is more useful and can be
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implemented using the tools of. L" NEW types, as defined in Ada, make a

large nurnber of expressions ambiguous" NEW rypes, âs re-defined Eo

avoid arnbiguity, could be useful bul require a selection algoriEhm and

synbol-table-manipulation algorÍthm far more complicated than thaE

required for user-defined aut.omatic conversions "

4.9 USER-DEFINED AUTOMATIC CONVERSIONS IN L

L provides a general automatic conversion facility" AE any place, a

special procedure may be defined which accepts a parameter of one t.ype

and returns another. Whenever necessary, this procedure wil-l be called

in order to match Ehe result. of an expression to the t.arget type.

However, beEween a given source and target, at most one such conversion

will be applied.

This restriction can be a nuisance to the programmer. For example,

he rnay define converslons between REAL and LONG REAL and between LONG

REAL and LONG COÌ'IPLEX. Why should this not automaEically def ine a

conversion between REAL and LONG COMPLEX?

First, rrrere the progranmer to define the conversion between REAL and

LONG COMPLEX directly for efficiency reasonsr any expression requiring

the conversion would be ambiguous" One could choose the single

conversion over the double" But what if the single conversion were

defined at a more global scope than boËh conversions involved in the

double conversion? The same problems arise as with automaËic

overloading: readability is lnpaired; !¡e must search the entire symbol

table fn order to ensure Ehat a better conversion does not. exist; adding

any conversion would be a non-compatible change.
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suppose we Írere to choose the most local conversion path. l¡¡e could

then choose an indirect conversion v¡hen the direct. one is appropriage; a

programmer courd inadvertently override a built.-in conversion by a

series of user-defined conversions. For example,

TYPE X

CONVERT INT -> X

CONVERT REAL -> X

CONVERT X->REAL

the above statements would override the system conversion between INT

and REAL, which is noE what. was intended.

Inserting a conversion int,o the library would not be compa¡ible using

this neÈhod eíther" For example r{e may have:

BEG IN

CONVERT A -> C

tsEGIN

BEGIN

CONVERT B -> C

VARIABLE AA: A, BB: B, CC: C

ENI)

END

END

The above assignment invokes the conversion defined in the outermost

block. rf, however, the statement trcoNVERT A -> B" were inserted into

the second block, iE would be used in combination v/ith the conversion in
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the innermost block. The cross-reference information for B gives no

indication that this lnsertion would cause problems. Therefore all

insertions of conversions would have to be regarded as non-compat.ible.

Thus, all conversions in L musE be defined directly.

conversion is required, a cast may be used. For example,

VARIABLE LC: LONG COMPLEX, R: REAL

If a complex

LC := LONG REAL R

LC := CO}IPLEX R

Defining all possible conversions is therefore straightforward, although

a bit tedious.

When user-defined conversions are permitted, many expressions become

ambiguous. For example, given the conversions INT -> REAL and REAL ->

INT, and the procedures INT * INT -> INT and REAL * REAL -> REAL, the

expres sion

VARIABLE I: INT

I := I * I

is ambiguous; we do noË know which "*" to select" The Programmer

clearly intends that the INT versfon be chosen. Thus, requiring an

unambiguous selectlon is unrealistic " Rather, operators in an

expression must be selected according Èo "best fittt.

In the above example, selecting the REAL "*" would require three

conversions r+hereas the INT rr*rt would require none. Thus, the number of

conversions could be used as a cost function to be minimized.
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However, this algorithm fails Èo t.ake into account Ehe fact that sorne

conversfons are less desirable than others" l,ùidenings, conversions

vrhich lose no ÍnfornatÍon, are infinitely preferable to narrowings,

those which do lose informaÈion" Our selection criteria could then be:

l. minimlze narrowings, 2" minimize widenings among those selections

which are tied for the least number of narrov¡ings.

This algoriEhm still has a number

LOG(X) exisÈs for REAL X and LONG REAL

the statement

weaknesses. Assumi.ug that

and returns the same resulË,

lJe consider operators with two

INT and REAL multiplication in

of

X,

VARIABLE LR: LONG REAL,

LR := LOG(R)

REAL

is ambiguous because either Ehe operand or Èhe result may be widened ro

LONG REAL. In most cases the choice is arbitrary but consider

LOG( 123456) and assume that REAL carries six digits of precision and

LONG REAL twelve. The result to twelve digits is 11.7236400962, which

is in fact the result produced if the parameter to LOG is widened. If

instead the result is widened we get 1i.7236000000, which is closer to

LOc( I 23451.049975) rhan ro Loc( 123456).

The problem becomes more extreme when

parameÈers " Consíder the choice between

the following st.atement :

VARIABLE I,J: INT, R: REAL

R := J * I

or between INT and REAL divlsion here:

R := J / I.
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Fewer widenings would be required if the INT operations rrtere used.

However, thls choice could easily lead to truncation whereas no

information could be lost if t.he REAL operations were used"

This selecËion can be made by nodifying the COST function so that

widening the resulL of a function is considered fo implicitly widen noE

only the result, but each of Lhe parameters as we1l" That is, the cosE

of a particular widening is equal Eo the number of nodes in the parse

tree for Ehe expression whose result is widened, including non-terminal

nodes "

Similar analysis may be applied to the cost function for narrowings.

Consider the following expression

R:=X-Y

where X and Y are LONG REALs containing L23457 "289012 and L23456.510987

respectively. If LONG REAL subtract.ion is used rve get the correct

resu1t,0"578025 but if REAL subtraction is used, we get 0.

Each operation applied to a narrowed value compounds the information

loss. Therefore narrowings, when requi.red, should be done as late as

possible. ThÍs criEerion rnay be incorporated into Ehe cost function for

narrowings by counting each narrowing plus the number of functions

t.hrough which the narrowed value passes in contributing Èo the result.

That is, t.he cost of a particular narrowing is multiplied by its depth

in the parse tree.

The selection criteria may be summarized as follows.



9B

All conversions are avoided where possible. l,Jidenings are preferable

to narrowings. trlidenings are done as early as possible in the

evaluation of Ëhe expression and narrowings are done as late as

possible 
"

4"IO II'ÍPLEMENTATION OF OVERLOADING IN CONVENTIONAL LANGUAGES

Selection which does not consider result. types is straightforward" The

algorithm may be expressed as a recursive function r¿hich selects the

appropriate choice for the operator aÈ the root of the parse tree.

SELECT( PARSE-TREE) RET1JRNS FUNCTION

X := null list of functions

for all sub-trees S of PARSE TREE do

concatenate SELECT(S) to X

FUNCTION := the function with the name in ROOT(PARSE TREE) which

has formal parameters whose types corresPond to X

END SELECT

The decision as to whether òr not the formal parameters of a function

match X differs among languages. However, there is no facility for

applying an overall cost function to the expression.

4 " I I AN ALGORITHÌ,I FOR THE SELECTTON OF OVERLOApEp _{tJxçllguq rN ADA

In Ada, as Ín L, overloaded functions are selected based on Ehe types of

t.heir results. However, Ada allows no auËomatic conversion and

Lherefore the selection process ís simpler than in L. Existing

solutions for this slrnpler problem, as well as a neu/ solution' are

discussed fn this secÈion. In the next section, the new solution is

enhanced to handle the selection process in L.
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In conventional languages, the appropriaEe functions may be selecËed

by a single bottom-up traversal of the parse tree. The preliminary Ada

rat,ionale IICH79] presents an algorithrn which selects functions using a

number of top-down then boEtom-uP traversals. Persch et al" IPER80]

show Èhat this algortth¡n requires at mosE three traversals: top-down,

then bottom-up, then top-down. They then show that the selection can be

done with tv¡o traversals: bottom-up then top-down.

Both algorithms are conplex and difficult to state precisely, and

require the manipulaLicn of sets r¡hose size is unknown" The processing

time required depends on the total number of set elements processed,

rather than the number of t.raversals. l-urtherrnore, storage is more

like1y t.o be a constraint than execution time. Thus iE is not obvious

rhat the IPER80] algorithur is superior to the IICH79] algorithm in terms

of either memory usage or execution time "

This section presents a new recursive algoriEhm which selects

func¡Íons in Ada. Only stack (local) storage is required, and the stack

depth rvill never exceed the depth of the parse tree being processed. In

our examples, processing tj-me has been found to be negligible.

Nevertheless, three opEimizations are presenÈed. The first tv¡o require

no ex¡ra sgorage but can save a great deal of time. The third requires

some storage but reduces processing courplexity to less Ehan IICH79].
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4.II.I AN ALC.ORITHM TO COUNT THE NI]I"ÍBER OF INTERPRETATIONS OF AN

nxpn¡ssrol¡

The following algorithm is expressed in the form of a recursive

procedure, SELECT, which accePts as parameters a parse Eree for an

expression and the desired type of Ëhe expression" It returns the

number of combinations of functions which may be selecEed such that the

expression has a result of the desired Eype.

SELECT( DESIRED_TYPE, PARSE TRIE) returns NUI''IBER_S0LUTI0NS ;

if PARSE TREE is a leaf then

íf type of PARSF:_TREE is DESIRED_TYPE then

NUI"IBER_SOLUTIONS := I

else NUIIBER SOLUTIONS := 0

else

NUì"IBER_SOLUTIONS := 0

let Q = name of proc at root of parse tree

let R = list of acËual parameters to Q (as parse trees)

for every proc QQ with name Q which yields DESIRED TYPE do

leE S = list of formal parameters to QQ

if R matches S in terms of length, parameter names, and

default values

then

PARM C0Ì"1B0S := I

for I from I to length of R do

PARM COI.IBOS := PARl,f COIIBOS * SELECT( type of S[ I] ,R[I])

NUMBER_SOLUTIONS := NUIIBER_SOLUTIONS + PARÞÍ_COMBOS

END SELECT



If NUMBER_SOLUTIONS is l, the expression is correct;

than l, the expression 1s anbiguous; if it is 0, there

way of selecting the functions in the expression.

if ir

is no

10t

is greater

cons is tent

Note that all variables (NUMtsER_SOLUTIONS, PARM_COIfBOS, QQ, and I)

are of fixed size and thaË t.he number of levels of recursion is equal to

the depth of the parse tree" Furthermore, no functions are invesEigated

unless Eheir result could potenÈially be used Ín Ehe expression" This

statement also holds for IICH79] but is not true for [PER80]. This fact

raises doubts as to whether or not [PER80] is faster than IICH79].

4.1I.2 OPTIMIZATIONS TO THE ALGORITHM

4.tI.2"I OPTn'TTZATTONS WHrCH REQUTRE N0 EXTRA STORAGE

Clearly, the Ioop beginning "for I" can be aborted if PARI'I COMBOS ever

becomes zeto. This means that once a parameter of a function cannoE be

matched, that funcEion is discarded from further considerat.ion; we need

noE attempt to match the remainder of its parameters. NoLe that we may

NOT terminaÈe the loop when PARI'I COÞ1BOS exceeds one.

This modification reduces the processing required to reject invalid

QQ's (note that, in any valid expression, all but one QQ are invalid).

If Ehere is one invalid parameter, we have Èo examine, on average, only

half of the parameters before the invalid one is encountered. If more

than one parameter is invalid, âs will often be the case, shorter

searches occur. This optimization applies at each level of recursion

and thus causes exponential lmprovement with Èhe depth of the parse

t,ree. FurEher heurisÈics rnay be applied, such as maÈching paraneters of
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uncourmon types first, or matching parameters with smaller parse trees

first. These techniques are not invesLigated in this thesis"

A similar optimization may be applied to the loop beginning "for

every QQ" " The loop may be aborted when NUMBER SOLUTIONS exceeds l;

once the expression is found to be ambiguous we don'E care how ambiguous

it 1s" Note that this optimization changes the result of SELECT; r¡re no

longer receive a true count but can still determine whet.her Ehe

expression was inconsistent, correct, or ambiguous" As r¡ith t.he

previous example, heuristics may be applied to the order of the loop; as

with the previous example, these heurisE.ics have not been pursued.

4.LL.2.2 AN OPTIMIZATION I{THICH USES EXTRA STORAGE

l^lith the above optimizations, the algorit.hm investigaËes fewer

possibilities than IICH79] and many fewer than IPERBO]. However, many

recursive calls rnay be made with exactly the same arguments. For

example, we may have:

PROCEDURE F(A:INTEGER; B:REAL) ;

PROCEDURE F(A:INTEGER; B:INTEGER) ;

In resolving the expression

F( t+2,3)

SELECT is called twice with DESIRED_TYPE =

for "1+2" " This duplicaÈion can be avoided

Èhe parse Eree a list of each DESIRED_TYPE

called " The resulÈ of the calls must be

INTEGER and the parse tree

by attaching Eo each node of

for which SELECT has been

stored also. The storage
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required vrould be equal to that required by IICH79] if the optimizations

described in section I1.2.1 were not applied. If Ehe optimizations were

included, the storage required would be considerably 1ess" Furthermore,

running out of sEorage merely defeats the opEimization; it need not

cause termination of the algorithm"

4.II.3 YIELDING THE SELECTED FUNCTIONS

If Ehe expression is unambiguous, it is necessary to set a pointer to

the appropriate symbol-table entry for each function in the parse Eree.

The algorithm, as discussed so far, has merely indicated whether or not

an unambiguous filled-in tree exists" A trivial method of obtaining the

filled-in parse tree would be for SELECT Èo return a filled-in subtree

from every successful invocation. However, this secÈion describes a

modified algorithrn which sets Èhe pointers in Èhe original parse Èree,
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thus avoiding the storage cost of the previously mentioned ¡nodificaEion.

SELECT(DESIRED_TYPE, PARSE_TREE,MARK) returns NUMBER SOLUTIONS ;

if PARSE_TREE is a leaf then

if type of PARSE TREE is DESIRED TYPE then

NUMBER SOLUTIONS := t

else NUMBER SOLUTIONS := 0

else

NUMBER_SOLUTIONS := 0

let Q = name of proc at root of parse tree

1et R = 1lst of actual parameters to Q (as parse trees)

for every proc QQ with name Q which yields DESIRED fiPE do

let S = list of formal parameters to QQ

if R inatches S in terms of length, parameËer names, and

default values

then

PARÌ"1_CO¡,180S := I

for I from I to length of R do

PARl.l COì'IBOS := PARM_COI'IBOS * SELECT(

type of SII],R[I],MARK and NUMBER SOLUTIONS=O)

if MARK and PARI'{ COMBOS ) 0 and NUMBER SOLUTIONS = 0 then

set poinÈer in root of PARSE TREE to point to QQ

NUMBER SOLUTIONS := NUIÍBER_SOLUTIONS + PARI.'Í_COI'180S

END SELECT

We have added a boolean parameter, MARK, which indlcates wheÈher or
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not PARSE_TRXE should be marked with pointers to t.he appropriate symbol

table entries" The pointers conÈinue to be filled in until a solutÍon

is found. Subsequent calIs merely check for ambiguity and therefore do

not request EhaE Èhe parse tree be marked. If there is one solution,

Ehe tree is filled in appropriately; if there is more than one solution,

the first one is fitled in; if there are no soluEions, t.he pointers

which are filled in in the parse tree are not meaningful.

The optimizations discussed in section

algorithm as easily as to the first.

section I1.2.2 may be applied also, but

t.he root of the tree must be sËored along

for which SELECT has been called.

SELECT Ís clearly superior in what

constraint, namely, memory size" Two

LL.2.l can be applied Eo this

The opt.imization described in

the symbol table pointers for

with the list of desired tyPes

consider to be a more imPortanÈ

the optimizations do not affect

4 "LL.4 CONCLUSIONS

The major advantage of the algorithm presented is simplicity, both as a

statement of the rules for overloading and as a guide for

implementation. It is suggested that the execuÈion time of the

algorithm is noÈ importanE. NeverÈheless, the speed of Ehree algorithms

has been analysed. tPERS$I follows different paths than IICH79] or

SELECT (the algorithm presented herein). However there is little reason

to believe that it fs faster or uses less storage than I ICH79] . Three

optimizations to SELECT, which are mechanical and do not. change t.he

algorithm, make SELECT considerably faster ttìan IICH79] "

\ìTg

of



memory usage, while the third

is surplus storage available.

The algorithm (without

PL/I" The effort required

work correcEly on a number

106

may be selecEed aË run time whenever there

optimizations ) has been implemented using

vras very small and the algorithm was found to

of ÈesÈ cases".

4"T2 IMPLEMENTATION OF USER.DEFINED CONVERSIONS

A user-defined conversion routine is specified and compiled much like an

ordinary procedure or operator. Conversions, when used, are not

necessarily done in line, but are subject to the general rules for

in-line vs. dynamically called routines.

The pertinent information about the conversion routine

the symbol table. However, t.he key used to access the

enLry is not the name of Ehe conversion routine, but a

derived from the type of the parameter and the type of

Normal block structure applies; a more local conversion may

global one with the same "nametto

is sEored in

symbol table

unique name

the result.

hide a more

When a conversion is required, the appropriate routine may be found

directly in the symbol table; no searching òf possible conversions is

required. Separate compilation Ís not affected as the same

compatibility rules apply as to ordinary procedures. The concepE of

overloading is not meaningful as applied to conversions.
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4"L3 BEST FIT SELECTION WHERE CONVERSIONS ARE PER}ÍITTED

This section describes an algoriÈhm to select the best combinaEion of

overloaded functions in an expression" The cost funcEion described

previously is used to determine the best choice. First, an algorithm t.o

determine the minimum cost and Ehe number of choices which produce this

minimum cost is presented. IfodificaEions are then described which make

the algorithm mark the best choice in the parse t.ree.

The algorithm is expressed as a recursive procedure which accepcs

three parameters: the type of the desired result, the parse tree for the

expression, and the depth of the root.of Ehe parse tree. For complete

expres sions , lhis dep th is I . Only f or recurl. i';: c¿lls which pass

sub-trees is the depth greater than 1.

Three results are returned: tlìe number of solutions of minimum cost,

the cost of widenings in the best solutÍon, and the cost of narrowings

in the best solutíon. The algorithm is as follows:
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SELECT( DESTRED,TREE,DEpTH,// soLNs, BEST_t¡,BEST N)
IF TREE IS A LEAF THEN

rl' TypE rs DESTRED THEN //soLNS,I,tcosr,Ncosr := I ,0 ,0
ELSE IF TYPE WIDENS TO DESIRED THEN /ISOLNS,WCOST,NCOST := I,1,0
ELSE IF TYPE NARROIIIS TO DESIRED THEN

i/soLNS,t.]cosr,Ncosr := l,0,DEPTH
ELSE /ISOLNS,WCOST,NC0ST != 0,9999,9999

ELSE
LET Q = NAME OF PROC AT ROOT 0F TREE

LET R = ACTUAL PARAMETERS OF Q
/lsoLNS,BEST_I^J,BEST_N := 0,9999,9999
FOR EVERY PROC QQ I,JITH NAME Q DO

LET S = LIST OF FORMAL PARMS TO QQ
IF R MATCHES S STRUCTURALLY THEN

IF TYPE OF QQ CAN CONVERT TO DESIRED THEN

IF TYPE 0F QQ IS DESIRED THEN ll,N = 0,0
ELSE IF TYPE OF QQ WIDENS TO DESIRED THEN

l^I,N := COUNT(TREE),0
ELSE IF TYPE OF QQ NARROWS TO DESIRED THEN

. WrN := 0TDEPTH
PC:= I
FOR I FROI'Í I TO LENGTH OF R DO

CALL SELECT(TYPE(S( I) ),R( I),DEPTH+1,4,ts,C) ;

PC:=PC*A;
l^l := l.I * ts;
N:=N*C;

IF N < BEST N 0R N = BEST N AND W < BEST l,l THEN

//soLNS,eest_w,BEST N :I PC,w,N
ELSE I¡- N = BEST N & W = BEST l.J THEN

/ÉsoLNS := i/soLl¡s + pc

END SELECT

4 "I3"I OPTII"IIZATIONS

The loop beginning "FoR I FROl'f l" may be terminated if N exceeds BEST N

or if N equals tsEST_N and W exceeds BEST W. This optimization is

similar to the first optimization discussed in the previous section.

A further optimization may be accomplished if another parameter,

REQUIRED_COST, is added to SELECT" This paramerer specifies the r¡orst

possible fiÈ which could still contribute to a best overall solution"
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BEST_W and BEST_N are inirialized ro REQUIRED_COST insread of

infinity, while i/SOLNS is initialized to zero. Thus the loop "FoR I"

will terminate íf the maximum accepLable cost cannot be obtained or if a

previous selection has yielded a lower cost. When SELECT is called

recursively ín this loop, the value passed as REQUIRED COST will be

BESTW-WandBESTN-N.

The loop beginning "FoR EVERY PROC QQ" [0ay

valid for expressions to be ambiguous; vre must

to find out if there is a better choice for the

this loop is atternpting t.o select "

The optimization which requires storage may

all desired types along with the least cost of

r.¡ith each node in t,he parse tree.

noE be optimized as it

examine all possÍbilities

particular funcEion that

also be made. A list of

selecting each is stored

4"L3"2 YIELDING THE

The rnarking of vrhich

above algorithrn thus:

SELECTED FUNCTIONS

funcÈions yield the lowest cost may be added to the
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SELECT( DESIRED,TREE,DEPTH, /lSOLNS, BEST I,I,BEST N, ÞíARK)
IF TREE IS A LEAF THEN

IF TYPE IS DESIRED THEN //SOLNS,WCOST,NCOST := 1,0,0
ELSE IF TYPE I.¡IDENS T0 DESIRED THEN /i SOLNS,WCOST,NCOST := I,1,0
ELSE IF TYPE NARROWS TO DESIRED THEN

/i SOLNS,WCOST,NCOST := I ,0,DEPTH
ELSE //SOLNS,WCOST,NCOST i= 0,9999,9999

ELSE
LET Q = NAME 0F PROC AT R00T OF TREE
LET R = ACTUAL PARAI'IETERS OF Q
ilSOLNS,BEST_W,BEST_N != 0, 9999,9999
FOR EVERY PROC QQ WITH NAME Q DO

LET S = LIST 0F FORMAL PARl"lS T0 QQ
IF R MATCHES S STRUCTURALLY THEN

IF TYPE OF QQ CAN CONVERT TO DESIRED THEN
IF TYPE 0F QQ IS DESIRED THEN I'l,N = 0,0
ELSE IF TYPE OF QQ WIDENS TO DESIRED THEN

W,N:= COUNT(TREE)
ELSE IF TYPE OF QQ NARROWS TO DESIRED THEN

I^l ,N := 0TDEPTH
PC:=l
FOR I FROM I TO LENGTH OF R DO

CALL SELECT(TYPE( S( I) ),R( I),DEPT}T+I,4, B,C,FALSE) ;

PC:=PC*A;
W := l.I * B;
N:=N*C;

IF N < BEST N OR N = BEST N AND W < BEST t^i THEN
lisoLNS,nest w,BEST N rJ PC,ti,N
BEST QQ = qq
BEST_S = S

ELSE IF N = BEST N e W = BEST l"l THEN
i/soLNS := /lsolt¡s + pc

IF MARK AND /ISOLNS = 1 THEN
FOR I FROM T TO LENGTH OF BEST S DO

CALL SELECT(TypE( S( I),R( I),DEPTH+I,A,B,C,TRUE)
SET ROOT OF TREE TO POINT TO QQ AS SELECTED FUNCTION

END SELECT

Once again, an additional boolean parameter, MARK, is added to

SELECT. When this parameter has the value TRUE, SELECT will fill in to

the parse-tree pointers to the appropriate functions.

The algorithm, like the previous one, finds the cost of selecting a

particular function. If that cost is the least so far, a poinEer Eo

this function (BEST QQ and BEST S) is set. After all the functions have
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been testedu BEST_QQ contains a pointer Ëo Ehe best choice" Then, if

I1ARK is TRUE and the best solution is unambiguous the rooE of the parse

tree is filled in with BEST QQ" Furthermore, SELECT is called for each

of the parameEers t,o BEST QQ (BEST S) in order to mark the subtrees of

TREE "

The algorithm which does the selection can be somewhat slower t.han

the algorithm which merely determines the cost. The fraction of extra

time required depends on Ëhe number of choices for each overloaded

function; the more choices Ehere are the less overhead the selection

involves. Let us consider t.he case where there are tl^¡o choices for each

function in an expression. At any given position in the parse tree'

SELECT is called recursively twice as many times as there are

parameters. The modified version of SELECT is called recursively three

times as many times as there are parameters when l"lARK is true and twice

as many when I'IARK is FALSE. l.Iere Ehere five choices for each, function,

the extra ca1ls would only amount to twenty percent at a given level,

when l"fARK is TRUE.

The extra recursive calls are each more expensive, owing to Ehe fact

that they are expected to mark the parse Èree. Thus, the time factor

involved in marking the parse tree will be

l+( l/n)(t+( l/n)( l+( t/n)( " " " "..)))
or

l+( l/n)+( I/n)**2*11/n)**3* ".. +( l/n)'t*¿

where d is the depth of the parse tree. The sum of this series is

( 1-( l/n)**d> / ( l- 1/n ) .



For Ehe worst. case of n=2 and d fnfinite,

is 2. The marking algorithm, therefore,

slow as the non-marking algorithn.

Conversions which are

to be referenced in Èhe

deleted, modified, or

needing recompilation.

T12

Ehe value of this expression

cannot be more than twice as

The same optimizations can further pare the cosL of marking" The

optimization involving the exEra parameter, "required cost", will be

particularly effectÍve on the extra calls as the actual best cos! may be

passed thus avoiding all paths which would exceed this best cost.

The optimization involving extra storage would eliminate Ehe extra

cost of rnarking" Every tirne SELECT is called, the parameters and

results are added to a list pointed to by the root of TREE. Along with

this information, a poinEer to Èhe best choice for the root is stored.

Selection of the appropriate functions would then be equivalenÈ Eo one

traversal of the parse tree "

4 "L4 BEST FIT AND SEPARATE COI'ÍPILATION

When an expression is compiled, t.he set of functions which yields the

least cost is select.ed. If conversions are Iater added or deleted, this

selecÈion may no longer yield the lowest cosE and therefore no longer be

correct. In this section the compatibility information which will

indicate such siÈuations is discussed"

used in the selected expression are considered

normal way. If one of these conversions is

obscured, the program wÍl1 be recognised as
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Recognising which conversions, if added, would cause a different

selection to be made is more dlfficult. ln general, we can write a

logical expression which describes all condiEions under which the

current selection would not be optirnal" If t.his logical expression were

stored as part of the compatability information, it could be used to

determine whether or not a segment needed Eo be recompiled due to the

addition of a conversion.

unfortunately, this logical expression will be prohibitively large

for all but the simplest expressions. NeverEheless, some aspects of

dealing with these expressions are now.discussed.

The variables in the boolean expression represent Èhe existence of

conversions which could be pertinent t,o Ehe selection process. These

conversions may be enumerated by considering, for any subEree in the

original expression, the conversions between result, types of Ehat

subtree and all possible desired types. The union of all such sets, one

per subtree, is the set of variables in the logical expression.

Classical meEhods of boolean manipulation and simplification require

the generat.ion of all the minterms in a logical expression [Ì',ICL65].

These expressions could easily contain one hundred variables and

therefore 2**I00 minterms. It is therefore impossible to generate Ehe

logical expression by trying all possible combinatÍons of conversions to

see which yield a cheaper solution.

A somewhat üore practical approach would be to try all combinaEions

of overloaded functions in the expression tree and to determine which
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conversions would be required for each combinaEion. Those combinations

for which the overall cost is less than or equal to the act.ual cost

would be added t.o the boolean expression. This approach r.¡ould be within

the realm of possibílity for small expressions.

Assuming that the logical expression were Eo be generated in this

fashion, it would have to be simplified" Simplification methods

involving the generation of minterms or of prime implicanEs are

hopeless" We can, however, do symbolic simplification if we take

advantage of the fact that there are no complemented ter¡ns in the

expression; all terms are. combinations of conversions which must be

present, not absent.

The initial step of simplification is to remove any terms which are

covered by another; that is, all symbols in the covering term are also

in the covered term. Since there are no complemented variables, we know

ÈhaË t.his siroplificaÈion yields t.he simplest possible sum-of-products

form of the expression.

This simplified expression is no't simple Eo incorporaEe into a

compatibility record" Nor is it the smallest possible or the easiest t.o

evaluate. In order to ¡ninimize size and evaluation efforL, it is

possible Èo factor the expression so as to minimize the toÈa1 number of

boolean operations in the expression" This criterion is the same as for

the ulnimization of gates in realising a boolean expression in hardware.

FÍnding the opÈinum factorizarion is quire difficulr IDAV78].
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!ÙEAKENING TITE LOGICAL EX?RESSION

simplif ied expressiorr '.¡o'.r1d be complex and t.ime-consuming to

. Since Ehe objective is Èo avoid unnecessary compilation time,

no benefit if more time is spent in Ehis evaluat.Íon than that

saved "

Since Ehere is no harm in occasional spurious recompÍlations, vre can

weaken the logical expression in order to make it simpler" The weakened

expression must still be true in a1l cases where recompilation is

necessary; it could also be true when recompilation is not necessary.

One possible weakening is to use TRUE as the logical expression; all

subprograrns would be recompiled whenever a conversion was added to Ehe

environment. Another possible weakening is to use the disjuncEion of

the variables corresponding to all possible conversions as defined

previously. This set is easy to compute and may be added directly ro

the compaEibiliry list as it. is just a list of Ítems which cause

recompilaEion and does noE require a data structure to represent a

logical expression" However, the list may be excessively large. For

example, in an arlthmeEic expression with six arithmetic types, all

sixty possible widenings and narrowings would aPPear in the list.

Certain conversions may be removed frour the list. These conversions

are those which do not appear in any of the terms of t.he sÍmplified

unwidened logical expression. Clearly, the expression

ABC+ABD+BDE

is covered by

A+B+C+D+8"

However, the expression is also covered by
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A+ B

A+E

B+D

B+E

c+D,

which are all shorter and would yÍeld fewer spurious recompilations.

Any disjunction of single variables which contains at least one symbol

from each term will cover the original expression" Further discussion

in this Èhesis r¡ilI concern finding the minimum such disjunction of

single symbols. Since calculaÈing the original expression and then

selecÈing the minimum cover would be prohibitively expensive, methods

are developed here which approach this cover directly, without

generating the logical expression.

4 "T4 "2 FINDING TI{E }IINIMIJM COMPATIBILITY LIST

As mentioned previously, a possible conpatibility list is the list of

all conversions beEween result types and desired types at all positions

in the expression tree. It is possible to reduce this list by isolating

those terms which must appear, those which nay appear, and those which

do not appear in the minimum list.
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4.I5 A GRAPHICAL REPRESENTATION OF THE OPERATOR SELECTION PROBLEM

In order to analyse possible reductions to the courpatibility 1ist, a

graphical represenEation of Ehe expression and possible operations and

conversions is needed" First, â simplified rnodel is presented in which

operators may have zero or one parameter and zero or one result." Then

Èhe represenÈation is generalized Eo handle operators v¡ith more Ehan one

parame t.er "

4.15.I A REPRNSENTATION FOR ONE.PARAMETER FUNCTIONS

An expression tree involving only these kinds of functions is a line.

At the root is a procedure with no result and at the leaf is a procedure

with no parameters. The target of an assignment. can be viewed as a

procedure with one parameter and no result; a variable or literal can be

viewed as a procedure with a result and no parameters

functions r¿il1 have one parameter and one result.

Consider the following expression.

X := F(c(H(Y)))

The rest of the
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Then, between pairs of result and parameter groups corresponding to

adjacent. functions, define an edge beEween vertices representing types

betr.¡een which a conversion exists" This edge has a weight of zero if

the two types are the same; iË has a cost of a widening or a narrowing

at this posiLion in the parse tree if such conversion exisfs.

Assume that, in the above example, the following procedures and

conversions exisE.

TYPE ArBrCrDrE

VAR X:4, Y:B

FUNC F(A) RETURNS B

FUNC F(A) RETURNS C

FUNC F(D) RETURNS D

FUNC G(C) RETURNS D

FUNC G(E) REUTRNS A

FUNC H(ts) RETURNS B

FUNC H(C) RETURNS B

WIDENBT0A,CT0D,BT0E

NARROhI ts TO C, D TO A



The resulrlng graph would be:

FUNCTION

F (result)

F (parm)

c (resul-t)

G (parm)

H (resuLt)

Il (parm)

r20

TYPES

B,C,D

A'D

L),4

C,E

B

B,C,D

B

un labe 1l_ed edge s have we i gh r C
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The graph may b€ represent.ed as seven cost rnåtrlces.

CI (O 4n æ)

C3 (3n 2w)

ß)

C2

c4 (: ;)

cs (; :)

c6 (: : ;)

c7 /¿w\l-ltt\r"/
The ninimum posslble cost of selecting functlons may be deternined

by computing

c = .t L.* cz L.* c¡ L.+ c¿ L,* cs L.* co L.* ct

where f.+ is the ApL operaÈor which is defined as

X = A L.* ¡ is equivalenr to

X(i,j) = MIN A(i,k) + n(k,j)
k

That is, the operation l-.+ fs matrix multiplicat.ion wiÈh Èhe minimum an,l

addition operations used in place of adclirion and nulriplication

res pect. ively.
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Once the minimum cost is computed, we can find out which functions

conËributed t.o this cost by solving Ehe matrix equation

.i L.* crl_"+ " ". [_"+ ci_t l_.+ u, l.+ ci*r L.* ... c7 = c

for each Ui (I (= i (= 7). We know t.hat a given function contributes to

the best solution íf

Ci(m,n) = Ui(m,n)

where Ci(mrn) is the ent.ry in the cost maÈrix representing the function

in question" If for a given Ci, this is true for more than one pair of

m and n, the function is ambiguous. Similarly, the Ci and Ui matrices

which correspond to conversion paEhs indicate which conversions are used

in the solution.

4"15.t.1 soLvING THE MATRIX EQUATTOII el_"+ X = B FOR X

The above equation is equivalent to

B(i,j) = MIN A(i,k) + X(k,j)
k

We can see that, in order for this equation to ho1d, A(i,k) + X(k,j)

must exceed or equal B(i,j) for all i, j, and k. ThaE is,

X(k,i) )= l'{AX B(i,i) - A(i,k)
i

or

T
x )= (-A ) r.+ B where

D=E['.+r
is defined as

D(i,j) = MAX E(i,k) + F(k,j)
k



r23

Thus we have shown thaË

T
x=(_A) F.+n

is fhe minimum possible solution to the matrix equation

AL"+ X )= B

and is therefore a solution to

AL"+ X = B

if a solution exists. Similar argument shows that

T
(-A )

is also the right inverse of A with respect to f.+, provided that the

dual operation, F.+ ls used when multiplying by these inverses.

4"L5"1"2 CALCULATING ALL THE Ul

For an expression represented by n C1, we need to soh'e the following

equation for all U. (1 (= i (= n).

cr L.* c, ... t+ ui L,,+ ... cr,_r L"+ cr, = c

In order to do this, we compute for every i

ui = (-Li_r ) Ê+ c f.+ (-Ri+r )

where

Li = cr L.+ cz L"+ .." c.

and

Ri = ci L.* ai*i l_.+ ".. cn.

Note that Li and Ri are vectors" All the Li may be computed and stored

using n-l vector-maErix multiplications. Then the *i and ui may be

cornputed using another n-I maErix-vector multiplications"
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4.I5.I"3 MINIMIZING THE COMPATIBILITY LIST USING MATRICES

We can define a set of cost matrices, Pi, which parallel the Ci_

matrices" A particular element in Pi indicates Ehe besE possible

conversion cost which could occur if the appropriate conversion \¡rere

added to the environmenË. If the tvro types are the same, this cost is

zero. Otherwise, the cost is that of a widening at the ith position in

the expression tree.

rf any elemenE of a ti is less than or equal to the corresponding

element in U=, the conversion which Èhese elements represent must appear
L'

in the corupatibility list. These conversions are referred to as MUSTs

as they always necessitate recompilation and therefore must. be present

in the weakened logical expression.

Using the Pi_ and the Ci, it is also possible to determine which

conversions could never affect the selection made and therefore

necessitat.e recompilation, even if all other possible conversions

existed. Such conversions are referred to as NEVERs. We can define

another set of matrices, Wi, which indicat.e the mosE expensive

conversion at any gÍven position which could contribute to a better

solution. To compute l,l' we must solve the matrix inequality

Pt L.+ P2 L.+ . ". Pi_r L.+ wi [_.+ Pi*t . . . P,, )= c

The l,tr-. may be computed using the same approach as when calculating the

u. 
"1

Any element of a P. which is less than the corresponding elemenE in

l,J. could not possibly contribute to a selection which is berEer than the
t-^

existing one" However, it is possible to find more conversions which
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may be deleted from the compatibility list. These are conversions

which, if they existed, could contribute to a selection which is be|ter"

However, flo such sol,ution r.¡ould be optimal; the other conversions

involved would combine with other existing conversions to produce an

even beEter selecEion"

Such conversions may be

K.. are defined asrJ

*rj = ci L'+ ci*t L'*
If a conversion represented

any elemen! of some *rj (i

those just described.

recognized using the maËrices" The matrices

... I .+ C.r-l

by an element of

(l (= i < j (= n)

P, could noc contribute to

that conversion is one of

l.le therefore def ine

Pi L.+ ri*r L.*
that is,

X. .. as beine the minimum solution to
lJl

.. pL_r L.* xi jr L.+ p1+r L.+ ... tj ,= K..
1J

X..*, = (-P., _, ) f.+ (-P:- )]-JI r-r
A stronger W. is thus defined to be

I,li( j,k) = YtT 
x*yi( j,i.)

¡\l l. conversions "no". "o"a 
exceeds

be discarded from the compatibility

TT
l-.+ Kij f.+ (-P j ) f.+ .. . (-Pr+r )

Ehe corresponding element of kt. can"1

Iist "

Evaluation of the new I,l. in the straightforward manner would require

of the order n**2 matrix multiplications. Therefore, the problem is nor¡

rearranged in order to reduce computational effort. The definition of

X... mav be reassociated as follows.lJI

*rjr = Bi,r-r L'+ cr ¡'+ Tt+t, j
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-(PiL.+ "."
and

ttj = (ci L'+
These definiElons may

T
8,, = ((-tr. )lJ J

f . = (C. I .+1J 'IL

These matrices may

T
B-, = (_p, )lJ J

8.. = I1J

and

T

rj) r"+ (ci L.+ .j)

.j) F.+ -(Pi I "+ ".. rj)
be rearranged.

r¿here

T..
1J

T..
1J

where

c, L.+ tr_l 
, i

I

B. =1J

T

r.+ ( ((-p, )1

( ... (c, r"+ (-P,
JJ

be computed using

F + Bi, i-r L'+

T

¡ .+ (-P, )

C.
J

f.+ ci ) L.+
T

)) f.+ ...
r.he folllng

(j >= i)
(j < i)

(j )= i)

(j < 1)

) I .+ c.)
J

T

) l-.+ (-Pi ))

recurslons:

r-

The formula for LI.,

W. = MIN B.t ;-; 
-j,i-r

expressed in terms

L"* ci L.* tr*r,u
ofBandTis



r27

Reassociating this expression yields:

t,]. = (l',IrN uj,r_r) L.+ ci {_.+ ,f;t* tr*r,u)

Using the recursions previouslt O;t

(ltr¡¡ s. -) = MrN(r, (-pi_t )
j J '1-r

and
T

(u[N Ti+r,k) = MrN(r, ci+t L.* (ur¡¡ Ti+2,k) ¡-.+ (-r.*, )

Thus all the ner{r wi may be calculated using of the order

multiplications. After each multiplication the diagonal eremenEs,

are set to MIN(e,0).

Comparing W- to the corresponding P. indicates all of the conversions1 - -i ---------
which could never conEribut.e to a solution v¡hich tied or bettered the

current best" As well as these conversions, lre may exclude all

conversions already added to the compatibility list in order to lengthen

the list of NEVERs by calculation of an even stronger set of W..

Conversions may already exisr in the compatibility list for one of two

reasons: they rnay have been selected as part of the optimal soluEion,

or they may have been found to be MUSTs. The P, used in calculation of

rhe nevr l^l- are modif ied in the f ollowing way. The elemenÈs which

correspond t.o the selected conversions are set to infinity; if one of

these conversions e¡ere modified, Èhat fact alone would cause

recompilation and so any MAYBEs which depend on that can safely be

considered NEVERs" Second, the elements of " 
pi which correspond to

MUSTs are seÈ to the cost of Ehe next. most expensive conversion. That

ined, we have

l-.+ (urN ¡. ^) l_.+ ci_r)
-l J 'L- 

¿'

e,
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isn if a widening is a MUST, the corresponding t, is set to the

narrowing cost; if a narrowing is a MUST, the correspoding ti becomes

infinite"

AfEer this refinement, the set of conversions which have been neither

selected nor rejected has the f ollowing property. The seÈ l',1 contains

all conversi-ons, c, such that for each such c there exists a seÈ of

other conversions, S, such Ehat the cost of the optimal sorution wiEh S

added to the environment is noE less than the original cost but if S ancì

C are added the optimal solution is less than or equal to the original
cost. Thus none of the conversions in I'f causes recompilation by itself
but each could in combination with other elernents of 11.

The above statement. assumes that t.he conversions in each position of

the parse tree can be present or absent independent.ly. rn fact, a1l

conversions between the same pair of types must be present or absent in
common.

4.i5.1"4 FURTHER REDUCTIONS TO THE COMPATIBILITY LIST

Further MAYBEs can be eliminated frorn the list. t-or example, âny single

MAYBE may be considered a NEVER as it r.'ill never necessiEate

recornpilaEion by itself. After this eliminaEion, the C matrices would

have to be updated to assume that this conversion was present, and the

seÈ of MUSTs recomputed. Then another l-fAYBE could be eliminated. This

technique would reduce the size of the compatibility list but would not

necessarily lead to the shortest possible one. A second problem is that

re-evaluatíon of the u matrices could consume a great deal of time.
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In order to approach a minimal solution, the order of eliminatlon may

be chosen using various heuristics" Speed can be enhanced by noticing

that eliminating a conversion at one posit.ion cannot cause another

conversion at the same position (represented as an element in Ehe same

natrix) to become a MUST" Thus, all- the conversions at a particular

position could be eliurinated aÈ one time. However, conversions wl"rich

act as MAYBEs in more than one position could not be eriminaEed"

4"15.I.5 A DUAL APPROACH TO REDUCTION

There is a dual approach to reducing the list r¿hich is not so sensitive

to conversions which appear in more than one place. That approach is to

selecÈ one or more IÍAYBEs and add them to the compaÈibility list as if

they were I'tUSTs. The P matrices may then be updated as described

earlier, and the new l,ls calculated. These new Ws could create nevr

NEVERs. This process is continued until there are no more l"lAYBEs. The

size of the resulting compatibility list ís again dependent on the order

in which the conversions are selected. Once again, conversions may be

selected in bat,ches. However, there is no restriction that these

batches of conversions be picked from the same position in Ehe parse

tree" Furthermore, it is beneficial to select conversions which appear

in more than one place"

Nevertheless it. is sÈill desirable to select all the conversions at

one place. One reason is that selecÈing a conversion could noË cause

another at. the same position to become a NEVER. Another reason is Ëhat

a matrix of conversions could be represented compactly as a single

entity fn the cornpatibility list. FurËhermore, changing all the
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and hence cause more

at random positions 
"

The order in which the conversion matrices are

to Èhe compatibility matrix is still the subject of

selecting that position where the most expensive

seems Eo be a reasonable choice"

In general, Èhe graph of an expression is a Eree

the selection graph as a seÈ of groups of vertices.

4"L5"2 FI]NCTIONS WITH I"ÍORE THAN ONE PARAMETER

The previous secÈions described the representation of an expression as a

graph consisting of groups of vert.ices. The edges on the graph

connecEed only members of adjacent groups. The groups of vertices

formed a line themselves because the original parse tree vras a 1ine"

selected for addirion

experimentation, but

conversion is used

l^Ie can represent

These groups are

arranged in Èhe same strucEure as the parse Eree for the expression.

Each group contains one vertex for each possible parameÈer or result

type" Between each adjacent result type and formal Parameter tyPe an

edge exists if the corresponding conversion exists. Groups of

parameters and resulE Lypes r¡hich correspond to an exlsting function are

connected by an ttedgett. 
. This ttedgett is not really an edge as it

connects more t.han two vertices" It. is, ho\^rever, represented by an

entry in an n-dirnensional matrix, C, where n is the number of paraneEers

plus the number of results.

The selection process consists of solving a tree-like equation

involving these n-dimensional maÈrices. In order to manipulate the
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andmult i-dimens ional

inversion are now

matrices,

di scu s sed "

4"T5"2"L MATRIX MULTIPLICATION IN N

In this section, a generalized ruatrix

of thÍs compound operator, O, is

0 ::= (undotted)

;:= (dotted)

(dotled) ::= " (undotted)

(undotted) ::= (f)

: := (f) (dotted)

<f> ::= * I _ | * I I,f I X I

The semantics of O are as follows.

defined by:

R(il,i2,i3

R(iI, í2'i3

That is, R has

dimensions of A

dimensions of A

of ts. The extra

hrheneve r a

recognized firs

dimension of R,

recognized, the

generalized matrix multiplication

DII'IENSIONS

operator is discussed. The syntax

In evaluating the expression A 0 B, we first compuÈe the value R as

ir,, I , jl ,i2,i3 " ". j*) - A(il ,iZ,í3 ... t.,)

"' in, 2 'jI'j2,j3 
j*) = B(iI,i.,i3 ir,)

one more dimension than the sum of the number of

and B. The list of dimensions of R Ís Èhe Iist of

concatenated wiEh a 2 followed by the list of dimensions

dimension is referred to as the CENTRE dimension.

(undotted) is reccgized (the rightmost , operator is

t), the operat,ion f is applied across the centre

thus eliminating that dimension. Whenever a (dotted) is

Ewo dirnensions adjacent to u¡here Ëhe centre used to be
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are combined by taklng the dlagonal into a new cenEre dinension. This

process is contfnued until 0 has been recognized. At Ehis tfrne R

represents the result of A 0 B.

usfng APL, these three sËeps may be expressed as forlows.

r' R<-(((rppA), (1 + ppA) + rppB), r + ppÀ) a ((pA) ,(pB),2) p(,A) ,,8

II. for every function, f

ft<- f./ 12+ ( p pA) -r I R

for the Ith f from the right of o

III. for every

ft+ ((r1+ (ppA) -r), ((ppA)-r)+ r(ppB)-r) Q R

for the Ith . from the right of O
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The operation *"* is normal matrix multiplication. _.* and l.+ are the

same as have been used previously in this chapter. However, these

operat.ors may be used on maErices of higher dimension. It shoutd be

noted that alrhough the above semantic description is convenient, an

actual multiplication may be optimized to avoid generatÍng the large

intermediate result, R. For example the function R = A F.G.H B is

R(it, iz

¡'G
pq

e( ir
ín_2' j3' i4 j*) =

,i2 in_2,p,q) H B(q,p,j3,j4 jo)

for A n dimensional and B m dimensional.

The minimal cosE of ""r""arr,, functions in an expression may be

expressed as an equation using matrix producËs. A notation is now

presented so that such equations may be written.

4"L5.2"2 A NOTATION FOR MULTr-DIMENSTONAL MATRTX EQUATIONS

A mulri-dimensional matrix 1s represented by a symbol such as I.l. Each

dimension of .¡'t is represented by a dot. A column vector is is denoted

*ì't and a row vector M*. The dot indicates that Ehese vectors may be

multiplied on the left and on the right, respectively. hrhen a product

is formed, the operaËion is represented by a line joining two dots. For

example, Ehe dot product of ror^r vector A and column vector B is

A----B

The line merely shows the structure of the expression. rn order to

specify which operation is performed, we may write the operator above

the line.

-L*

A-----B



In this case, Ehe product is a scalar,

there are no renaining dots.

as indicated
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by the fact that

A conventional nafrix is represented as *Mx. The positions of the

dots indicate thaE *M* may be multiplied either on the right or on the

left" The various conventional multiplications are listed in the

following table.

*l'{---v

v---M*

*M---M*

(maErix times coLumn vector yields cofumn vector)

(row vector times üatrix yields row vector)

(matrix tirnes matrix yields maErix)

In addition to matrix multiplications, outer products as defined in APL

may be formed. These products are represented by a single simple

operator and do not consr¡me any dots. For example, Ehe outer product of

two matrices yields a four dimensional resulÈ:

*A+B*

The compound multÍplications discussed earlier may also be applied.

A i.. r.+ B

would be represented by
1,.r.*

.A===!, " The double line consumes t\do pairs of dots. As the resulE

has no dots, \¡re can see that it is a scalar. The order in which the

dimensions are used is: the right most dimension of the left operand

and the left most dimension of the right operand are combined first;

t.hen the dimensions of the right operand are used counter clockwise and

of the right operand, clockwise"
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Objects of larger dimension are represented using a dot for each

dimension. These dots are arranged in a semicircle above Ehe symbol. A

three dimensÍonal matrix would be

&

a four dimensional matrix would be

and so on" Multiplícation of tv,ro three dimensional matrices yields a

four dimensional result.:

**
*A---B*

An outer producÈ yields a six dimensional result:

****
*A B*

A double multiplication yields a thro dimensional matrix:

*A===B*

Ilulti-dimensional matriceè may be multiplied in other orientations:

*B

I

^A^

or

B*
I

*A*

**
B.A*
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In these examples, the orientaÈion of B nay be deduced from the

positions of the dots and lines. However, consider the case of a tv/o

dimensÍonal matrix, If, being multiplied by a three dimensional matrix,

A.

It is clear thaË 1"1 is being multiplied by the centre dirnension of A.

However, w€ cannot determine whether 11 is being roultiplied on the right

or on the last by A. In order to resolve this ambiguity, \re can,

wherever necessary, mark the bottor ol : r:rtrix using an arrovr wirich

point.s from the first dimension to the l-eft" That is, a three

dimensÍonal matrix in normal orientation would be:

^A^
+

The above expression could

M?

I

^Aó
å

or as

then be written as

M

I

¿

Su
I

*A*
å

the f irst representing l"f on the righc

This notation is also used to represent

T
A={
å*

and the second

the transpose

on the left"

matrix "

,M

ofa
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4.I5"2"3 REPRESENTING TI{E SELECTION PROCESS AS A },IATRIX EXPRESSIO\]

Consider Èhe following expression.

x := f (g(a,b),h(d) )

The cost of selection can be calculated by evaluating

&D

I

&c4
I

ùB SH

A---C I ---G---C3--F---C6---X
åå+++++

rvhere X, F, G, H, A, B, and D are the C matrices representing x, f , g,

h, â, b, and d respectively, and Cl through C6 represent Ehe appropriate

convers ions .

In addition to the C matrices, the U matrices may be comput.ed. For

example, U3 is determined by solving the matrix equation

&D

I

+c4
I

&c2 .&c5

tt
A---Cl---c---U3--F---C6---X = COSTåå+++++

which'is equivalent to the. equation

L3---U3---R3 = L3---C3---R3

where

&s
I

&c2
I

L3 = A---Cl---G*
+å+

tl
&c2 &c5
tt

*B
I

*H
I
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and

ùD
I

&c4
I

&H

I

&cs
R3 = *F---C6---X

+++

l"lultidimensional Us which indicate which functions are involved in

the optimal sol-ution may also be calculated. For example, the uratrix Uf

which corresponds to the F is calculated "

*D
I

+c4
I

&B &ir
tt

&C2 ,l'C5

tt
A---CI---c---C3--Uf---C6---X = C0ST
++à++++

The above equation is equivalent to

&L2f.
I

Llf---Uf---Rf = C0ST
+++

Solving for Uf we have

*
f(-L2f )

+
uf = *(-Ltf)+cosr+(-m)*

All of the L vectors rnay be comput.ed in advance. After the Ls have been

computed, the Rs may be cornputed as well. As an example, consider the
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comPuration

L3=

R3=

Note that

the value

of L3 and R3 "

&B

I

&c2
I

A---Cl---G*
++ê

&L2g
I

LIg---G*L3=

L3 has been recursively defined in terms of other L which are products

of fewer maËrices. Generalizing this approach allows us to calculate

all of the Ls"

R3 can be computed in a similar manner"

þLzf. .

I

*F--:Rf
-ù+

+

Lis

ofL

defined recursively independently of R but R depends

for its recursive definition.

In order Eo minimÍze the compatibility list it is necessary

calculate the W. Each Wi is computed by solving this equation:

Wi = Bi---Ci---Ti

where Bi and Ti are defined recursively.

of W3 is gíven"

W3 = B3--:C3---T3
+++

As an example, the calculation

83 = IíIN(
r. f.+

* ( -G) ========f* ,r)ê

to

*è
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&B29
I

*B lg---G*

T3= r"frN(

+

f" f.+
*J========( -F ) *
+-a ,r)

Y=

þB2f
I

*F---Tf*
++

4"16 CONCLUSIONS

Although the algorithm

Because the multidimensional matrices are sparse and contain onry two

possible values, no such matrices need be forrned in evaluating the
above expressions- A program which compuÈes the minimar compatibility
lisÈ as defined in this chapter has been Ímplemented using pL/r.

to reduce the cornpatibility list is complex for
the general case' the program which impremen.s the argorithm used

neither an excessive amount of cPU time nor an excessive amount of
storage in several test runs. rf a less complex solution is required,
many subsets of Ehe algorithm courd possibry be used. The most simpre
is to use TRUE for the rogical expression. This approach is no worse

than Ehat used currently. Another sinple approach is Èo incr_ude in the
compatibility list only those conversions whose cost is less than the
overalr cost of the expression when compiled. The weaker version of
the wi may be computed quite simpry withouÈ requiring matrix sËorage and



coufd be added to t.he original selecËion algorithm"

of selecting l'{AYBEs to become MUSTs may be applied

any of these less powerful approaches"

14t

Also, the approach

in combination with



Chapter V

CONCLUSIONS

5.I II.ÍPLEI'{ENTATION AND USE OF L

All of Ehe major components of a type-secure language and of a

compilation system which allows the progranmer to develop abstracEions

have been presented. In all cases, design decisions have been made with

straightforward implementation in mind. Furthermore, abstractions and

separate cornpilation can be used to implernent many of the features which

are usually built into a compiler, greatry reducing its complexity. rE

is essentiar at t.his point in programming language evoluEion that

systems incorporating these nerrr features be implernented so that

programmers may develop a methodology which makes use of these features.

Only Ín the light of this experience may these ideas be ful1y judged and

then improved" some of the aspects of L, such as the procedure

selection algorithms discussed ín chapter 4, have been implemented. The

implementation of L will be completed in order that research into the

use of L rnay proceed; it is Ehe use rather than irnplementation that will

be significant fuÈure research.

-t42-
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5"2 BLOCK STRUCTURE
r43

L Ís a bl0ck-structured language. conventional bl0ck sÈructure has
come under criticism recently for three major reasons.

l. In order that tr¡o procedure, may share daÈa, they must
share that data Þ¡ith Ëhe rest of the world.

2" In order for a variable to be persistent, iE must be
global, but if it is global, it is freely accessible ro
every procedure.

NesËed procedures cannoE be separately compiled.
other hand' Èhe foll0wing points in favour of b10ck-structure

A hierarchical nesting of environmenÈs is natural; !¡e
have, for example r âo operating sysEemr several
sub-systems, a user environment, the user,s gJ_obal data,
and the user,s loca1 daÈa.

It is impossible Èo do away with sharing of data. Any two
procedures whÍch interact must share a conmon environment.
At the very least, they must share the definitions of the
types of their parameters.

2.

rt is felt that L takes advantage of b10ck structure while addressing
the three drawbacks. The MODULE facillty resÈricts the visibility ofnames shared among a set of routinesi the separation of a variable,svisibÍlity and its duraÈion addresses Ehe second criticism; and Ëheseparate compiJ-ation system alrows nested procedures to be recompiled.

Furthermore' the separaEe compiration systen encourages the hierarchical t



approach to environmenËs by allowing
modifications to programs.
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user libraries and therefore local

This argument is not meant Èo imply that many of the features
presented in this thesis could not be applied to non-b1ock-structured
languages. The separaÈe compÍlation sys'em could be used for a ranguage
such as Ada, Mesar of proÈe', where program segrnents can import
declarations from others. The compatibility analysis can be used to
prevent all segments which import information from another (exporting)
segnent from having to be recompiled when Èhat segment is recompiled.
An oDB very simir-ar to that presented in chap 

'er 
2would be used with

the dÍfference thaÈ each segment wourd not necessarily have a unÍque
parent' There would have to be one father pointer, and one FTS for
every segnent irnported. The courpatibirity checking algorithm wourd be
applied to every father of the segment. Reaching the same module
through different paths would no. be a problem; only the first time a
segmen. is reached could compatibility maintenance be applied as the TS
would be updated at this time.

The procedure, parameter, and typing mechanisms could be incr.uded as
extensions to many languages. so could operaEor overl0ading and
automatic conversion. The concept of DURATT'N, however, wourd have to
be modified. The durations LocAL, GLOBAL, and PERÌ,{ANENT ¡¿ould stir.r be
meaningful (and useful). However, specifying int,ermediate durations
r¡ould be more difficult" rn order to specify an intermediate duration
the programmer could specify the name of a procedure whose duration
would be the same as his variable. such a specification would be valid



only if , r¡¡hen the call graph was examined, it

by which the procedure containing the variable

procedure whose duraÈion was selected. It is

intermediate duration would be useful.

145

r¡ere found that any path

deelaration contained the

not obvious that such an

5.3 OPTII'ÍIZATION

As the programner uses more levels of abstraction, the number of

procedures called for each statement compiled will increase. At the

sarne time, the number of features which are built inLo Ehe compiler

decreases. Because of the number of procedure cal1s, any significant
optimization technique will have to work across procedure boundaries,

and decrease the linkage overhead of calling procedures.

Two approaches may be pursued. One may add extra information
(similar to compatibiliEy informat.ion) to Èhe object modules in order to
facilitate optimization within procedures. 0r one may do optimization
at binding time yielding an executable code which is no longer eligible
for separaÈe compilation.

The first approach has been investigated by IcoN8r], who suggesrs

¡'¡haÈ information should be maintained about each compilation unit. The

information already contained in the ODB forms a sizable subset of this
information. However, if we allow the optirnizer to make assumptions

about procedures which another cal1s, then any change to the execu¡able

code of a procedure could necessitate recompilation of all procedures

which call that procedure. A tÍmestamp approach could be developed to
prevenÈ the traversal of the entire graph. This approach would be



similar to the t,imestamp approach used

traversal of t,he static visibility graph"
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in the ODB, which prevents

But such optimizaEion will be of limited use; there is 1itcle point

in, say, allocat.ing registers optimally, when linkage to procedures will

cause storage and reloading of the register set many Eimes. A more

promising approach is Ëo generaEe in-line code for Èhe many levels of

called procedures. Unfortunately, the gçneration of in-line object code

precludes separate compilation; if a procedure has been generated in

line, iE can no longer be replaced by the linker. The }fesa language

provides an in-1ine procedure facility. In Mesa, procedures must be

declared as "in-Iine" at Eheir definition site. The body of an in-Iine

procedure becomes part of its type; any change causes recornpilation of

all unlts to whom the in-line procedure is visible. The compatibility

analysis necessary to recompile only those procedures which actually

used the in-line procedure could be easily added to the ODB.

If this information is to be added to Ehe ODB, we may free the

programmer of having Èo specify at. Ehe definition site whether or not a

procedure is in-Iine. At the call site, the.programmer may ask to have

object code generated in line for any procedure. Or, the optimizer

could decide when the time-space tradeoff would justify in-Iine code.

If maintenance were likely to be applied frequently, the programmer

could request tl,;ii ,:ro object code be generated in 1ine, thereby making

his program as maintainable as possible. Finally, if a procedure is

generated in line, the opEimizer may take advanËage of any aspect of

that procedure whatsoever; if any change is made Ëhe program will be

recornpiled and Èhe optinization re-done"
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The decision whether to load dynamicarly a procedure when it is

carled, or to link it with the calling routine, is a more g1oba1

instance of the same in-line optimization technique. If a procedure is

linked in, the program must be re-linked in order to be maintained; if a

procedure is loaded dynamically, it will benefit from maint.enance

immediately" rn many systems, this decision has to be made by rhe

programner; he must indicate at the source level which technique is to

be used. It has been mentioned in chapter 2 that the linker/loader can

make this decision automatically, making use of the call graph to which

it has access. l,Jhichever method is used, the ef fect is the same.

rf the proper object code were generated by the compiler, the linker

could also make the appropriate decisions as to which procedures should

be called in line. This approach would remove the need for extra

compatibility information; the program is re-linked whenever a

modification is made. The design of an appropriare object code to make

such optirnization easy should be investigated.
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