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Abstract 

A common problem in large, evolving software systems is the difficulty of changing the 

interfaces of low level components. The traditional (re)compila tion rule in strongly typed, 

separately compiled programming languages is the recompilation of all modules tha t use 

resources provided by the changed interface. In many cases this conservat ive rule causes 

unnecessary recompilations thus was ting time and resources bringing the system back up to 

a consistent state. 

The global interface analysis algorithms, as proposed by I load, Kenned y a nd MUiler 

[HoKM 87], analyze, predict, and limit the effects of a cha nge to a basic interface in a software 

system. The CMI (Changing Module Int erfaces) implementation of these a lgorithms is 

targeted to the programmjng languages Ada, Modula-2, and CM I. The implementation is 

based on a n attributed gra ph model of the soft.ware system, and so lves the per isten t prob­

lems of interactive cha nge consequence analysis and minimal interface recompila tion . 

CM I is a module interconnection language developed to capture essential interface 

rela tionships. It fea tures a strict, explicit, and concise mecha nism to describe the in ter-ob­

ject dependencies a nd the flow of resources through the network. 

C MI is intended to be an integral part of the Rigi software development. environment 

for programming-in-the-large, but can a lso be used as a stand -alone tool for both software 

development a nd maintenance. It is written in portable, object-oriented C and was devel­

oped on an ll3M 3090 running VM /CMS, but may be easily re-hosted on a variety on 

operating systems using various compilers and , upport tools . 

Examiners: 

Dr. I I.A. M tiller 

Dr. N . Cercone 
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CHAPTER 1 

Introduction 

1.1 The software I ifecycle 

Consider the following scenario: a programmer is given the task of implementing 

a performance enhancement to an existing project. The program consists of a large 

number of modules that were written over a long time frame by many different 

people (who may no longer be on the project). The change to the module involves 

altering one of the heavily used service routines and its external interface. Given this 

task, the programmer may have no idea what the effect of the change on the rest of 

the system will be. Even with reams of documentation that may be available on the 

original system design (which may have since evolved, probably without the 

documentation being kept up to date), this type of maintenance chore quickly 

becomes very complex. The unforeseen consequences the seemingly simple change 

will have may prove costly, both in person and machine time. It is important, 

particularly in the development of large systems, to know not only what is changed, 

but also what effect the change has on the system, since those effects can be far 

reaching and perhaps unanticipated. 

Unfortunately, situations similar to that outlined above, changing the interfaces 

of low-level components (also termed basic inter.faces), are a common problem in 

large, evolving software systems, and occur in both the development and mainte­

nance phases of the software life cycle. During the maintenance process, the chang­

ing of a low-level interface involves the tracking down of all its clients and making 

sure that they are recompiled in the correct order to maintain a consistent system. 

Programmers become unwilling to alter a basic interface since they are unable to 
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estimate the effects of the change on the entire system. Indeed, because of the time 

needed to observe the effects of a change to an interface, programmers often try to 

breach the intermodule type-checking facilities to a void the tedious wait of a (possi-

bly lengthy) recompilation [Rain 84]. 1 This evasion of compiler checks is contrary 

to the software engineering principle of modular encapsulation and the strong typing 

facilities provided by imperative programming languages. Programmers may also 

attempt to alter existing programs so that recompilation is minimized, often to the 

detriment of a proper design . 

It is commonly taken for granted that languages such as Ada and Modula-2 

support incremental development of large software systems through their facilities 

for separate compilation. This belief is not entirely accurate. These languages in fact 

only support a restricted form of incremental development. This form is governed 

by the compilation rules of the language (i.e., the order in which compilation units 

must be submitted to the compiler or library management system). The traditional 

(re)compilation rule usua lly enforced requires that the interface, or specification , part 

of a module be available for analysis before its corresponding implementation part 

be submitted. While this rule implies that implementation modules may be devel­

oped in any order, as long as the appropriate interface modules have already been 

analyzed and accepted by the compiler, it also means that the interface parts of a 

software system must be developed in a strictly bottom-up order. Ada's subunits are 

an attempt to alleviate this restriction, but they are not fully successful in doing so. 

This restriction forces the construction of low-level modules to begin before any 

beneficial analysis can be done at the higher levels. In addition, since the interface 

part of a module often reflects the design decisions made concerning the modulari-

1 However , thi s is impossible in some of the newer and better software development environments for 

Ada . 
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zation and interface relationships of a system, the rule forces those decisions to be 

made from the bottom-up (if they are to be subjected to incremental analysis) [WoCW 

85b, WoCW 89]. In the rapidly changing development environment, this rule leads to 

interfaces that are frozen before they are sufficiently explored and tested [Tei t 

84a]. 

1.2 The problem 

The benefits of software engmeenng principles such as modularization, sepa­

ration of concerns, information hiding, and syntactic interface specifications applied 

to the construction of large software systems are well documented in the literature. 

However, the recompilation and coordination costs of changing a syntactic interface 

in large software systems is often prohibitive since so many software components 

depend on the interface. 

This problem is exacerbated when the changing interface is a low-level compo­

nent; a low-level component is a basic interface that is at or near the bottom of the 

system hierarchy [HoKM 87, Mull 86]. Altering a basic interface poses two main 

problems: since they form the foundation for the rest of the system, they are usually 

defined early in the design of a system and, as such, may not benefit from knowledge 

and experience gained at a later stage of development as more client implementations 

are written. The second major problem is that basic interfaces, by their very nature, 

have many clients. Changing an interface involves tracking down all the clients of the 

interface to make sure that they are still consistent. 

Modularization is a structuring technique used by most strongly typed, separately 

compiled programming languages to decompose a large problem into several smaller 
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problems. Each of these "smaller problems" is termed a module in software devel­

opment. Each module is usually split into (at least) two textually distinct parts: the 

interface part and the implementation part. A module communicates with other 

modules in the system through the interface part. Only the resources provided by 

the module are given; the mechanisms used to represent and/ or implement these 

resources are hidden in the implementation part (and any of its variants). 

Each of these modules communicate with the surrounding environment and 

other modules through require and provide lists. Though the syntax used by different 

programming languages to express this require-provide relationship between modules 

may be different, the semantics are much the same; a producer-consumer relationship 

is implicitly set up between various modules in the system. The modules providing 

resources are the producers, and the modules requesting resources from the producer 

are consumers. The require list specifies how the requirements of a module are to 

be resolved, and the provide list describes those objects that are provided by a module 

and are thus visible outside of it. Interconnection models are used to define these 

interactions between objects; visibility control mechanisms are used to govern 

requisition and provision of access to a resource. Different programming languages 

provide different visibility control mechanisms, which also differ in the degree of 

preciseness that they provide. For example, it may be possible to request a specific 

subset of items Crom a module, but that module may have no way of limiting access 

to the resources it provides. Contrasting the modification frequency and compilation 

time of the interface and implementation parts, interfaces are rarely modified (they 

contain less text) and compile much faster (no code generation is required). None­

theless, consistency checking and recompilation due to the alteration of a basic 

interface are usually much more time consuming than changing an implementation 

part [Ti ch 82], since numerous other interfaces and implementations in the system 
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may directly or indirectly depend on a basic interface, while the implementation part 

has only local dependencies. 

When the implementation part of a module is changed, the interface part is 

usually not affected. Thus, any other modules in the system that depend on that 

module are not affected. When the interface part of a module is changed in some 

manner, any other module in the system that uses resources that the changed module 

provides may be affected; the changes may ripple through the require-provide lists 

of the modules in the system. Thus, a seemingly innocent change in one interface 

may aflect a large number of modules in the system. These affected modules must 

then be recompiled, even though they may not at all be affected by the changes made 

in the original module. 

The traditional rule used m strongly typed, separately compiled programming 

languages to guarantee type and parameter consistency across compilation unit 

boundaries is the recompilation of all modules that use resources provided by the 

changed interface. Often this conservative rule causes unnecessary recompilations, 

thus wasting time and resources returning the system to a consistent state, since 

many modules do not use the resource that was actually changed in the altered 

interface. Moreover, this cascaded recompilation of modules may cause an unnec­

essary explosion of versions, since each compilation can be thought of as creating a 

new version of the object code, rather than replacing the old one.2 This method may 

also severely handicap persons responsible for maintaining large software systems 

because it becomes costly, in both machine and person time, to modify a low level 

interface. This negates the benefit of experimenting with various design alternatives 

2 For example, on VAX/VMS a compilation produces a new version of the object code, and does not 

destroy the old copy. 
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m an evolving software system, and forces freezing of code before it has been 

explored sufficiently. 

Implementations of this traditional recompilation rule for strongly typed, sepa­

rately compiled programming languages typically use file modification time stamps, 

as exemplified by Feldman's make utility [Feld 79] (a standard tool of the Unix 

operating system), to determine whether a compilation unit needs to be recompiled. 

Since the interface's contents are not analyzed, a modification to it causes the 

recompilation of its implementation part and of its client modules, even if the latter 

are not at all affected by the change. Languages in this category include Ada [Ichb 

79], C [ANSI 88], Modula-2 [Wirt 85], Modula-2 + [Rovn 86], M odula-3 [DJCL 89], 

Mesa [Mi MS 79], Cedar [Tei t 84, SwZH 86], Oberon [Wirt 87], and some the recent 

modular Pascal dialects [Josl 87, Bord 88]. 

In an improvement on this conservative recompilation rule, Tichy and Baker 

[Ti Ba 85, Ti ch 86] developed the smart recompilation algorithm which analyzes the 

contents of the interface and implementation parts of a module after a change to the 

interface by computing change and reference sets for the interface and implementa­

tions parts, respectively. This algorithm is especially useful for languages such as C 

or modular Pascal dialects, which use context, or . h (header), files as interface 

mechanisms, and source code proper (. c or . p) files as the implementation part. 

Programming environments such as Jc (Integral C) [Ross 87] use a modified version 

of these algorithms for incremental compilation of C programs. The smart recompi­

lation algorithm determines if recompilation is required for the implementation part 

of a changed interface. It does not aid in limiting the effects of the change as they 

propagate through the network of client interfaces. The Tichy-Baker algorithm is 

concerned with interface/implementation pairs, as found in independently compiled 
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languages such as C or Pascal, while the global interface analysis algorithms 

concentrate on separately compiled languages such as Ada or Modula-2. 

1.3 The approach 

In contrast to the Tichy-Baker algorithm, the global interface analysis 

algorithms, as proposed by Hood, Kennedy, and MUiler [HoKM 87], analyze, predict, 

and limit the effects of a change to a basic interface in a software system. They 

determine the effects of a change to an interface part on the clients (both direct and 

indirect) of the interface by propagating the set of affected resources from the altered 

interface through the require-provide li sts of the interface network. When used in 

conjunction with the Tichy-Baker algorithm, they can minimize the recompilations 

of both interfaces and implementations that result from an editing change on an 

interface. 

The CM I (Changing Module Interfaces) implementation of these algorithms is 

targeted to the programming languages Ada and Modula-2, and the CMI module 

interconnection language. The global interface analysis algorithms assume an envi­

ronment that provides efficient access to the compilation dependencies among the 

modules in the system. Though C M I is intended to be an integral part of the Rigi 

software development environment for programming-in-the-large [Mull 86, Mu Kl 

88], it was developed in a different environment. While Ri gi is currently hosted on a 

network of Sun Workstations, the development environment for CM I was an IBM 

3090 running VM /CMS. Because of this, the design of CMI differs from what it 

wou ld have been had it been developed from the start as part of Rigi. In particular, 

CM l constructs the necessary environment for the global interface analysis 

algorithms by extracting the interface descriptions from the source text and storing 
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the information in its internal data base, which represents a semantic network data 

model of the software system under investigation. 

Extracting the necessary inter-module relationship information can be accom­

plished in two ways: either an existing compiler for the supported target language is 

altered to provide the interface information in some way, or another tool must be 

built that parses the source text and gleans the information without the compiler's 

aid. In part because of time and resource restraints, and in part because of the 

philosophy of CM I, the existing compilers were not altered. Rather, a parser was 

built for each supported language, which allows incremental support for new 

languages to be added at a later date. It also a voids the legal implications of chang­

ing source code in (sometimes proprietary) compilers. The CMI module intercon­

nection language was initially developed as an intermediate form that consisted only 

of the essential interface relationships among modules in the system. It soon became 

clear that the language by itself is a viable method for describing explicit 

require-provide relationships in a strict, clear, and concise fashion. It also allowed the 

internal implementation to abstract itself away from the different "features" of vari­

ous programming languages, and to concentrate on the information extracted from 

the equivalent CM I description of a particular interface. Thus, the only language­

dependent part of the CM I implementation is the parsing. 

CM I can be used for both software development and maintenance. As a 

stand-alone tool, it can be used as an aid for carrying out consequence analysis on 

interface changes and as an efiicient recompilation mechanism for managing inter­

face changes. The implementation is written almost entirely in C, and is portable 

across a variety of operating systems using various compilers and support tools. It 

can be used as an interface translator ( compiler) between any of the supported 

languages, or interactively in either a command-line mode or in a menu-driven envi­

ronment. When integrated into Rigi, CMI will use its window-based user interface. 
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1.4 Benefits 

CMI can be used to solve two persistent problems: interactive change analysis 

and interface recompilation. Interactive change analysis allows a user to experiment 

with changes to an interface and to preview the effects the change would have on the 

entire system before it is actually implemented. Minimal interface recompilation 

requires that, when a system is rebuilt, only those modules affected by editing 

changes be recompiled, and in the correct order. The algorithms are used during the 

(re)compilation process to limit the effect of the interface change, and thus limit the 

explosion of versions as well. 

With CM I, experimental changes may be made to a basic interface to determine 

the effect on the rest of the system. Interface designs need not be frozen early in the 

life cycle, since changes can be efficiently managed at a later date. This is an 

improvement over simplistic, monolithic, and crude recompilation algorithms that 

are found in most systems nowadays, as exemplified by the well-known make 

program or the current Cedar environment [Lamp 84, Tei t 84b]. The design of a 

system should not be hampered by poorly constructed "work-arounds" introduced 

by programmers trying to avoid massive recompilations due to a small change in a 

low-level or "busy" interface. The CMI implementation solves this problem by 

managing the change, rather than avoiding it. The programmer can minimize the 

time needed for recompilation, thus a llowing various alternatives in the interface 

design to be explored before a final decision is reached. 

In a software development environment such as Rigi, aided by CMI, the main­

tainer of a large, complex system can easily decide whether a change in a basic 

interface can be implemented or not by computing the set of affected modules. If the 

set is acceptable, the change can be implemented; otherwise, it can be undone. 
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CMI aids in the support of incremental development by distilling out program 

analysis from the compilation mechanism, which is where it has historically been 

confined. It is desirable to be able to perform both syntactic and semantic analysis 

at different stages of the software life cycle. CM I provides feedback through the 

development and maintenance processes. 

1.5 A guide to this thesis 

Chapter 2 presents some background on pertinent issues of modularization and 

syntactic interface specifications with respect to the targeted programming languages 

Ada and Modula-2. In Chapter 3 the global interface analysis algorithms are 

discussed in detail, and Chapter 4 describes the CMI implementation of these algo­

rithms. Chapter 5 illustrates the use of CM I as a stand-alone tool in its various 

modes of operation, presents the results of using CMI on sample systems, and 

comments on how it would be used as part of an integrated software development 

environment. Finally, Chapter 6 presents conclusions and possible directions for 

future research. 



CHAPTER 2 

Background 

2.1 Introduction 

This chapter reviews work related to this thesis and presents background mate­

rial on the topics of programming-in-the- large and software development 

environments. This chapter also discusses modularity and interface specification in 

modern strongly typed, separately compiled programming languages and interface 

description languages, as well as visibility control, interconnection models, and 

recompilation. 

Programming-in-the-large refers to those aspects of software development 

concerned with the design, integration, and maintenance of software systems above 

the level of a single module. A description of the differences between 

prograrmning-in-the-large and programming-in-the-small is given, outlining some of 

the special problems that programming-in-the-large poses for conventional 

programming environments. 

Software development environments, and particularly those concerned with 

programming-in-the-large, have been very slow to evolve [Perr 87]. A brief over­

view of selected software development environments for programming-in-the-large 

is presented, with emphasis placed on the Rigi system [Mull 86, MuKl 88]. 

Modularity and interface specification in modern programming languages such 

as Ada and Modula-2 play an important role in complex software system design. 

Interface description languages such as IDL [StNe 87] and Intercol [Tich 79] are a 

11 



12 

more formal method of stating producer-consumer relationships between modules in 

a software system. An overview of the use of these modularization aids is presented. 

Classical programming languages rely on nesting as their visibility control 

mechanism [WoCW 86, WoCW 88]. A description of other access mechanisms 1s 

presented, especially those suited for modular programming systems. 

Interconnection models are used to define the interactions and relations between 

objects in a software system. Various models and how they relate to modularity, 

visibility control, and recompilation strategies are presented. 

Finally, the recompilation problem is discussed. Traditional methods of recom­

pilation used for programming languages that are used in programming-in-the-large 

are not optimal and often cause many unnecessary recompilations to occur. An 

overview of current recompilation methods is given, and the problems associated 

with these are highlighted. 

2.2 Programming-in-the- large 

A programming environment provides support for a single user developing a 

single module. This support typically consists of tools such as syntax-directed 

editors, incremental compilation, and source-level debuggers [Ti 11 87]. These tools 

are used in the creation, editing, compiling, testing and debugging of a single module. 

This aspect of software development is termed programming-in-the-small [DeKr 76]. 

Programming-in-the-large refers to those aspects of software development 

concerned with the design, integration, and maintenance of software systems above 

the level of a single module. The term software development environment is usually 
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used in place of programming environment to describe programming-in-the-large 

development support environments. A software development environment that 

provides support for programming-in-the-large must address issues such as the 

organization and representation of system structure, module decomposition, 

component dependence analysis, precise interface control, separate compilation, 

subsystem and composition identification, managerial support, method independ-

ence, as well as version and release control [Kl as 88, Mull 86, WoCW 85b]. 

Besides programming-in-the-small and programming-in-the-large, a third term 

is often used to describe software development environment support: 

programming-in-the-many [HaNo 86]. Aspects of software development concerned 

with programming-in-the-many include several programmers working on the same 

project, as well as projects that stretch over long periods of time. Access control, 

mutual exclusion, documentation, change history, network access, and project 

management are also concerns in this area. 

In the past, most software development environment work has focussed on the 

prograrruning-in-the-small aspect of software development. Projects in this category 

include the work on intermediate forms for program representation and structured 

editor support by Caplinger [Capl 85a , Capl 85b] , the Cornell PSG [TeRi 81, BaSn 

85], Gandalf [HaNo 86, Notk 85], the Jc (Integral C) development environment for 

C [Ross 87], Interlisp [TeMa 81], the Magpie development environment for Pascal 

[DeMS 84], PECAN [Reis 84], SO DOS [HoWi 85, HoWi 86a, HoWi 86b], SRE [Bu HZ 

85], and the object-oriented SW2 system [LaHa 85]. The emphasis on 

programming-in-the-small neglects important aspects of software development, and 

does not provide support in all phases of the software life cycle. Table 2.1 [Ti 11 

87] shows the three main software development environment areas. Only recently 

have systems for programming-in-the-large emerged. These are discussed below. 
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PIS PIL PIM 

Programming-in-the-small Programming-in-the-large Programming-in-the-many 

Construction, analysis, Design, integration, and Several programmers 
compilation, execution, maintenance above the working on a large 
optimization, debugging, level of a single module. project, large time frame, 
testing, monitoring of a System descriptions, access control, mutual 
single module. module decompositions, exclusion, documenta-

module dependence tion, change logs, 
analysis, interface network access, project 
control, separate compi- management. 
lation, subsystems, 
libraries, compositions, 
versions, releases. 

Tahlc 2. 1. Programmi ng in lhe small , large, and many 

2.3 Software development environments 

As mentioned above, in the past most research in the area of software develop­

ment environments has focussed on the programming-in-the-small aspects of soft­

ware construction. The development of sophisticated systems for managing a large 

software project through all phases of the software life cycle is still relatively new. 

The sheer magnitude of the task has meant that software development 

environments for programming-in-the-large have been slow to evolve. Recently, 

however, several new and promising projects have emerged. These environments 

support the programming-in-the-small aspect of software development , but also 

address issues related to the design, integration, and maintenance phases of the 

software life cycle. 

This thesis is mainly concerned with language, tool, and environment support for 

describing the relationships among objects in a software system, and the effects a 
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change in one of these objects has on the rest of the system. Some of the software 

development environments that provide support for this type of analysis include the 

APSE (Ada Program Support Environment) [NoHa 81, MOPT 88, Ober 88] and 

common interface set for Ada, the Arcadia research project [TBCO 88, TCOW 86] and 

its predecessor Arcturus [StTa 84, TaSt 84, TaSt 85], Xerox PARC's Cedar system 

[Dona 85, SwZH 85, SwZH 86, Tei t 84a, Tei t 84b] and the related Mesa system [LaSa 

79, MiMS 79, Swee 85], the CENTAUR system [BCTI 88], Appollo 's DSEE [LeCh 84, 

Lech 87, LeCM 85, LeMc 85], the Infuse tool for automatic change management 

[PeKa 87], which is part of the Inscape environment [Perr 87b], the Ipsen system 

at the Aachen University of Technology [Scha 87, Lewe 88], the K2 project [MHHL 

87, MHHL 89] at the University of Victoria, Micro Scope [AmOd 87, AmOd 88], M UPE-2 

[MaPT 86] at McGill University, the PCTE and PCTE+ systems [BGMT 88], the PIC 

system for Ada-based programming-in-the-large [WoCW 84, WoCW 85a, WoCW 85b], the 

PUNS program understanding system [Cl ev 88], the Rigi project [Mull 86, Mu Kl 

88] at the University of Victoria, the R 11 environment for FORTRAN at Rice 

University [CoKe 88, CoKT 85, CoKT 86a, CoKT 86b], and the TEAM environment 

[Cl RZ 88] for experimentation with various testing and analysis tools. 

Of the software development environments mentioned above, Rigi is the most 

important for this thesis, since CMI is an implementation of the global interface 

analysis algorithms, one of the subprojects associated with Rigi. Rigi is a framework 

for programming-in-the-large currently consisting of four main subprojects: 

1. Rigi Model 

2. Reusability-in-the-large 

3. Global Interface Analysis Algorithms 

4. Rigi Editor 
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Rigi 1s also part of the K2 software development environment for 

programming-in-the-large as proposed by the Software Systems Group at the 

University of Victoria. 

The Rigi model is a semantic network data model for representing and organizing 

the components and dependencies of complex systems [Mull 86, MuKl 88]. The model 

is expressed in graph terminology, with special meaning given to the arcs and nodes 

in the network. Each node represents a component in the software system, while the 

arcs represent dependencies between system components. Abstraction mechanisms are 

used to organize the information presented by the nodes and arcs of the network. 

Rigi models the basic bricks and mortar of a large, integrated software system. These 

bricks can range from the module level to the composite objects of a system or 

subsystem. 

The second subproject of Rigi is concerned with the reuse of design information, 

system structures, and domain knowledge for programming-in-the-large beyond the 

module level. The third subproject is the global interface analysis algorithms, which 

are the subject of this thesis. The fourth subproject, the Rigi editor, is a tool for 

maintaining and understanding the structure of a large system. The system 

description documents produced by the Rigi editor should run as a common thread 

through the life of a software project. Two implementations of the Rigi editor have 

been completed: the first was a prototype on an Apple Macintosh [Mull 86], and the 

most recent on a Sun workstation, which is the subject of [Kl as 88]. 

2.4 Modularity and interfaces 

One definition of programming-in-the-large states that it involves two comple­

mentary activities: modularization and interface control [Ti ch 79]. Modularization 
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involves dealing with a large collection of modules to form a system, and it is a 

different activity from the construction of each module [DeKr 79]. Describing the 

major system objects and their interactions is the primary concern of architectural 

design at the high level, while maintaining correct and consistent interfaces is an 

overriding concern during the implementation and maintenance of a software system. 

Since good software engineering design suggests that modules be kept relatively 

small, the number of modules in a large system is significant. For example, in a 

system of 500,000 lines, with roughly 200 lines per module, there would be 2,500 

modules. This is an order of magnitude more than there are lines of code in each 

module. With such a large number of modules, development of the proper interface 

relationships remains a complex task [Pam 72, Ti ch 79, Pa CW 84, WoCW 84]. Rela­

tively little attention been given to how a system is best decomposed into modules, 

and how these modules should interact with each other. Interface control can be 

described as the specification and control of the interactions among entities in 

different modules. Perry has done empirical studies that indicate that misunder-

standings at module interfaces are the rule rather than the exception [Perr 87c]. 

This thesis argues that better visibility control mechanisms could be used to reduce 

this inter-module communication problem. 

Many programrrung languages supporting programming-in-the-large, such as 

Ada [Ichb 79], Modula-2 [Wirt 85], Modula-2+ [Rovn 86], Mesa [MiMS 79], Cedar 

[Tei t 84a, SwZH 86], as well as some of the module interconnection languages such 

as C/Mesa [MiMS 79], IDL [StNe 87], lnstress [Perr 86], lntercol [Tich 79], NuMIL 

[NaSc 85], and PIC/Ada [WoCW 84, WoCW 85a, WoCW 89] (an extension to Ada), provide 

facilities for the modular construction and description of large programs. Such a 

programming language separates the interface specification of a module from its 

implementation, and enforces type and parameter checking across compilation unit 
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boundaries. The interface part serves two purposes: it is the syntactic specification 

for the corresponding implementation, and it is the interface between the module and 

its environment. More advanced systems allow for multiple alternatives and/ or 

versions of the implementation to co-exist; the user can select the version desired as 

late as link time [MiMS 79, LeCM 85]. 

Throughout this thesis, a module is loosely defined as synonymous with a 

compilation unit. Though this statement is not strictly true for all programming 

languages, and some may not agree to this equating of a logical unit with a prag­

matic (i.e., implementation defined) unit, it does serve as a guide to a practical 

example of the module concept. Most implementations of Modula-2, for example, 

either suggest or demand that each module be in its own compilation unit for easier 

interface consistency verification by the compiler. 

Since much of programming-in-the-large is concerned with defining interfaces 

[NoHa 81] and modularization, an overview of the modularity and interface specifi­

cation mechanisms in modern programming languages, focussing on Ada and 

Modula-2 in particular, is presented. Emphasis is placed on the different methods 

each programming language uses to implement modularity and interface specifica­

tion. 

2.4.1 Ada 

An Ada program is a collection of modules or compilation units called library 

units. The implementation chooses how to specify which library unit is the main 

module. A library unit can consist of one or more of the following [Booe 83]: 

• generic declaration 
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• generic instantiation 

• subprogram declaration 

• subprogram body 

• package declaration 

• package body 

• subunit 

Any library unit can be separately compiled. There are two philosophies for 

programming-in-the-large, bottom-up or top-down; Ada supports both of these 

through stubs and separate subunit compilation. 

The main mechanism provided by J\da for decomposing systems into modules 

ts the package construct. A module is a package and its corresponding body. 

Although Ada is orthogonal in that library units may be nested in any order to an 

arbitrary depth, usually the generic or package structure is the enclosing block. We 

concentrate here on packages and package bodies as the main modularization tech­

nique, with the package and its body usually being in separate compilation units. 

Ada packages serve the same purpose as modules do in Modula-2 and clusters 

do in CLU. They are the mechanism used to structure programs for 

programming-in-the-large above the level of procedures and/or functions (which 

themselves may be arbitrarily nested) . The package is broken into two ( or more) 

textual parts, which need not be in the same file. These are the interface and imple­

mentation parts. Figure 2.1 shows the syntax for module decomposition in Ada. 

Ada has only two levels of resource provision: all or none. A client gains access 

to the resources provided by another package through the with statement. The with 

statement causes all of the package's resources that are visible to be made 
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package name is -- interface 

end; 

package body name is -- implementation 

end name; 

Figure 2. 1: Module decomposition in Ada 

avai lable. 3 The use clause can then be used to provide unqualified access to 

resources, as long as they do not conflict with already defined objects; otherwise, 

selected component notation can be used (e.g., name. resource). Figure 2.2 shows 

an example of how a client would gain access to objects in package "name". The 

with statement declares that the current block is importing the resources provided 

by "name". The use clause makes the resources provided by "name" part of the local 

name-space, so that the dot selector notation is not needed to access these resources. 

The use clause is optional. This clause is analogous to the "with" statement for 

records in Pascal. 

By default, a ll resources in the package are exported (i. e., completely seen by any 

other structure that contains a "with package_name;" clause). The package writer 

may choose to hide certain parts of the package structure by declaring items to be 

private . A further alternative is the limited private type, similar to Modula-2's 

opaque types, except that even the eq uality and assignment operators are not 

provided by default, and must be provided by the package writer (if desired). By 

3 Thal is, a ll those objects that are not private or limited private. 
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default, the package STANDARD is automatically included, to give a variety of 

useful, system-dependent operations and types for the Ada programmer. 

Ada also provides generic s as another powerful facility to further abstract the 

programmer and system designer from the actual use of a resource and from its 

definition. A generk is an entity that is only partially compiled. It takes parameters 

when it is instantiated to enable a package to be used for tasks that have a similar 

function but operate on different types of data. Examples are a generic sorting 

routine or a stack. The latter is well documented, and Barnes gives a good example 

in [Barn 84] ; a stack's operations are independent of the type of data being stored 

in it. 

2.4.2 Modula-2 

The modularization mechanisms of Modula-2 include three types of modules: 

DEFINITION, IMPLEMENTATION, and the main program's MODULE.4 Every module in 

Modula-2 ( except for the main module) has both a definition part and an imple­

mentation part. These correspond to Ada's package and package body , respectively. 

The definition module is the interface to its clients. 

with name; use name; 

Figure 2.2: Client access in Ada 

4 T he main module is, .in fact, an implementation module [Wirt 87]. 
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Modula-2's modules serve the same purpose as Ada's packages. They are the 

mechanism used to structure programs for programming-in-the-large above the level 

of procedures and/or functions. The module is broken into two ( or more) textual 

parts, which may or may not be in the same file. 5 These are the definition and imple­

mentation parts. Figure 2.3 shows the syntax for module decomposition in Modu­

la-2. 

The greatest advantage that Modula-2 has over its predecessor6 Pascal is the 

MODULE construct. This enables a programmer to split a task into distinct pieces, 

above the level of procedures. J\ Modula-2 program is made up of one main module, 

and zero or more definition/ implementation module pairs. While modules may be 

nested,7 they usually only enclose type or constant declarations and subprograms 

(procedures and functions). 

The most recent version of Modula-2 [Wirt 85] implicitly exports all objects 

defined in a definition module. The initial definition of Modula-2 required the 

programmer to explicitly list the exported objects. Both the definition and imple­

mentation parts can import objects, but only the definition part can export objects. 

An example of the interface syntax is given in Figure 2.4. There is a one-to-one 

correspondence between definition and implementation modules. A client may 

import some of the objects provided by a module, or it may import everything in the 

5 The separation depends on the particular Modula-2 compiler 's implementation. 

6 Modula was the direct predecessor of Modula -2. However, this language never received wide release, 

and was developed specifically for real -time control systems. 

7 Local modules are not considered, since they are not visible outside their enclosing scope, which is 

another local module, an implementation module, or the main program module. 
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DEFINITION MODULE name; (* interfa ce *) 

END name. 

IMPLEMENTATION MODULE name ; (*implementation*) 

END name . 

MODULE name; (* main or loca l modul e*) 

END name . 

Figure 2.3: Modulari zation in Modula -2 

module. Only identifiers are used in the import and export list s; the Modula-2 syntax 

does not require one to specify the category of the identifier ( e.g., constant, type, 

variable, procedure), since there is no overloading in Modula-2. There is an 

optional QUALIFIED clause that may be applied to exported identifiers from a local 

module. If given, the importing module must always fully qualify references to such 

objects. In Ada this would be a with clause without a corresponding use clause. 

2.4.3 Other languages 

Many other programmmg languages are equally powerful in supporting 

programming-in-the-large, including interface description languages and design 

languages. Programming languages such as Cedar [Te it 84a, SwZH 86], Modula-2 + 

[Rovn 86] , Modula-3 [DJCL 89], Oberon [Wirt 87], and PI C/Ada [WoCW 84, WoCW 

85a] all provide modularization faci lities and interface mechanisms to allow for 
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program decomposition with strong inter-module consistency checking (to varying 

degrees). Design languages such as Anna [LuHe 85] and SEDL [IBM 88d] and 

module interconnection or interface description languages such as IDL [StNe 87], 

Instress [Perr 86], and Intercol [Ti ch 79] extend these facilities to allow a stricter 

and more precise description of the interactions between various modules in the 

system. The CM I module interconnection language provides a mechanism to 

describe inter-object relationships precisely; the language is explained in detail in 

Chapter 4. 

Finally, it should be noted that languages not usually associated with 

programming-in-the-large such as C or Pascal are evolving to incorporate some type 

of inter-module verification facility. The earliest and crudest mechanism is probably 

from Fortran and its use of labelled ( or unlabeled) COM MON blocks. The latest 

draft of ANSI C [ANSI 88] and implementations of Pascal such as Turbo Pascal 4.0 

[Bord 88] both have a flavor of inter-module checking similar to Modula-2. PL/ I 

has also had facilities similar to this since 1970 [IBM 87b]. The difference between 

these languages and Ada or Modula-2 is that the programmer is not forced to use 

these facilities;8 the older "unsafe" style of programming can still be employed. In 

addition, the level of checking that the compiler does is not usually as complete as 

FROM x IMPORT a,c; 
IMPORT y; 

(* specific resources*) 

(* the whole module*) 

Figure 2.4: Client access in Modula-2 

8 For example, in ANSI C, a program can still be coded in older K&R style [KeRi 88]. 



25 

that in Ada and Modula-2. This may be attributed to the relative crudeness of the 

visibility control mechanisms used in these languages. 

2.5 Visibility control 

The term visibility control essentially describes the mechanism that controls the 

scoping of objects. In the past, the predominant visibility control mechanisms have 

been ad hoc and based on nesting [WoCW 85b, WoCW 86, WoCW 88]. An object's decla­

ration, scope, and binding determines to whom it is available. This lexical scoping 

of blocks, procedures, modules, and subsystems forms the basis for an implicit 

producer-consumer relationship, where the enclosing scope is the producer, and all 

enclosed scopes that reference objects declared in the surrounding scope are 

consumers. 

This nesting of scopes is not a precise mechanism for describing visibility 

control. In languages such as Pascal [Wirt 71] or PL/ I, a subprogram's local entities 

are unavoidably made visible to other subprograms or blocks nested within that 

subprogram, but this fact is only implicitly stated in existing formal descriptions of 

nesting (usually given in the language's reference manual). There is no formal 

method of providing access to a particular object ( or set of objects) to a selected set 

of clients, just as there is no way to formally request access to only certain objects 

that a parent or sibling module may be providing. Modules are essentially producers 

and consumers of resources; ideally, relationships should be specified from both the 

producer's and the consumer's point of view. A more formal and precise method is 

based on the more general concepts of requisition of access and provision of access. 

A visibility control mechanism can therefore be defined as a means for specifying 
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requisition and provision of access, where "access" is defined as making reference to, 

or using, an entity. 9 

Requisition of access occurs when an object (implicitly or explicitly) requests the 

right to potentially refer to some set of entities ( or entities "owned" by another 

object). For example, in programming languages, a subprogram requests access to 

itself and any locally declared entities (plus some non-local objects). Provision of 

access occurs when an object (implicitly or explicitly) offers, to some set of objects, 

the right to potentially refer to that object ( or entities that the object "owns"). For 

example, in procedural programming languages, access to a subprogram is typically 

provided to the subprogram itself (i.e. , recursive calls), and in languages that support 

nesting, to the subprogram's parent( s ), siblings, and descendants.10 

Given this definition of visibility, an actual reference by object o1 to object Oj is 

possible iff 01 requests access to Oj, and Oj provides access to o1. In other words, one 

module may request access to an object in another module, but this request is only 

valid if the providing module in turn has made provision of this object to the 

requesting module. The distinction between requisition and provision alters with 

different approaches taken to visibility in different programming languages. For 

example, in Pascal [Wirt 71], requisition and provision are essentially mirror 

images: those objects requested by an object are also provided to that object and vice 

9 An entity is a nameable object in a programming language such as a constant, type, variable, 

or procedure. 'Throughout this th esis, the terms resource and object are used interchangeably with 

entity. The reason is I.hat the definition of a resource changes with the level of the system hierarchy. 

For example, at the module level, a resource may be a const, but at the system and variant level , a 

resource may be a subsystem or module. 

10 For languages that do not support nesting, such as FORTRAN, only siblings apply. 
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versa (in a syntactically correct program). In the designs of languages intended for 

large and complex systems, the desire for greater control over entity visibility has 

resulted in mechanisms that address requisition and provision in separate and often 

unequal ways. 

Both Modula-2 and Ada support nesting as a visibility control mechanism, but 

both also support a Oavor of a require-provide mechanism as well. Each language 

supports provision and requisition of access differently. In Modula-2, provision of 

access may be qualified by forcing the requesting module to fully qualify objects 

imported from a local module (through the qualified clause). Provision of access 

of objects to a particular set of modules is not supported; if an object is provided by 

a module, all other modules in the system have access to this object implicitly. 

Requisition of access requires that the name of the providing module be given when 

requesting an object, but it is also allowed to import all objects that another module 

is exporting. Thus, the require-provide mechanism in M odula-2 is not as strict as is 

desired. 

Ada has the same provision of access scheme as Modula-2 with the exception 

that the representation of a subset of a package's exported objects may be hidden 

(through the private and limited private clauses).'' This method is still limited, 

since one may only hide an object from all other objects (packages) or none. There 

is no qualification mechanism for provision. Ada's requisition mechanism is even 

coarser than that of Modula-2; the with clause imports all visible objects to the 

requesting module. 

11 The name of the entity is sti ll visible, just its representation is hidden. 
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The PI Cf Ada language extends Ada by adding provides to and requires clauses 

to the Ada grammar. The programmer then has greater control over the provision 

of resources by explicitly providing objects to specific modules. The clients, in turn, 

can request the whole package (as in standard Ada) or only the required parts of a 

package. The PI C method is based on a directed graph model of module interfaces 

that is used to represent a set of interface relationships; the database ( a development 

library)12 maintains the results of previous module analysis. It also provides an 

incompleteness construct to alleviate some of the bottom-up restrictions of Ada 

development. 

The provide-require relationships that exist between objects in a system are based 

on the visibility control mechanism used. One may easily model these relationships 

as a graph structure, with a node representing an object, and the arcs connecting the 

nodes indicating requisition and/or provision relationships. Chapters 3 and 4 study 

this graph structure as a compilation dependency representation; however, one may 

also study it in terms of a visibility graph that uniquely represents a particular set 

of visibility relationships among a set of objects. 

Wolf et al. [WoCW 88] define a visibility graph G = (N, A,., Ap) as a directed graph 

where N is a finite set of nodes labeled by unique names of entities,13 A, is a finite set 

of ordered pairs of nodes (111, 11j) denoting the requisition relationship 111 "requests" 

access to 11j, and Ap is a finite set of ordered pairs (111, 11;) denoting the provision 

relationship 111 is "providing to " 11j. The ordered pairs in A, and Ap determine the arcs 

in the graph. The visibility graph can be derived from the syntax tree representation 

12 The developmenl library is a synlhesis of an Ada program library wilh an operating system file 

structure. 

13 If overloading is allowed, as in Ada, type information is also needed, since names need not be unique. 
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of a program by applying the rules of a particular visibility control mechanism to the 

objects in the representation. Chapters 3 and 4 show how this information is 

extracted for CM I. 

A visibility control mechanism is said to be precise if it is both requisition precise 

and provision precise [WoCW 86, WoCW 88]. This definition of preciseness can be used 

as a measure of a programming language's modularization and interface control 

mechanisms, particularly for programming-in-the-large. Languages such as Pascal 

are imprecise because they do not have any type of require-provide mechanism other 

than the implicit one of nesting. Ada is requisition-precise, but not provision-precise. 

The reason is that, in addition to Ada's nesting capabilities, Ada provides access to 

a package's objects through the with clause. The selection of objects from a (nest­

free) package is on an all-or-none basis; an object14 in a package is either visible to 

all other packages in a system, or it is hidden from all. Thus, it is not provision-pre­

cise. It is requisition-precise because a program can be constructed that has no 

nesting at all, and all services a package provides can be garnered through the with 

clause. This is somewhat odd because Ada is designed with the expectation that 

many systems will be built from libraries of general-purpose modules, many of whose 

elements are not needed at any given time. 

Modula-2 is also requisition-precise, but not prov1s1on precise. While the 

request mechanism in Modula-2 is finer grained than Ada (i.e., a client can request 

a subset of' objects that a module provides), a definition module cannot provide 

services to a particular set of modules; it is an all-or-none construct. Note that this 

model of visibility does not insist on a particular interpretation of (in)consistency. 

14 That is, a visible object, according to J\da semantics. For example this excludes the representations 

of objects that are private or 1 imited private. 
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In Ada, for example, a minimum condition for the consistency of a set of object 

visibility relationships is that each object requested is in fact provided. Both 

PIC/Ada and CM I are provision and requisition precise. Chapter 4 shows that the 

module interconnection language that CMI uses is based on explicit and precise 

require-provide relationships. A complete formal treatment of visibility control 

mechanisms is given in the excellent papers by Wolf, Clark, and Wileden [WoCW 86, 

WoCW 88]. 

2.6 Interconnection models 

Interconnection models describe the relationships among objects in a software 

system. The granularity of the inter-object relationships depends on the 

programming language (since the modularization and interface schemes available 

vary by programming language), the software development environment (because 

the tools provided by a software development environment for 

programming-in-the-large vary), and the visibility control mechanisms used. Perry 

introduced three possible interconnection models [Perr 87a], which are shown in 

Figure 2.5. Perry's formalism can be used to define an interconnection model as a 

set of tuples as follows: 

IM ({objects}, {relationships}) 

This set of tuples is easily mapped to a graph structure, with the objects being nodes 

and the relationships being arcs with semantics between the nodes. This is the basis 

for the CMI graph model. 
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semantic 

syntactic 

B 

The three layers of interconnection models are: 

1. unit (coarse) (e.g., make) 

2. syntactic (fine) (e.g., CM I with Rigi) 

3. semantic (extra fine) (e.g. , lnscape) 

Figure 2.5: Interconnection models 

2.6.1 Unit model 

The unit model defines relations between various units (modules or objects) in 

a software system. Examples of this model include make, unadorned Ada systems, 15 

and most Modula-2 compilers. While the unit model is useful in encouraging modu­

lar construction, determining compilation contexts, determining recompilation strat­

egies, providing change notification, and describing system models, it is useful only 

in the context of very large-grained objects, since the basic units in this model are 

either files or packages (compilation units), which themselves usually contain multi­

ple entities. Often only a small amount of a context provided in this manner is 

15 Systems that do not provide a "smart make" facility. 
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actually used . This model forces many redundant recompilations because the change 

that occurred is with some resource within the basic unit; by its definition, changes 

can only be detected on a unit-based scale. It is sometimes advantageous to 

compose systems out of smaller pieces than files ( compilation units) or modules. 

Thus, a finer grain of interconnection than is available with the unit interconnection 

model is needed for effective management of evolution in software systems. 

An example of a system based on the unit interconnection model is the C 

programming language. A compilation unit gains access to type definitions and 

function prototypes (among other things) by textually including a context file by 

using the preprocessor #include directive; the context file is also called a header, 

or . h, file. A plain Ada system also uses the unit model for requisition of objects 

from other packages as well as to determine the recompilation order. Most Modu­

la-2 compilers use a unit model similar to Ada's to determine recompilation order. 

Finally, make uses file time stamps to determine (re)compilation order. These unit 

interconnection models are shown in Figure 2.6. 

2.6.2 Syntactic model 

The syntactic model focuses on smaller units than the module; the relationships 

between modules are refined to more detailed relationships among the syntactic 

elements of programming languages. In generic terms, it has a set of entities such 

as objects, types, and variables and a set of relations such as ("is used at", 

"requires from", "provides to", "is called by", "is the parameter of', etc.) This 

model is usefu l because it localizes the interconnections to programming language 

entities, instead of operating system implementation restrictions such as files 

( compilation units). Where the unit interconnection model only indicates the general 



C unit interconnection model: 

IM = ({files}, {"includes"}) 

Ada unit interconnection models: 

IM = ({library units}, {"with"}) 
Recompilation IM = ({library units}, 

{"with", "changed more recently than"}) 

Modula-2 unit interconnection models: 

IM = ({modules}, {"import"}) 
Recompilation IM = ({modules}, 
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{"import", "changed more recently than"}) 

make unit interconnection model: 

IM = ({.o files, .c files, etc}, 
{"depends on", "changed since generation", etc}) 

Figure 2.6: Unit interconnection models 

location of changes, the syntactic model indicates the syntactic objects that are 

changed (i.e., a finer degree of locality). 

Examples of thi s model include CM I, Inscape's Infuse [PeKa 87] , and Interli sp's 

Masterscope [TeMa 81]. Its uses include change management, static analysis, smart 

recompilation, and system modelling. J\ classic (but somewhat limited) example is 

the cross-reference utility provided by many compilers. By consulting the cross-re­

ference li sting, a programmer can locate the exact places affected by a change and 

manually propagate the change. 16 

16 This manual check and propagation is of course extremely error prone for large systems. 
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Interlisp's Masterscope builds a database of relationships and provides change 

management by querying the database. Similar facilities are available in Cscope 

[Stef 85] and Smile [Notk 85]. Static program analysis tools such as lint are well 

known to Unix programmers; lint was extremely useful in pre-ANSI C days, but its 

function has now been incorporated into most of the newer C compilers that support 

ANSI C. 

The most interesting use of the syntactic model occurs in smart recompilation 

algorithms that Tichy applied to the Berkeley Pascal prototype of "smart make" 

[TiBa 85, Ti ch 86] 17 and the subsequent extension to this system by Morgenstern for 

C [Morg 87]. Tichy uses the syntactic model to determine the effects of a change 

within a module and if recompilation is required. As in the unit model, the relations 

of change, addition, and deletion are added to the relations of the syntactic model 

and used to determine whether a particular change necessitates recompilation. For 

example, a change within a procedure only requires the recompilation of that 

procedure; a change to the parameter list may necessitate the recompilation of all 

of its uses. The smart recompilation syntactic interconnection model is given in 

Figure 2.7. 

IM = ({entities}, {"is used at", "is deleted from", ... }) 

l<igure 2.7: The smart recompilation syntactic interconnecti on model 

While the syntactic interconnection model improves on the unit model in terms 

of detecting the granularity of changes and recompilation algorithms, there is no 

17 Tichy 's work is explained in more deta il in Chapter 3. 
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information concerning why the relations between objects exist, only that they do. 

This problem is addressed by the semantic model. 

2.6.3 Semantic model 

The semantic model is similar to the syntactic model; in addition, semantic 

information is placed on the arcs joining the nodes in the system graph, not just the 

fact that "they do" . This model may capture what the original designers and/or 

builders had in mind when they used the objects to initially build the system. No 

software development environment known fully supports the semantic model. 

However, Infuse [Peka 87], the change management component of Inscape [Perr 

87b], does use semantic pre- and post-conditions to determine change extents. Given 

that the environment can determine the implications and extent of changes, Infuse 

provides the facilities to simulate these changes in addition to propagating them. In 

this way, the developer can determine whether a set of changes might have too 

adverse an affect before committing to those changes. Infuse also guarantees that 

the implications of the changes are carried out completely and consistently. Chapter 

4 shows that while the current CM I implementation does not fully support the 

semantic model, the design allows for easy completion at a later date. 

2.7 Recompilation strategies 

Modular programmmg languages that support separate recompilation have 

various rules for determining the recompilation order when an interface or imple­

mentation changes. Most programming languages use a conservative compilation 

rule to guarantee consistency across compilation unit boundaries. The general rule 

states that the interface of a module is to be compiled prior to its implementation 
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and prior to its client modules. This section presents various recompilation strategies 

based on various interconnection models, and comments on their eilectiveness and 

weaknesses. Chapter 3 details the recompilation problem, and the global interface 

analysis algorithms as a possible solution. 

2.7 .1 Traditional recompilation strategies 

The traditional rule in strongly typed, separately compiled programmmg 

languages is the recompilation of all modules that use resources provided by the 

changed interface. In many cases, this conservative rule causes unnecessary recom­

pilation thus wasting time and resources returning the system to a consistent state. 

This conservative rule is typically implemented using time stamps [Tei t 84a] , as 

exemplified by the make utility [Feld 79]. Make uses a depth first search on the 

dependency graph of a program to compute the set of modules affected by a change 

in another module, where the change is based on the unit interconnection model. 

In many cases, this rule causes the unnecessary recompilation of many modules that 

do not use the resource that was actually changed in the altered interface. For 

example, the usual treatment of changes and dependencies in Ada can lead to 

massive recompilations of code when a low-level entity in a frequently used package 

is changed, even if that change had no efTect on the package interface. For C 

programs, usually, some kind of global. h file contains system-wide type and macro 

definitions ( among other things), and it is included by virtually every compilation 

unit in the program. Using make's primitive rules, if the header file is altered in any 

way, say just to add comments, the whole system is totally recompiled. The reason 
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is that the granularity of the change is dwarfed by make' s basic unit for analysis, 

which is the compilation unit as a single object. 18 

Make requires the manual construction of the makefile that it uses to determine 

recompilation order. This is a text file that tells make the dependencies that each 

compilation unit in the system has. A sample makefile fragment 19 is shown in 

Figure 2.8. Even though there are tools, such as mkmf [Wald 84], to generate the 

makef ile that controls make, these makef iles quickly become too large and unwieldy 

to manage. Most Modula-2 compilers are monolithic and base their interface 

checking on time stamps rather than on an encoding of the interface types. This puts 

tight constraints on the compilation order of definition and implementation 

modules: if in a handmade or generated makefile the dependencies are even slightly 

wrong, the Modula-2 linker will complain.20 

Some systems do not provide any type of automatic recompilation mechanism 

at all; the programmer must manually remember the dependencies among the 

modules. Modula-2 compilers do not usually provide a library manager. Most 

18 Personal experience in a large projecl, Lhe IBM C/370 compi ler, indicates that this method is unac­

ceptable. 

t9 Using I BM VM /CMS synlax. 

20 By contrast, in C you do nol need to compil e inlerface definitions (i.e ., . h files). Thus, it is relatively 

easy to write a naive makefile thal works. However, Lhe C compiler and linker let you produce an 

executable program from components compi led with incompatible interfaces. Normally, function 

prolotypes can be used Lo avoid these interface errors, but the programmer is nol required to use 

Lhem. This type of inlerface fau lt can be very difficult to track down withoul using a good compiler 

or slatic analysis tools such as lint . 
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produce a . sym file from the compilation of a . def (DEFINITION) file [Powe 84]. This 

mainly consists of time stamp information and an encoded symbol table. Others 

simply reparse the . def file every time it is imported by some module [Fast 86]. 

Neither scheme provides automatic compilation of the affected modules when a 

definition module changes. Quite a few systems, such as the Modula-2 make utility 

[IBM 88e], provide a limited aid for recompilation by automatically determining the 

recompilation order, but they still force the programmer to inform the system of 

"what has changed". Obviously, such a manual mechanism is extremely error prone 

and can cause very difficult-to-find "bugs". 

For Ada, the program library manager contains successfully compiled 

compilation units and history information about all the compilation units in the 

program library. The Ada compiler uses the information in the library to verify that 

dependencies are met. The history file is used to share information about 

compilation units so that they can be recompiled in the correct order. The Ada rules 

for compilation are as follows [Davi 84, Dod 83]: 

• A compilation unit must be compiled after all library units named by its context 

clause. The context clause identifies all the library units on which the 

compilation unit is dependent. 

• A secondary unit that is a subprogram or package body (library unit body) must 

be compiled after the corresponding library unit. 

• Any subunit of a parent compilation unit must be compiled after the parent 

compilation unit. The subunit contains the separate clause that identifies the 

parent compilation unit. 

The Ada recompilation rules are: 
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• A compilation unit is potentially affected by a change in any library unit named 

by its context clause. 

• A secondary unit is potentially affected by a change in the corresponding library 

unit. 

• The subunits of a parent compilation unit are potentially affected by a change 

of the parent compilation unit. 

• If a compilation unit is successfully recompiled, the compilation units potentially 

affected by the change are obsolete and must be recompiled. 

In addition, a library unit may use the "ELABORATE" pragma to inform the 

compiler of a dependence on another library unit. 

The above (re)compilation rules show that the Ada language reference manual 

(LRM) [DoD 83] does not dictate that a particular implementation must do better 

than the unit model when it comes to recompilation strategies. This is stated in § 

10.3: "The implementation may be able to reduce the compilation costs if it can 

deduce that some of the potentially affected units are not actually affected by the 

change." Some Ada compilers require the use of special constructs embedded in the 

source informing the compiler of the compilation order of the files that affect a 

package. 

Program dependence and call graphs have been used for interprocedural analysis 

work on systems for programming-in-the-small and programming-in-the-large, using 

conventional data Oow analysis [Burk 87, BuRy 87, Call 88, DeBi 87, FeOW 87, HoRB 

88, Ryde 87, RyPa 88, Zade 84] on the elimination of unnecessary recompilation when 

a parameter change in a subprogram occurs [CKTW 87, CoKe 88, CoKT 85, CoKT 86a, 

CoKT 86b]. However, the elimination of unnecessary recompilations in software 

development environments due to interface changes is a slightly different problem. 



# 

# makefile for CMI; VM version 
# 

cc cc 
1 ink cmod 
options test define(C370) define(VM) 

global thglobal .h thdebug.h 

cmi .$(exe): compile bind 

bind: 
@echo Linking ... 
@vmpush t xtlib 
@global t xt lib $(txt lib) 

# C/370 

@$(link) $(object0) $(objectl) $(object2) ( $( linkopts) 
@vmpop t xtlib 
@execos 

comp ile: thmain.$(obj) \ 
thmem. $ (obj) \ 

#cleanup storage 

thmain.$(obj): thmain.c stdio .h string.h signal .h \ 
$(global) thmem.h thinit .h thcntrl.h thsignal.h \ 
therror. h thex it.h thhelp.h \ 
thmai n.h thmain.hp 

$(cc) thmain.c.* ( $(options) 

thmem.$(obj): thmem.c stdio.h std lib.h string.h $(g lobal) therror.h \ 

Figure 2.8: A makefile fragment 

40 
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2.7.2 The CHILL system 

The CHI LL system [RuMo 82] supports separate compilation with compile-time 

interface checking, and it incorporates a method of processing small changes in very 

large programs. It supports a variety of block-structured programming languages 

and uses a central database. The database maintains the inter-module consistency. 

The two main parts of CHI LL are the Change Analyzer and the Consistency 

Checker. CHILL has some of the same goals as CMI, in terms of minimizing 

recompilations. However, the method used is quite different: the user must insert 

directives in the source code to inform the system of what has changed. 

2.7 .3 Smart recompilation 

Tichy [Ti Ba 85, Ti ch 86] devised an improvement to Feldman's make rules, 

which he termed "smart recompilation", that does not depend only on file time 

stamps. The depends relation that make uses is augmented so that a compilation 

unit is only recompiled if the compilation unit itself changes or if a context21 upon 

which the compilation unit depends changes. If the context is modified, a change set, 

which represents the differences between the old and new version of the context, is 

made. This change set is then intersected with the corresponding reference set of each 

dependent compilation unit. This reference set is computed by the transitive closure 

of dependencies among declarations. 

21 Tichy defines context as "a specification of which external objects a compilation unit may reference 

(import) and which internal objects must provide (export)" . 
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This method is applicable to languages such as Berkeley Pascal and the Unix 

FORTRAN compiler (i.e., most languages that use context files to communicate). 

Tichy reports that the method is extremely efficient, resulting in a net savings even 

if one recompilation is saved. 

2.7.4 Smarter recompilation 

One of the less desirable features of Tichy's method is that it has a strict notion 

of inconsistency, and if it determines that a module needs to be recompiled because 

it is now in an inconsistent state, the programmer can do little about it. Morgenstern 

[Marg 87] implemented the "smarter recompilation" algorithms proposed by 

Schwanke and Kaiser [ScKa 88] as a prototype for C, which he called the 

"Inconsistency Management System" (IMS). Morgenstern defined a module as an 

independent compilation unit that imports and exports resources ( entities). The IMS 

system lets the programmer decide what inconsistencies are allowed to exist between 

modules after a context changes. One can experiment with changes to . h files, and 

see the effects the changes would have. 

Smarter recompilation [ScKa 86, ScKa 88] is like Tichy's system but relaxes the 

consistency requirement so that it is better tuned to experimentation; it allows the 

programmer to choose which ( apparent) inconsistencies are allowed to remain 

(temporarily). However, Tichy raised some objections to this technique [Ti ch 88]. 

2.8 Summary 

This chapter reviewed some of the work closely related to this thesis, and 

presented background material on the topics of programming-in-the-large, software 
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development environments, modularity, and interface specification in modern 

strongly typed, separately compiled programming languages and interface 

description languages, visibility control, and recompilation. 

Research into programming-in-the-large and the software development 

environments that support it is rapidly gaining interest. Some of the pertinent 

software development environments, and how they relate to this thesis, were 

presented. The benefits of software engineering principles such as modularization, 

information hiding, and syntactic interface specifications applied to large software 

systems were reviewed. How modularization and interface specifications are accom­

plished in a few strongly typed , separately compiled programming languages was also 

discussed. 

The use of an explicit require-provide mechanism to augment the usual nesting 

method for visibility control was presented and a definition of preciseness was given. 

It was shown how the three interconnection models, unit, syntactic, and semantic, 

greatly affect the nature and usefulness of recompilation algorithms. They depend 

on the modularity and interface control mechanisms used by both the programming 

language and the software development environment, as well as the visibility control 

schemes in use. 

Finally, the recompilation problem for programming-in-the-large was presented. 

Current methods for recompilation were presented, and their weaknesses were high­

lighted. 



CHAPTER 3 

Global interface analysis 

3.1 Introduction 

This chapter discusses the global interface analysis algorithms, proposed by 

Hood, Kennedy, and Muller [Mull 86, HoKM 87], as a solution to the recompilation 

problem outlined in Chapter 2. These algorithms analyze and limit the effects of a 

change to an interface in a software system. By using a syntactic interconnection 

model, they improve on traditional recompilation strategies, which typically use only 

the unit interconnection model to determine recompilation ordering. The algorithms 

are designed assuming a software development environment that provides efficient 

access to the compilation dependencies and module interfaces. Chapter 4 shows how 

these dependencies are extracted in the CM I implementation. The algorithms oper­

ate on recursive inter-module dependencies, since, in programming-in-the-large, such 

inter-module dependencies occur frequently. 

Attributed graphs are well suited to represent structured sets of data objects 

[Rohr 87]. J\ graph model is the basis for the CM I system, and is the most important 

concept of the Rigi model [Mull 86, Mu Kl 88]. This chapter also presents some of the 

necessary background material on graph theory and graph terminology relevant to 

the algorithms, and with these definitions, give the graph model of a large software 

system. 

Finally, the interface recompilation algorithms that operate on this graph model 

are detailed, and the theoretical efficiency of the algorithms is given. Several sections 

44 
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of this chapter are patterned after the paper "Efficient Recompilation of Module 

Interfaces in a Software Development Environment" [ HoKM 87]. 

3.2 The recompilation problem 

To ease the burden of remembering exactly "who used what" in a relatively large 

system, tools have been developed to automate the process of bringing a system back 

up to date in a consistent manner after a change. Of course, the easiest method is to 

blindly recompile the entire system, but this is not practical for systems of any rele­

vant size. As shown with the syntactic interconnection model and exemplified by 

Tichy's smart recompilation model, many factors affect how a change in one module 

is reCTected in the rest of the system. The modularization mechanism determines the 

overall system graph structure, while the interfaces and visibility control mechanisms 

determine the topology of the graph, the semantic arcs that link the objects together. 

The interconnection model directly affocts the success of the recompilation strategies 

since it is the granularity of the change, and how the change is propagated to the 

affected modules, that determines the suitability of a particular recompilation strat­

egy. 

An important problem in large, evolving software systems is the management 

of interface changes [Ti ch 79], especially those changes that occur in the interfaces 

of low-level components. One of the criticisms of separate compilation implemen­

tations is the proliferation of disorder in a system when a single interface is changed 

and then recompiled [RuMo 82]. J\ change-propagation/configuration management 

tool for software development has the important task of ensuring that changes in 

source text are correctly propagated to the modules used to construct executable 

versions of a software system while simultaneously attempting to minimize the 
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amount of recompilation [Li LW 87]. The problem of eliminating unnecessary 

recompilations is important since it is difficult to establish and maintain consistent 

interfaces among the various components of a complex system [Ti ch 79]. The 

recompilation and coordination cost of changing a syntactic interface in large soft­

ware systems is often prohibitive because too many software components depend on 

it. This leads to interfaces that are frozen before they are sufficiently explored and 

tested [Teit 84]. Considering that, for very large systems, massive recompilations 

may prove very costly, wasting many programming hours waiting for the system to 

fully recompile, there is a need to manage the problem rather than avoid it. 

Consistency checking and recompilation due to the alteration of a basic interface 

is usually much more time consuming than changing an implementation part [Ti ch 

82], even though the interface is usually altered less frequently than the implemen­

tation part and compiles much faster (no code generation). Numerous other inter­

faces and implementations in the system may directly or indirectly depend on a basic 

interface while an implementation part has only local dependencies. 

When the implementation part of a module is changed, the interface part should 

remain unaffected. Thus, any other modules in the system that depend on the module 

are not affected. However, when the interface part of a module is changed in some 

manner, any other module in the system that uses resources that the changed module 

provides may be affected. This problem is exacerbated when the changed interface 

is at or near the bottom of' the system hierarchy; the changes may ripple through the 

require-provide lists of' the modules in the system [HoKM 87]. Thus, a seemingly 

innocent change in one interface may affect a large number of' modules in the system. 

These affected modules must then be recompiled, even though they may not at all 

be affected by the changes made in the original module. 
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The recompilation problem has different flavors during the various stages of the 

software life cycle. In the rapidly changing development environment, the time 

needed to observe the effects of a change to an interface often causes the program­

mer to attempt to circumvent the compiler's cross-module checking to avoid the 

tedious wait of a (possibly) long recompilation [Rain 84], or to alter existing 

programs in such a way that recompilation is minimized, often to the detriment of 

a "clean" design. This evasion of compiler checks is contrary to the safe modular 

philosophy that the language provides. It would be more beneficial if the program­

mer could be informed of the effects of the intended change before the change were 

made permanent. The programrner could minimize the time needed for recompila­

tion, thus allowing various alternatives in the interface design to be explored before 

a final decision is reached. 

During the maintenance phase of a software project, changing a low-level inter­

face involves tracking down all its clients and making sure that they are recompiled 

in the correct order to maintain a consistent system. A software development 

environment for programming-in-the-large should aid the maintainer of a large, 

complex system by helping decide whether a change in a basic interface should be 

implemented by computing the set of affected modules. If the set is acceptable, the 

change can be implemented; otherwise, it can be undone. 

The key to avoiding needless module recompilation is to capture both the exact 

nature of the dependencies between the changing interface and the rest of the system 

as well as the exact nature of the change (if any) between the older and newer 

versions of the interface. The modularization and interface mechanisms as well as 

the visibility control mechanisms are used to construct a semantic graph model of 

the system to capture inter-module dependencies ( as opposed to intra-module 

dependencies). 
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3.3 Graph term inology 

Given a simple, directed graph G = ( V, A) with n vertices and m arcs, the Boolean 

connection matrix or adjacency matrix C of G is an n x n array of O's and l ' s such that 

C[i, j] = l if there is an arc from Vi to Vj and C[i, ;] = 0 otherwise. 22 This matrix 

model of a graph is conceptually simple but not very efficient for implementation 

with respect to space, since even for sparse graphs23 the matrix requires O(n2) storage. 

J\ more eflicient representation of a graph uses adjacency lists, where each node in 

a graph has a linked list of other nodes that the node is connected to in the graph. 

The reflexive, transitive closure A* or the relation A satisfies the condition vA*w 

iff v = w, or there exists a directed path from v to w. Given this definition, the 

reflexive, transitive closure matrix C* is an n x n array with the property C[i, J] = 1 

if there exists a directed path of length 2 0 from Vi to Vj and c*[i, ;] = 0 otherwise. 

The C* matrix may be used to decide if there is a path between any two nodes in the 

graph in 0(1) time, but again a space penalty of O(n2) must be paid to store the 

matrix. Using the adjacency list representation, the test can be performed in O(n) 

time. Notice that the path length may be 0, which means that a node is only 

connected to itself. 

J\ directed graph G = ( V, A) is strongly connected if there is a path from v to w 

and a path from w to v for all w, v E V. J\ strongly connected component of a directed 

22 A simple graph has no parallel edges. A directed graph is one in which the direction of the arc that 

joins two nodes is of importance. Note that, throughout the thesis, the terms vertex and node a re used 

interchangeably, as are edge and arc. 

23 Graphs with "few" arcs connecting various nodes together. 
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graph G is a maximal strongly connected subgraph of G.24 An arc that connects two 

strongly connected components is called a cross-component arc. The interconnections 

among the strongly connected components can be represented by constructing the 

reduced graph of G. The vertices of the reduced graph are the strongly connected 

components, and the arcs are the cross-component arcs. The strongly connected 

components cover the entire graph G. The reduced graph is always a n acyclic graph. 

A topological sorting of the acyclic graph imposes an ordering of the nodes. 

Consider a directed, acycl ic graph G = ( V, A) with n vertices. The set of arcs A 

defines a reflexive, antisymmetric, transitive relation and, hence, a partial order on 

the set of nodes V. The pair ( V, A) is a partially ordered set ( poset). Define 

( v1, v2, ... , v11 ) to be a sequence of all n elements in V. Then ( v,, v2, ... , v11 ) is a topo­

logical sorting of V relative to A iff for a ll Vi, Vj E V, (vi, vj) EA implies i < j. 

3.4 Attributed graph model of a software system 

A software system may be modelled as an attributed graph, with the vertices in 

the graph representing objects (mod ules) in the system, and the arcs representing 

semantic dependencies between the objects in the system. This is the basis for the 

Rigi model. A lpern et al. [ACRS 88] use the terms boxes and cables to describe 

vertices and arcs in a n attributed graph model of a program. The boxes are 

connected to one another via cables, which connect to ports in the boxes. The cable 

connections make explici t the inter-module requisitions and provisions or resources. 

24 The strongly connected components of a directed graph G = ( V, A) can be found in O(n + m) time 

using a variant of the depth first search a lgorithm [ AhHU 83]. 
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Which entities in a system are chosen as nodes depends on the use of the graph 

model. In code optimization, a node may be a basic block or a single variable. For 

programming-in-the-small , a node may be a single entity such as a type or 

variable. In programming-in-the-large, a node is a module that may contain other 

entities .25 

The arcs that connect the nodes in the graph can also have different meanings, 

and be interpreted in different ways by different tools, much like views in a relational 

database. In Chapter 2, visibility control and interconnection models were discussed. 

To describe visibi lity control, Wolfe et al. [WoCW 86, WoCW 88] used require and provide 

relationships as the criteria for joining two (or more) nodes in the graph. CMI is 

mainly concerned with compi lation dependencies above the unit model; therefore, 

the require-provide relationships (among others) are also used. 

3.4 .1 Compilation dependency graph 

The compilation dependencies of a set of modules of a software system or 

subsystem form a directed graph G = ( V, A) called the compilation dependency 

graph. A vertex v e V denotes a module. An arc (v, w) e A from v to w indicates that 

w uses, or requires, one or more resources that is provided by v. Let 

Gt= ( Vt, At), l ~ i ~ k, l ~ k ~ n, be the k strongly connected components of a 

compilation dependency graph G = ( V, A). Then the reduced graph of G, called the 

acyclic compilation dependency graph, is denoted G' = ( V', A'), where V' is the set of 

strongly connected components G1, and A'= {(v, w) I (v, w) e A, v e Vi, we Yj, ii= j}. 

25 Chapter 4 shows that a node in CMI is an object, with the semantics of the various arcs that connect 

the nodes depending on the class of the object. 
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An arc (v, w) EA' from v to w indicates that v is to be compiled prior to w. Each 

v e V has a (possibly null) set of successor nodes that must be compiled after v. This 

set is defined as Succ( v) = { Gt I there is some we Gt such that ( v, w) E A'}. 

The interface parts that correspond to the set of vertices Vi of a strongly 

connected component Gt are merged and compiled as a single unit.26 The implemen­

tation parts that correspond to the compiled interface part may be subjected to the 

Smart Recompilation algorithm by Tichy and Baker, which determines if the imple­

mentation needs to be recompiled too. 

3.4.2 Rooted compilation dependency graph 

Given the compilation dependency graph G = ( V, A), and a distinguished vertex 

re V in G, then the rooted compilation dependency graph of r is the graph 

G(r) = ( V(r), A(r)), where V(r) = { v I v e V and there is a path from r to v}, and 

A(r) = {(v, w) I (v, w) EA and v, w E V(r)}. The reduced graph of G(r), called the 

acyclic rooted compilation dependency graph, is G'(r) = ( V'(r), A'(r)) . The rooted 

compilation dependency graph is used when analysis is done on the change of a 

particular node in the graph: the root node r. 

V'(r) therefore denotes the partitioning of those interfaces that would be 

recompiled under a traditional compi lation rule, using the unit interconnection 

model, if r were changed. In addition, a topological ordering of V'(r) relative to 

A'(r) defines a possible recompilation order. 

26 If a system is designed using the principles of information hiding, then a strongly connected compo­

nent of a compilation dependency graph contains either a single vertex or a small number of vertices . 
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3.4.3 Recursive compilation dependencies 

The compilation dependencies of the provide parts of a set of modules in a 

system typically form a directed acycl ic graph, since most strongly typed, separately 

compiled programming languages do not support recursive dependencies across 

compilation unit boundaries. However, in the realm of programming-in-the-large, 

recursive inter-module dependencies are as natural as intra-module dependencies. 

They are induced by indirect recurs ive type declarations and indirect recursive 

procedure calls. The algorithms presented below are not restricted to acyclic 

compilation dependencies; recursive compi lation dependencies do not pose a special 

problem. However, the language definitions of most strongly typed, separately 

compiled programming languages preclude recursive dependencies between two ( or 

more) compilation units. This restriction is expla ined in detai l in Chapter 4. 

3.5 Interface recompilation 

G iven the above definitions and the basis of the graph model, the interface 

recompilation algo rithms may now be presented. The global interface analysis 

algorithms are based primarily on the syntactic interconnection model, but they also 

use some features of the semantic model as well. In order to determine the effects 

of a change in a basic interface on the entire system (i.e. , to separate the affected 

compilation units from the unaffected ones), the nature of the change as weU as the 

contents of the modules involved must be analyzed. 

First the change in the basic interface is ,i_nalyzed to determine the effect of the 

change on the interface and its environment. The type of the change is classified as 

inconsequential (Type I), local (Type II ), or global (Type 111 ). If the change is 

inconsequential, no further action needs to be taken. If the change is local, then the 
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Tichy-Baker algorithm may be invoked to determine if the implementation needs to 

be recompiled. The environment of the module is not affected. If the change is 

global, then the change is propagated through the require and provide (import and 

export) lists of the interface's clients. 

3.5.1 The object sets Inside and Outside 

When a change occurs in module d, the affected objects are stored in the sets 

lnside(d) and Outside (d ) . The elements of these sets are nameable entities in a 

programming language, such as procedure, constant, package, type, or variable. 

The object set Inside of a module d describes the affected objects of d. 27 The object 

set Outside of d describes those objects that may affect the environment of d (i.e., the 

changes that can be seen by the clients of d). 

For each module visited, the change propagation algorithm computes the object 

sets, tests whether the sets are empty, and proceeds according to the following case 

analysis:28 

• Inside= 0: 

The module is not affected (i.e., neither the interface nor its implementa­

tion is affected). 

• Inside =I= 0: 

27 It corresponds lo lhe change sel in 1J1e Tichy - Bak er recompilation algorithm, which is used to 

determine the effects on the implementation variants of d. 

28 The four possibilities are not mutually exclusive (i .e., more than one case can occur simultaneously). 
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The interface is affected and has to be recompiled. The Tichy- Baker 

algorithm is then used to determine whether its implementation is 

affected. 

• Outside = 0: 
None of the clients of the interface are affected. 

• Outside i=- 0: 
The dients of the interface may be aflected. The affected objects are 

propagated through the pertinent require and provide lists. 

The algorithm to extract the change type is depicted in Figure 3. 1. 

3.5.2 Sorting the dependence graph 

The object sets of the changed interface r must be propagated throughout its 

rooted compilation dependency graph G(r) to determine the set of affected modules 

after an interface change. It is assumed that the compilation dependency graph 

CDG has already been transformed into an acyclic compilation dependency graph 

ACDG by reducing the graph into subgraphs of strongly connected components. 

This reduced graph is now sorted topologically to produce a sorted, acyclic, compi­

lation dependency graph SAC DG. This transformation process is outlined in 

Figure 3.2. J\ sample compi lation dependency graph is depicted in Figure 3.3. 

system~ CDG ~ ACDG ~ SACDG 

Figure 3.2: Compila tion dependency graph transformations 



type 

ChangeSet record 
modified, added, deleted : set of resources; 

modreq, addreq, de l req : set of requirements ; 
modprv, addprv, de l prv : set of provisi ons ; 

ol dprv : set of provisions; 

end ; 

Change Type (inconsequentia l , l oca l , gl obal ); 

Changelnfo = record 
outside set of resources; 
require : set of requirements; 
ct : ChangeType; 

end; 

function GetChange lnfo (ol d, new vert ex ) return Changel nfo; 
var 

C: ChangeSet; 
ci : Changelnfo ; 
i nside : set of resources; 

GetC hangeSet : external function (vertex, vertex) return ChangeSet; 

begin 

C = GetC hangeSet (ol d, new) ; 
i ns i de : = C.modified LJ C. added LJ C. de l eted; 
ci .outsi de : = (insi de n C.oldprv ) LJ C.modprv LJ C. addprv LJ C.de l prv ; 

ci . require : = modreq U addreq U de l req; 

if i nfo . outside t=0 
ci .ct : = global ; 

elsif i nfo . Imp t=0 
ci .ct : = loca l; 

else 
ci.ct : = inconsequent i al ; 

return ci; 
end GetC hangelnfo ; 

Figure 3.1 : Change type algorithm 

55 



56 

,' ' A._(/J) .... 
( 1 3 :'E~-----;[ 11 '.IE-( _, _ _,i 1 0 . , , \T 

/ ' / ' 
8 k ;)i 7 ·. 

.... __ ... ' 
,, 

' 
,, 

This compila tion dependency graph is made up of twenty nodes. The number in each node 
represenL5 I.h e topological sort number made from traversing the graph from th e root node. The 
incoming a rcs a l nodes 5, 18, and 19 suggest th a t this is a subgraph of a la rger sys tem. T he root 
node I is where a change has occurred . Nodes tha t a re ma de up of the same type of dashed line 
a re members of the same strongly connected component. For example, nodes 6 and 7, nodes 9, 
J 0, J l , and 12, a nd nodes 13 and I 4. The letters on the a rcs indicate th e fl ow of resources from 
one node to a noth er. The special lambda character fr om node 11 Lo node 13 indicates a transiti ve 
dependence on resource beta . 

Figure 3.3: Sample rooted compila ti on dependency gra ph 

The SACDG algorithm presented below takes a compilation dependency graph 

G as input and produces a (topologically) sorted, reduced graph s( G) . It avoids 

backtracking by visiting the vertices of G(r) in topological order (i. e., it is guaranteed 
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that a node is only visited if all or the non-empty object sets of its predecessors are 

available). 

3.5.2.1 SACDG algorithm 

Input: A. compilation dependency graph G = ( V, A). 

Output: A sorted, reduced compilation dependency graph s(G). 

Method: The algorithm consists of two steps: 

l. Determine the reduced acyclic compilation dependency graph G' = ( V', A') by 

computing the strongly connected components of G. 

2. Determine the sorted, acyclic compilation dependency graph s( G) = ( V", A") by 

computing a topological ordering of V' relative to A' , and label each node with 

its topological number in the range 1 to I V' 1-

The algorithm may be performed once for the entire compilation dependency 

graph G, or on demand for a rooted compilation dependency graph G(r). If the 

system structure is fairly stable, as it usually is during the maintenance phase of a 

software project, then these preprocessing steps are computed for the entire graph 

G. If the system structure changes frequently, as it typically does during the design 

and implementation phase, then the strongly connected components and the topo­

logical sort are only computed for the rooted graph G(r). 

The SACDG algorithm above executes in O(n + m) time. The proof is given in 

[Mull 86], but stated informally, the dominant factors in the algorithm are the 

computation of the strongly connected components in Step I and the topological 

sorting of the reduced graph in Step 2. Both steps may be done with a variant on 
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the depth-first search algorithm, in O(n + rn) time [AhHU 83, Mehl 84]. Chapter 4 

presents the implementation details of th is algorithm. 

3 .5 .3 Minimal interface recompilation algorithm 

After the SJ\CDG algorithm has reduced the compilation dependence graph G 

to a sorted, acyclic, compilation dependence graph s(G), the minimal interface 

recompilation a lgorithm (M I RA) may be applied. This algorithm computes the 

minimal (i.e ., optimal) set of modules that must be recompiled after a change to an 

interface, and then recompiles the affected modules in the correct order. 

3.5.3.1 MIRA algorithm 

Input: A compilation dependency graph G = ( V, A) , its sorted reduced graph s( G), 

a module r E V whose interface has changed, and a set of identifiers Change that 

denotes changed entities in r. 

Output: The set of modules whose interfaces are aflected by Change is recompiled in 

the correct order. If a module 's interface does not compile successfully, then the 

algorithm requests that the interface be edited before it resumes the sequence of 

module compilations. If this editing operation alters the interface of the module, 

then the algorithms must be restarted, since the topology of the compilation 

dependence graph may have changed. 

Method: The interface recompilation algorithm first determines the object sets of r 

and the magnitude of the change. The magnitude of change is characterized as either 

inconsequential (Type I), local (Type I I), or global (Type 11 I), where an inconse-
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quential change has no effect, a local change affects the module but not its clients, 

and a global change potentially affects the clients of r. 

If the change is of Type I 11, then the algorithm computes the object sets for the 

affected nodes in topological order. An arc is followed only if the set Outside of its 

source node is not empty and if its destination node has not been visited previously. 

The algorithm selects which node to visit next by maintaining the possible strongly 

connected successors in a heap data structure (i. e., a working set on which a min 

operation may be performed efficiently). The minimal interface recompilation algo­

rithm is shown in Figure 3.4. 

The minimal interface recompilation algorithm outlined computes the set of 

affected modules and the correct recompilation order of these modules in O(n log n) 

time, where G't.'(r) = ( V'*(r), A'*(r)) is the affected rooted compilation dependency 

graph, and n = I V'*(r)I. The full proof for this bound is given in [Mull 86], but it 

follows easily from the above discussion and may be stated informally as follows. 

The amount of work done by the algorithm is dominated by three statements: 

1. R := DeleteMin (S); 

2. PropagationSets (R); 

3. if(•) and(•) then S : = SU Succ (d); 

It is clear that ISi can at most be n; therefore, statement (1) is executed at most 

n times. If the set S is implemented as a heap, any one execution of statement ( 1) 

can be performed in 0( log ISi) time. The algorithm only visits those nodes that are 

affected by a change in r, and a node is only visited if all of its predecessor nodes 

have been visited. Since the maximum size of ISi is n, the total time required for all 

executions of statement ( l) is bounded by O(n log n). 



procedure InterfaceRecompilation (old, new vertex ; sG graph); 
var 

ci : Changelnfo; 
S heap; (* heap wi th key field= topological number *) 

R : sec; (* strongly connected component *) 

(* module *) d : vertex; 
GetChangelnfo : external function (vertex , vertex) return Changelnfo; 

CompileEdit : external procedure (vertex) ; 
Del eteMin : external function (heap) return sec; 
PropagationSets : external procedure (var sec); 

begin 

ci = GetChangelnfo (old, new); 

select ci .ct 
when inconsequential => nop ; 

when local => Comp i l eEdit (new); 
when global => 

end 

"set all outside sets (except new' s) to 0" 
S := Succ (new); 

while S t:-0 do 

R := DeleteMin (S); (1) 

PropagationSets (R); (2) 

for each de R do 

if d. inside t:-0 then 
CompileEdit (new) ; 

if ("d is source of a cross component arc") and 
(ct. outside t:-0 ) then 

S := SU Succ (d); (3) 
end 

end 

end InterfaceRecompi lation; 

Figure 3.4: Minimal interface recompilation a lgo rithm 
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For the same reason as above, statement (2) is executed n times. Since, by 

assumption, the require list of each interface is of constant size, each node has a 

constant indegree. Thus, each execution of PropagationSets can be done in time 

proportional to the size of the strongly connected region R. Since each vertex in V 
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is in only one strongly connected component (guaranteed from the SACDG algo­

rithm), statement (2) does a total of O(n) work for all of its executions. 

Finally, for statement (3), note that any one strongly connected component can 

occur in the Succ ( d) set of module d for at most a constant number of different d's 

(i.e., any strongly connected component can be the sink of a finite number of 

sources, bounded by n). Thus, any one strongly connected component of the 

affected region is inserted at most a constant number of times into S. Since each 

insertion into set Scan be done in time 0( log ISi) (Sis implemented as a heap), and 

ISi ~ n, the total amount of time for all executions of statement (3) is O(n log n) . 

3.5.4 Change sets 

The global interface analysis algorithms must determine the differences between 

a newer and an older version of a changed interface. These differences are captured 

in the object sets Inside and Outside, whi le the magnitude of the change is reflected 

in the change type, as outlined above. The change sets are defined as the object sets 

of a changed interface, and the change propagation sets as the object sets of the 

interface's clients. The mechanism used to compute these change sets is given below. 

Given a compilation dependency graph G = ( V, A), and a specific changing 

interfacer e V, a subgraph of G, rooted at r, is formed. Two versions of the evolving 

node are created: Yold and Ynew ( a revision of r0 1d), Let Gold= ( V old, Ao1d) be the rooted 

compilation dependency graph of Yold• It is assumed that G old was in a stable state 

(i.e., all the nodes in V 0 1d compiled correctly). The differences between Yold and Ynew 

are recorded in the sets defined below. 
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An entity in the change set Inside denotes an added, deleted, or modified decla­

ration. An entity is modified if its declaration appears in both r0 1d and rnew and was 

changed in some way. This includes entities that were modified in the require list.29 

For example, in ro1d, the entire services of a particular module may have been 

requested, but in rnew only particular entities provided by the source module may be 

requested. An entity is added if its declaration is not present in ro1d but is present in 

Ynew• This includes entities that are added to the require list. An entity is deleted if its 

declaration is present in r0 1d but not in rnew• This includes entities that are deleted 

from the require list. 

In addition to these entities, the set Inside includes those entities that are indi­

rectly modified. For example, a structured type is indirectly modified if a subtype, 

which is used in creating the composite type, is modified. The set of indirectly 

modified entities can be computed by performing a transitive closure under declara­

tion dependence on the source program; the semantics of this analysis varies with the 

programming language being used. Indirectly modified declarations may also include 

those affected by changes in storage allocation. For example, if the compiler assigns 

storage locations to successive variable locations, and a composite type has two ( or 

more) of its subfield's ordering physically changed, but semantically remaining the 

same, then the modified composite type must also be included in the set Inside. This 

closure can be computed in constant time when the number of declarations in the 

interface of a module is kept small, as proposed by good software design principles. 

Computation of the set Inside is shown in Figure 3.5, and an example of an interface 

with a changed Inside set is given in Figure 3.6. 

29 It is important to note that modifications to the require or provide lists of a module may change the 

topology of the compil a tion dependency graph. 
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Inside= AddReq LJ De!Req U ModR eq U AddDcl U De/Del U ModDcl 

Outside = (Inside n Provide) U AddPrv LJ De!Prv U ModPrv 

Figure 3.5: Computation of the object sets Inside and Outside 

The set Outside of a module dis obtained by combining the set of changes to the 

provide list with the set of those locally affected identifiers that are provided. 

Changes to the provide list include added or deleted entities, as well as changes to 

the visibility of a provided entity. For example, in r aid, an entity may be provided to 

all objects in the system, but in rnew the provision constraints may be tightened to 

provide the entity to only a subset of all objects in the system. Computation of the 

set Outside is shown in Figure 3.5, and an example of an interface with a changed 

Outside set is given in Figure 3.7. The set Provide are those entities in the provide 

list, and the sets AddPrv, De!Prv, and ModPrv are those entities added to, deleted 

from, or changed in the provide list, respectively. 

3.5.5 Change types 

The effects of an interface change are partitioned into three categories: 

Type I A Type I change is said to be inconsequential if it has neither local nor 

global effects. This category includes layout changes, indentation changes, 

or the addition/deletion/ modification of comments. A change is inconse­

quential if the set Inside is empty. 



The old interface m0ald 

DEFINITION MODULE m0; 

FROM ml IMPORT vl, v2, tl; 
IMPORT m2; 
TYPE t2 = RECORD 

ac : ARRAY OF char; 
cardinal; 

t t1 

END; 
END m0. 

The new interface m0new 

DEFINITION MODULE m0; 

FROM ml IMPORT vl; 
FROM m2 IMPORT v3; 
TYPE t2; 

END m0. 

(* v2, tl no longer imported*) 
(* now specific request of v3, not all m2 *) 
(* type t2 now made opaque*) 

The set Inside for this changed definition module is {v2:variab le; tl:type; v3:variable; 

t2:type;}. 

Figure 3.6: An altered Modula -2 interface with a non-null Inside set 
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Type II A Type I I change is said to be local if it affects only the changed interface 

and its implementation module and none of the direct or indirect clients 

of the interface are affected. This category includes changing the imple­

mentation of opaque types, or the addition or removal of a resource that 

no client was or is requesting. A change is local if its object set Inside is 

not empty, but its Outside set is empty. 



The old interface p0ozd 

with pl; 
package p0 is 

type t2 is record 

c character; 
p access pl.tl; 

t pl.tl; 

end record; 
function f (ml, m2 pl.tl) return pl.tl; 

end p0. 

The new interface p0new 

package p0 is 
type t2 is private; 

private 
type t2 is record 

c : character; 
t : access t2; 

end record; 

end p0. 

representation of t2 now hidden 
package pl no longer required 
function f no longer provided 

The set Outside for 1J1is changed package is {t2:type; f:function;}. 

l<igure 3.7: An a ltered Ada interface with a non -null Outside set 

65 

Type I I I A type I I I change is said to be global if it aflects the clients of the changed 

interface. In this case the object set Outside is not empty. This category 

includes the addition, deletion, or a lteration of any resource that was on 
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the provide list of the object and was or is being used by other client 

modules, as well as any change in preciseness in resource provision. 

3.5.6 Change propagation sets 

The change propagation sets are the object sets of a changed interface's clients. 

The global interface analysis algorithms determine the set of affected modules of a 

changed interface by first starting with the direct clients of the changed interface. 

Then the change sets (as computed above) are propagated through the 

require-provide lists of the clients to determine if any other modules in the system are 

affected. This process continues until no more affected modules are found . An 

excellent metaphor for this process is waves rippling in water: the first "splash" is 

made by the changed interface, and the first ripple affects the direct clients. As the 

wave spreads out, the intensity of the wave decreases until it finally vanishes. For 

recompilation, this "decreasing of wave intensity" is the filtering of the change 

though the require-provide lists, which may be thought of as filters or dampers, of the 

modules in the system. Usually, the set of changes that make it through layer i + 1 

of the interfaces are smaller than layer i, and so on until the change set becomes null. 

A graphic illustration of this filtering effect is given in Figure 3.8. 

Given a compilation dependency graph G = ( V, A), and a changing interface 

denoted by re V, let G(r) = ( V(r), A(r)) be the rooted compilation dependency graph 

of r, and let G'(r) = ( V'(r), A'(r)) be its acyclic, rooted compilation dependency graph. 

The effects of a global change in r on the modules of G(r) are determined by filtering 

the change through the contents of the strongly connected components of G(r). If a 

strongly connected component contains exactly one module, then the filters are the 

require and provide lists of that module. If a strongly connected component contains 
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Jnter/a.ce Filters 
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Figure 3.8: Propagating changes through interface filters 

more than one module, then the filters are the require and provide lists of the modules 

that are incident upon the cross-component arcs. 

Given that lnside (r) and Outside (r) are the object sets of r, let Re V'(r) be a 

strongly connected component of G(r). D(R) ~ Vis defined to be the set of modules 

that belong to R. If de D(R), then Req(d) ~ V is defined to be the set of modules 

from which d requires objects. Also define Require(d, x) to be the set of entities 

required by d from x. Given these definitions, the change propagation sets of the 
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strongly connected components of a compilation dependency graph G may be 

computed, as depicted by the algorithm given in Figure 3.10. 

There are two possibilities to consider: a strongly connected component either 

contains a single node or more than one. These two cases are considered separately 

below. 

Case I 

Case 2 

I D(R)I = I. The strongly connected component R has only one node. 

Then 

lnside(d) = [ u (Require(d, x) n Outside(x))] 
x e Req(d) 

where the * represents transitive closure, and 

Outside(d) = lnside(d) n Provide(d) 

* 

A graphic depiction of the flow of resources through a node that is 

a member of a strongly connected component with only one member 

is given in Figure 3.9. 

The strongly connected component R has more than one module. 

The set Dc-c = {d Ide D(R) and there is an arc a e V'(r) such that 

(a, d) e A'(r)} is defined as the set that contains those nodes of D(R) 

that are the sinks of cross-component arcs. The sets Inside( d) and 

Outside (d) must first be calculated for every de D. This calculation 
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Figure 3.9: Propagation set filter for Case l 

may be done using data flow analysis by solving the following two 

simultaneous equations [Kenn 81]: 

Inside(d) = LJ YP (Outside(p)) 
p e Req(d) 
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Outside(d) = Yd (lnside(d)) 

where Yd(~) is the set of all declarations in d that are affected if the 

set of changes ~ is propagated into d. Note that, since vertices have 

been visited in topological order, then for all p e Req(d) where p is 

not in R, Inside(p) and Outside(p) have already been calculated. 

(These are precisely the sets of modified resources that are being 

propagated into d from outside of its strongly connected compo­

nent.) If the set Outside(d) of a module d is empty, then all its 

emanating arcs are deleted from R. If the set Inside(d) of a module d 

is empty, then the vertex dis deleted from R. If the remaining graph 

is acyclic, then the vertices of the graph are topologically sorted and 

recompiled in the topological order. If the remaining graph still 

contains cycles, then the interfaces corresponding to the vertices in 

a cycle are recompiled as a monolithic block. 

The algorithm given in Figure 3.10 computes the change propagation sets Inside 

( d ) and Outside ( d ) for a particular strongly connected component d. The CMI 

implementation of this algorithm currently does not allow ID(R)I > l. Dy allowing 

only ID(R)I = t a unique solution to the equations is guaranteed. Moreover, most 

programming languages such as Ada and Modula-2 do not allow recursive inter­

module dependencies. 

3.6 Summary 

This chapter has presented the global interface analysis algorithms, which 

analyze and limit the efTects of a change to a basic interface in a software system. 



procedure PropagationSets (var R : sec); 
var 

D: set of vertex; (* the set of modules in R *) 
d : vertex; (* a module in D *) 
DefMods : external function (sec) return set of vertex ; 
TransitiveClosure : external procedure (var set of vertex); 

begin 

D := DefMods (R); 
if IDI = 1 then 

d.inside := TransitiveClosure [ U (Require(d,x) n x.outside)]; 
x E /leq(d) 

d.outside := d.inside n Prov ide (d) 
else 

(*cal culated .ins ide, d.outside, for all din R *) 
(* this will be done using standard dataflow *) 
(* analysis techniques *) 
(* Solve assumes that d.inside, d.outside have *) 
(* already been calculated for all modules *) 

(* outside R that propagate into R. 
Solve (R); 
for each d e D(R) do 

if d.outside = ~ then 
"delete all outgoing arcs of d"; 

if d. inside = ~ then 

"delete vertex d"; 
end 
"sort the remai ni ng vertices topologically" 

end 
end PropagationSets; 

Figure 3.10: Propagation sets 

*) 
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These algorithms operate on recursive compilation dependency graphs and compile 

the modules that are affected by an interface change in the correct order. The effi­

ciency of these algorithms is measured by three parameters: the preprocessing time, 

the space required to store the sets Inside and Outside, and the time of the recompi-
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lation algorithm. The preprocessing time is linear in the size of the compilation 

dependency graph, the space requirement is linear in the size of the affected graph, 

and the recompilation algorithm performs in O(n log n) time, where n is the size of 

the affected compilation dependency graph. 

In addition, an attributed graph model of a software system was presented. This 

graph model is the basis for the Rigi model and the backbone of the CMI imple­

mentation presented in Chapter 4. 



CHAPTER 4 

The CM I implementation 

4.1 Introduction 

This chapter describes the Changing Module Interfaces (CMI) implementation 

of the global interface analysis algorithms discussed in Chapter 3. The current 

implementation is targeted to strongly typed, separately compiled prograrnnung 

languages such as Ada or M odula-2, and the CM I module interconnection language 

in particular. The environment in which CM I was developed was not the same as 

the target environment for integration of CM I with Rigi. This placed some special 

requirements on the design of CM I that might otherwise have been unnecessary, but 

also produced some very desirable results, such as allowing CM I to run as a stand­

alone tool. This environment, the restrictions it imposed, and the benefits it produced 

are discussed. 

The internal design of CM I is presented. As in the Rigi editor, the internal 

database is an attributed graph that represents the software system under investi­

gation. Each node in the graph is an object. The arcs in the graph represent various 

types of dependencies between objects in the graph, as well as the flow of resources 

between producer and consumer objects. The object classes form a logical hierarchy 

that CM I uses as a graph structuring mechanism. This data structure (graph) may 

be thought of as a semantic network with many different "views", like the views that 

a relational database provides. 

The CM I module interconnection language is presented. This language was 

developed initially as a common intermediate form for targeted programmmg 
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languages, but quickly grew into a powerful language in its own right. It is shown 

how targeted programming languages can be transformed into CMI, and what role 

the attributed graph model, which is the basis for CMI, played in the design of the 

language. 

The implementation details of the algorithms for global interface analysis and 

minimal recompilation are discussed. These algorithms manipulate the objects in the 

internal graphical database, using the dependencies and inter-node resource flow to 

analyze and limit the effects of a change to an object (a basic interface) in the system 

graph. Details of how the inter-object (inter-module) dependencies are extracted 

from the source text are also given. 

The limitations of the current implementation are discussed. No implementation 

is perfect, and there are some places where time and/ or resource restraints have 

imposed restrictions on what could be done at the present time. Adding support for 

other programming languages is also discussed, with some ideas on the work such 

additions would entail given. 

Finally, a discussion on the porting of CM I is given. The current implementation 

of CM I has already been tried with various compilers and on various operating 

systems. The changes needed to port CM I to a new system are outlined, and the task 

of integrating CM I into Rigi is discussed. 

4.2 Implementation philosophy 

CM I is intended to be part of the Rigi software development environment. As 

such, it will be part of a larger and more complex system for 

programming-in-the-large. However, the implementation was carried out while the 
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author was working off-campus; this meant that direct contact with the Rigi project 

was impossible, and provisions had to be made for CMI to be usable as a stand-al­

one tool, but such that a future integration could be accomplished without too much 

difficulty. One of the most important design factors of the current implementation 

was to take into account the fact that the global interface analysis algorithms assume 

a software development environment that provides efficient access to the compilation 

dependencies and the module interfaces of the various components in the software 

system [Mull 86, HoKM 87]. Without working directly in the Rigi system, this meant 

that a separate environment had to be created first in which all testing of CMI could 

be carried out. More importantly, it meant that considerable work had to be done 

to extract the compilation dependencies from the source text of the compilation units 

in the system. In part because of time and resource constraints, and in part because 

of the philosophy of the tool, the existing Ada and Modula-2 compilers were not 

altered. 30 Instead, CMI is implemented as a preprocessor. It parses the source text 

and extracts the module interconnection information necessary for the global inter­

face analysis algorithms and stores the information in the CMI database. This is 

similar to the integrated catalog database technique proposed by Marti in [Mart 85]. 

At the same time, a new module interconnection language was developed (which is 

discussed in detail below). This technique allowed development to continue without 

requiring complex compiler front-ends to be written, or for them to be available. 

As a stand-alone tool, CM I can be used in three different ways: by command­

line invocation to compile an input source file, in interactive (line-oriented) 

command mode, or in menu mode. The use of CM I in all of these scenarios is 

presented in Chapter 5. 

30 The source for available existing compilers is normally protected by legal copyrights, and thus cannot 

be changed . 
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4.3 Attributed graph model 

As stated above, the global interface analysis algorithms were written under the 

assumption that they would operate in an environment that provides efficient access 

to the ( compilation) dependencies among modules in the system. The CMI imple­

mentation has chosen a general schema of having a software system modelled as a 

collection of objects that interact with each other in various ways; the compilation 

dependencies arise from provide-require relationships among certain classes of objects 

in the system. The resultant system and its inter-object relationships are modelled 

as an attributed graph. 

This attributed graph is the internal data base that CM I uses. Each node in the 

graph represents an object of some particular class ( e.g., syntactic interface specifi­

cation as represented by the oc_def class, or an implementation module, an object 

with class oc_imp ). Each object in the directed graph may have arcs both incoming 

and outgoing. These arcs represent relationships and dependencies between objects. 

Currently, CM I keeps track. of the dependence classes shown in Figure 4.1. 

The implicit dependence is meant to renect a dependence that arises between two 

objects but is not explicitly stated. An example of an implicit dependence is the 

relation between an implementation module and its corresponding definition module; 

the implementation module implicitly imports the definition module, but does not 

do so explicitly. An implementation dependence is one imposed on the system by the 

support environment for implementation reasons. Examples are the restriction of one 

module definition per compilation unit that many Modula-2 compilers impose. A 

hierarchical dependence is created through the logical hierarchy imposed on objects 

of different classes. ror example, a definition module has a hierarchical dependence 

on a compilation unit, which in turn has a hierarchical dependence on a system. A 
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typedef enum { /* Dependence Class *I 
dc_unknown = OxO, 
dc_implicit , I* implicit *I 
dc_implementation, I* implementation *I 
dc_hierarchical, I* hierarchical *I 
de _structure, I* provides *I 
dc_compilation, I* requires *I 
dc_semantic, I* semantic dependence *I 
dc_transitive, I* transitive closure *I 
de _revision, I* revision *I 
dc_MAX 

} DependenceClass; 

Figure 4.1 : Dependence classes 

structure dependence is one of provision of resources. If an object provides resources 

to another object, then a structure dependence is created between producer and 

consumer. A compilation dependence is the mirror image of a provision dependence. 

If an object requires resources from another object, then a compilation dependence 

is set up between the consurner and the producer. Figure 4.3 gives an example of a 

structure and compilation dependence. J\ semantic dependence is one imposed for 

logical reasons. It is currently unused, but has been included to allow CM I to be 

extended to the semantic interconnection model at a later date. The source text could 

be augmented with special directives to allow CM I to extract these semantic 

dependencies. An example of how to do so is given in Figure 4.2. A transitive 

dependence is a synthetic relation between two resources that is created when the 

based keyword is applied to a resource (see discussion of the CMI module intercon­

nection language below). The revision dependency is currently unused but has been 

added to allow possible future integration with R.igi ' s version control mechanisms. 
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The objects in the system are arranged in a hierarchy. The valid object classes 

are shown in Figure 4.4, and the object hierarchy is shown in Figure 4.5. The 

master objects in the system are those of class oc_sys (system objects). The data 

structures have been implemented so that systems may be nested (i. e., subsystems 

within systems are possible), but the current implementation only works with a single 

master system at a time. The only objects that the system currently contains are 

compilation units ( class oc_cu). This is more for pragmatic purposes than anything 

else; there is no semantic reason that a system should contain only compilation units, 

but a compilation unit is the easiest object to implement with most file systems. The 

alternative is using an external database for object support (but this is not desired 

at the moment). 

A compilation unit is made up of zero or more objects. Again, though any object 

class is possible, semantically only objects that are releases (class oc_rel), main 

programs ( class oc_pro ), modules ( class oc_mod), definition modules ( class 

oc_def), implementation modules ( class oc_imp ), generics ( class oc_gen), alterna­

tives (class oc_alt), revisions (class oc_rev), or accessories (class oc_acc) are 

allowed (i.e., a compilation unit cannot logically contain another compilation unit). 

(*!SEMANTIC .... *) =:> Modula -2 

--!SEMANTIC =:> Ada and CMI 

Adding a "semantic" or "info" fi eld to declarations in the grammar would enable CMI to extract 
this information. It could be hidden in comments (to allow normal processing by traditional 
compilers). 

Figure 4.2: Augmenting programming languages with semantic rules 



The following Modula-2 code fragment 

DEFINITION MODULE v; 

FROM w IMPORT x,y; 

END v. 

imposes an explicit compilation dependency on w by v, and an implicit structure 
dependence on v by w, as shown in the diagram below. 

structure 
dependence 

compilation 
dependence 

Figure 4.3: Structure an d cornp.ilation depend encies 

79 
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4.4 The CMI modu le interconnection language 

4.4 .1 Introduction 

The attributed graph model di scussed is used to internally store the relationships 

among objects in a system. These relationships must first be crea ted before they can 

be modelled and stored. Since CM I must provide the environment that the global 

interface analysis algori thms assume ( one in which the inter-module compilation 

dependencies are read ily available), the dependence relationships among entities in 

a target programming language must first be extracted. There are two ways to do 

thi s: either force the programmer to explicitly list the dependencies among the 

objects in the system (such as make requires the programmer to provide a 

typedef enum 
oc unknown = -
oc _sys, 
oc _cu, 
oc_rel, 
oc_pro , 
oc_mod , 
oc_def, 
oc _ imp , 
oc _gen , 
oc_alt , 
oc _rev, 
oc _ace, 

oc _MAX 
} ObjectClass; 

OxO, 
/ * Object Class */ 

/ * system or subsystem */ 
/ * compilation unit */ 
/ * subsystem release / variant*/ 
/ * main program */ 
/ * module */ 
/ * definition part of mod */ 
/ *implementation part of mod*/ 
/ * generic definition mod */ 
/ *alternative implementation*/ 
/* revision */ 
/* accessory (misc.) *I 

Figure 4.4: Object classes 
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·· .. 

. ... 

backchain 

) hierarchy 

Figure 4.5: Object class hierarchy 

makefile), or generate these relationships automatically. The relationships must go 

beyond the unit interconnection model to be truly useful. For example, in Ada it is 

not enough to know that there is a "with B;" clause in package A; which resources 

provided by 13 are used in A, and how they are used, must also be extracted. For 

languages such as Ada, this task is not trivial. It reg uires running the front end of 

the compiler against the source text. Time and resource restraints precluded writing 

a parser for each desired programming language that CM I was to run on. At the 

same time it was not desired to force the programmer to write down the object 
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relationships (inter-module dependencies) explicitly. Being forced to recode the 

module dependencies in another language, one that is not the programmer's imple­

mentation language, would be unacceptable. Thus, a compromise solution was 

chosen. A new language was invented, one that is small and reflects the essence of 

the various relationships among objects in the system being investigated; this 

language is called CMI. 

The CMI module interconnection language can be thought of as a program 

design language (POL) at the module, rather than the procedural, level. Only the 

interactions among various interfaces in the system are discussed; the implementa­

tion modules can also be sketched, but since they cannot provide resources, only 

require them, they play a less important part in the global interface analysis 

algorithms than the interface parts. It was initially thought that CMI would simply 

be an intermediate form, one that contained the essence of the interface description 

of a M odula-2 module or an Ada package. However, the language soon evolved into 

a serv.iceable mechanism to describe all module interface relationships that the 

global interface analysis algorithms needed. Moreover, since it provides a superset 

of the modular definitions available in Modula-2 or Ada (with one restriction, as 

shown below), it is possible to map the different interface mechanisms provided by 

various programming languages into a single language; this enabled the CM I imple­

mentation to focus on the relationships between objects, and less on how they were 

extracted. If other strongly typed, separately compiled programming languages are 

to be added to CM I at a later date, they may be incrementally enabled by updating 

the mapping, or cross-compilation mechanism, between the new programming 

language's interface facilities and the CM I module interconnection language. 

For any language to support a superset of several programming language's 

interface mechanisms, and yet remain simple and concise, is somewhat of a chal­

lenge. It must retain the information necessary to fully describe relationships 
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between modules, yet be simple enough to manually write and automatically gener­

ate. The current language definition is at least a step in that direction. Functionally 

similar to lntercol, it provides a superset of the modular definitions available in 

standard Modula-2 or Ada, with one main exception: it does not allow the nesting 

of interfaces. 31 The reason for disallowing nesting of interface descriptions is both 

philosophical and pragmatic. From a philosophical (language design) point of view, 

the author believes that allowing the nesting of interfaces needlessly clutters both the 

language design and the subsequent code written with that language. A perfect 

example is the extremely complex nesting and visibility mechanism provided by Ada. 

Interface descriptions can be nested to an arbitrary degree, and in any order. This 

nesting allows a procedure to have internal packages that can have internal pack­

ages, and so on. When the separate compilation facility that Ada provides is added, 

the complications only multiply. M odula-2 does not allow the nesting of interface 

modules, but it does allow the nesting of local modules inside of an implementation 

module. Again, somewhat strange visibility rules arise from a local module exporting 

resources from a lexically nested level to an outer scope. Since it is possible to 

describe any system and its requirements using only single-level interfaces that 

communicate totally through an explicit provide-require mechanism, there is no need 

to burden the language further with nesting. From a pragmatic standpoint, allowing 

nested interfaces is more complex than single-level interfaces. Scoping and name 

visibility rules must be extended to allow for lexical levels of interfaces, and this is 

further complicated if' enclosed modules are allowed to export resources to an 

enclosing level (sort of a reverse inheritance). If one also allows a nested definition 

to be separately compiled, as Ada does with its separate mechanism, the name state 

space must be saved externally so that when the separate interface is recompiled, all 

31 The object structure used internally by CM I does not preclude this nesting structure, and may be 

expanded (if desired) at a later time. 
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names that would have been available, had the interface been in-line, are available. 

ror CM I's purposes, this goa l was a little too ambitious. Thus, it was decided to 

disallow nesting in the current implementation. Note, however, that there is no 

semantic restriction in the internal design that wo uld disallow adding this extension 

at a later date. It wo uld simply entail allowing a definition module ( an object of class 

oc_def) to contain a set of oc_def objects (recursively). 

4.4.2 The CMI language definition 

A CM I compilation unit is made up of zero or more object definitions . While 

any of the object classes given above may be entered, the current implementation is 

only concerned with those of the oc_cu, oc__pro, oc_def, oc_ imp, and oc_mod 

classes (and the oc_def is the most important of all). The syntax of the CMI 

language is given in Figure 4.6 in a format similar to Extended Backus-Naur 

rormalism (EBNF); the syntax diagram of the CM I language is given in Appendix 

A. 

Several features of the language deserve attentio n. First, the keyword changed 

was added to allow incremental testing of the implementation of the change propa­

gation algorithms, but it has been left in because of its usefu lness. By tagging a 

resource as changed, the recompilation algorithms are triggered; there is no need to 

actually alter the definition of the resource. One can easily predict the effect of a 

change on a provided resource, without changing its definition. By simply adding the 

changed keyword, CMI computes the set of affected objects in the system. As an aid 

in a maintenance task, it may be used to easily track down all dependencies on a 

particular resource. 



cmi cu 

objecl 

require 

declare 

provide 
resources 

resource 
objecl_ids 
objecl_id 
resource id 
object_ class 

resource class 

= {objecl}. 

= objecl_id [require] [declare] [provide] end [objecl_name] "." . 

= require {objecl_id ["+-"resources]";"}. 

= declare {resources}. 

= provide {[objecl_ids "-+"] resources [qualified]";"} . 
= resource {resource}. 

= [ changed] resource _id [based "(" resources ")"]. 
= objecl_id { objecl_id} . 
= objecl_name ":" objecl_ class . 
= resource name ":" reso urce class. - -
= SYSTEM I RELEASE I PROGRAM I MODULE I DEFINITION I 

IMPLEME TATION I GENERI C I ALTER ATIVE I REVISION I 
ACCESSORY. 

= TASK I PROCEDURE I CO ST I TYPE I VAR I ID E Tlf-lER. 
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Conventions for synla x: Square brackels [ ] mean th,il Lhe enclosed form is oplional. Curly braces 
{ } mean Lhat the enclosed form is repealed zero or more times . A vertical bar I separales a lisl of 
allernali ve choices . Uppercase names represenl lerminals; non-lerminals are wrillen in lower case. 
Language keywords a re in bold and musl be enlered in lower case. 

l<igure 4.6: Syntax of CM I la nguage 

The based keyword is used to indicate a transitive dependency of one resource 

on another. The dependency can be nested in the declaration, so that type Lt can be 

based on t1 which can in turn be based on lk. The predominant use of this keyword 

is the modelling or cotnposite types in languages such as Ada and M odula-2. For 

example, a pointer type in Modula-2 may point to a type imported from another 

module. This implies the pointer type is based on the imported type. There is a 

restriction on this (somewhat simpli stic) method of transitive dependency: there is 

no indication of implementation or compiler specific details such as successive stor­

age locations. This type of information is only available from analysis of the symbol 

table of a compiler front-end for the programming language in question. CM I uses 

the based keyword as a sort-of "catch all" to indicate transitive dependencies . 
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The requisition and provi sion mechanism used in C M I is precise (as stated in 

Chapter 2). An interface may explicitly provide a set of resources to a particular set 

of clients, and it may al so require a subset of the resources being provided to it by 

another producer. This is similar to the PI C/Ada la nguage [WoCW 85b] in that, 

a lthough a resource may be made global{y available, it may also be explicitly 

provided to only a subset of modules. The same facility is available in Anna through 

the provide to clau. e [LuHe 85]. This prov ides an additional level of control over 

resource provision a nd requests, a llowing more precise descriptions of the intended 

use of a resource [Mabe 79]. For example, one may request all availa ble resources 

from another object: 

require cl I :definition; 

or one may request a pa rticular set of resources: 

require dl:defmition ~ vl:var tl:type; 

ln addition , an object can prov ide a resource to a ll other objects in the system: 

provide c l :con st t2:type; 

or it may provide resources to a selected subset of objec ts: 

provide d2:derinition d3:implementa tion c2:const pl:procedure; 

An example of resource requi sition and pro vision in CMI is depicted in Figure 4.7. 

The dee l are keyword is currently unused. It was added with the idea that 

perhaps in the future there would be a need to locally declare resources in a module, 



dO:defintion 

require 
d 1 :definition ~ t I :type t2:type v I :var; 
d2:definition; 

provide 

t3:type based (t2:type); 
d4:definition d5:implementation ---+ d2.v2: var; 

end dO. 

In thi s CMI code fragment, the definition module dO is requestfog the resources tl, t2 , and vl from 
definiti on module dl , a nd all available resources fr om definiti on module d2. It is then providing the 
type t3, which is based on the imported t2 type, to a ll objects in the system, and the variable v2 from 
definition module d2 to definiti on module d4 and implementation module dS only. 

Figure 4.7: Sample resource requisition and provision in CMI 
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particularly a definition module, which would contribute in some way to resource(s) 

provided by that module. At the moment, local resources can be declared, but they 

play no part in the implementa tion. 

This small grammar allows the CM I database to store the minimal information 

required for interface analysis. There are no provisions made for version control in 

the C M I system. However, the semantics of the Rigi model include version control 

fac ilities [Mull 86, Mu Kl 87]. 

4.5 Compiling programming languages to CMI 

Throughout most of the development and testing of CM I, the CM I language 

was used as the primary mechanism to specify objects and their relationships. A 
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Modula-2 parser is also provided to allow input to come from existing Modula-2 

programs; CM I then extracts the module interconnection information. This 

extraction of information is basically the compilation of one language to another; in 

this case, it is the compilation of various strongly typed, separately compiled 

programming languages to the CM I module interconnection language. 

The essential information that must be extracted from the module interface is its 

set of requirements and its set of provisions of resources. The dependencies among 

resources must also be extracted. ror example, the fact that a new type is an array 

of another type implies that the array type is dependent on its base type; since the 

base type may be imported from another object, this forms a transitive dependency 

between the two resources. In this fashion, the Modula-2 parser detects transitive 

dependencies for new types that are sets of some other type, pointers to another 

type, enumerated and/ or subrange types, record types, and procedure types. A record 

type ( or variable) is transitively dependent on each of the types of its subfields. 

Similarly, a procedure type is dependent on the type of each of its parameters (if 

any), and the return type (if any). Even though elementary data types32 are provided 

by the language definition, and not by some external module, these dependencies are 

also tracked. An example of the transitive dependencies between resources extracted 

from a Modula-2 program is given in Figure 4.8. 

4.5.1 Language extensions 

Since the CM I language provides a superset of the interface mechanisms 

provided by the programming languages Ada and Modula-2, both of these languages 

32 In Modula -2, these are I TEG ER, CARDINAL, REAL, DOOLEA , CIIAR, and BITSET. 



Compilation of the following M odula-2 code fragment: 

TYPE 
typel = ARRAY [1 .. 10] OF modu lel .typel ; 
type2 POINTER TO CARDINAL; 

PROCEDURE procl (pl, p2:typel; p4: ARRAY OF BOOLEAN) 

Produces the following CM I code: 

typel:type based ( modulel.typel:type) 
type2:type based ( CARDINAL :type ); 

type2; 

procl:procedure based ( typel:type BOOLEAN:type type2:type ); 

Figure 4.8: Extracting tra nsitive rela tionships in Modula-2 
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could be extended to take advantage of the features that the CM l language provides, 

such as preciseness. To incorporate preciseness in M odula-2, the M odula-2 grammar 

can be extended to allow an EXPORT clause of the form 

EXPORT [QUALIFIED] TO modules objects; 

where modules and o~jects are lists of modules and objects, respectively. This 

refinement allows stricter control of object provision. If it is not present, then the 

usual rules of Modula-2 apply. It a ll ows Modula-2 programmers to take advantage 

of the preciseness inherent in the CM I language. Since the most recent (third) edition 

of Modula-2 does not require the use of the EXPORT clause to export objects from a 

definition module (all resources in the module are implicitly exported), this extension 

would require the programmer to relist the identifiers that have been selected to be 
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provided to a specific set of modules (i.e., are precise provisions). 33 This extension is 

currently provided by the existing Modu]a-2 interface. 

An Ada interface cou ld extend the grammar to alJow a more refined importing 

of resources (instead of the all-or-none method currently used by Ada) with a 

construct such as 

with package.(objects); 

The default Ada rules could be used if the standard with clause were used . The 

PI C/ Ada language features an extension that allows resource provision to be made 

precise by augmenting the Ada grammar with a provide to construct, similar to that 

outlined above for Modula-2. 

4.6 Minimal recompil ation 

The steps taken to ensure minimal recompi lation when an interface change 

occurs are outlined below. The implementation fo ll ows the global interface analysis 

algorithms that were detai led in Chapter 3. 

During system verification, if a resource of class rc_identifier is found, it will 

be matched with the correct resource from the providing object (if possible). 

33 Of course, each identifi er in Lhis sel musl appear in the proper body of the definilfon module. 
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4.6.1 The require and provide data structures 

Two of the most important relations between objects in the global interface 

analysis a lgorithms are imposed by the requirements that one object places on 

another, and the corresponding provision of resources that an object may support. 

Both are represented as sets; this is displayed graphically in Figure 4.9, with the 

corresponding C declarations given in Figure 4. J I. 

J\. definition module may both require and provide resources, while an imple­

mentation module may on ly require resources. The resources are identified by a 

name and a class indicator. Since there is no overloading of identifiers in Modula-2, 

resources are exported by name only. The consumer module imports the resource 

by just stating the name of the resource, without a class. CM I verifies that there is 

on ly one resource with that name being provided to the consumer module, and by 

doing so also makes possible the imported resource to be assigned a class. Ada 

requires type information in addition to the name to distinguish one resource from 

another. The resource classes supported by CM I are given in Figure 4.10. 

Resources are the single most important entity in the CM I system. Objects have 

dependencies on one another as the resources Oow through the system graph, leaving 

a producer object and entering a consumer object. 

The require data structure is used to represent the compilation dependencies 

among objects. Each object may have a set of requirements; each element of this set 

has the form of the object shown in Pigure 4.11. Basically, each require set element 

represents a specified set of resources that are required from a certain producer 

object. If the set of resources required is null, the entire producer object is required; 

this corresponds to the J\.da with clause, where a ll of the visible resources are 

requested. If the set is not null, a specific set of resources is requested. 
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Set of require structures: 

Require iha5e ra5ourc ■ 5 

Set of provide structures: 

Provide ihe5e ra5ourc ■ 5 

Figure 4.9: require and pro vi de data structures 

The provide data structure is used to represent the structure dependencies among 

objects. Since most programming languages are not precise (i. e., they do not allow 

a producer object to specify its clients explicitly), there are two kinds of structure 



typedef enum { 
rc_unknown = OxO, 
rc_task, 
rc_procedure, 
rc_const, 
rc_type, 
rc_var, 
rc_identifier, 
rc_MAX 

} ResourceClass; 
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/* Resource Class *I 

Figure 4.10: Resource classes 

dependencies that CM I builds: explicit and implicit. The explicit dependencies are 

extracted from languages such as CM I that allow one to specify the limited group 

of possible consumer objects. The implicit dependencies are created by mirroring the 

require dependencies created by a requesting object. Some classes of objects may 

provide resources; those that can have a non-null set of provide data structures. Each 

element of thi s set has the form shown in rigure 4.11. This structure allows for each 

element of the set to specify a set of objects that is allowed to request the set of 

provided resources. If the set of possible consumer objects is null, unrestricted access 

is available; this interface mechanism appears in both Ada and Modula-2. 

4.6.2 Graph transformation using the SACDG algorithm 

The graph that is created to represent the system must undergo the transf­

ormations shown in Figure 3.2 before the minimal recompilation algorithms can be 

applied. The compilation dependencies for each object are represented by an attri­

bute a ttached to the object, implemented as a set of pointers to these objects in the 
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/*******************************************************************/ 
/* For requirements and provisions, from each producer a 1 set 1 of */ 
/* resources may be required. Thus, in the def and imp data */ 
/* structures, there is a list of modules. For each entry in this*/ 
/* list, a list of resources is either provided or required, */ 
/* depending on the type of module. */ 
/*******************************************************************/ 
typedef struct require /*require*/ 

struct object *from; 
set resources; 
Require; 

typedef struct provide { 
set consumers; 
set resources; 
Provide; 

Figure 4.11 : C declarations for require and provide 

/*provide*/ 

graph. This compilation graph is rust made acyclic by computing the strongly 

connected components. Prom then on, each strongly connected component is treated 

as a single logical component. The algorithm used to compute the strongly connected 

components is a variant of Mehlhorn's [Mehl 84]. 

This acyclic graph is now topologically sorted; the topological numbers assigned 

to each object in the graph induce a partial order on the compilation order of the 

objects in the graph. Thus, each object has a sorted list of pointers to other objects 

in the system that would require recompilation if this object is changed. If a 

dependent object is part of a strongly connected component that contains more than 

one member, only the direct client in the strongly connected component is held on 

the list; the remaining members of the strongly connected component are implicitly 
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dependent on the original object by the fact that they are in a client's strongly 

connected component. This set of dependent objects is called the make chain, since 

it represents the complete set of objects that would require recompilation using 

make's unit interconnection model. 

This set of transformations from a compilation dependency graph to the sorted, 

acyclic compilation dependency graph can be applied once for each object in the 

system, or on demand for a particular object. When CM I first constructs a new 

system model, these transformations are applied to each object in the system. One 

can quickly determine the set of dependent objects (strongly connected components) 

for any object in the system since they have already been computed. When a new 

version of an object is submitted to CM I for analysis, the transformations are 

applied only to this new object; this is the root of the new compilation dependency 

graph. At the same time, system consistency is verified. If the new version of the 

object makes the system inconsistent (e.g., it requires resources from a non-existent 

object), then the recompilation algorithms cannot be performed; (as currently 

implemented) they require a completely consistent system to function correctly. 

4.6.3 Computing the change sets 

The global interface analysis algorithms are invoked when an interface changes 

in some way. This may be through an editing change on the interface, or by having 

tagged one of the resources in the interface as changed. If an editing change has 

occurred, then CM I first proceeds to classify the change as either inconsequential, 

local, or global. The internal representation of the old and new versions of the inter­

face are compared, producing the object sets Inside and Outside; this action is similar 

to comparing the abstract syntax trees of two objects in some programming 

language. 
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The comparison between old and new versions of an interface is non-trivial due 

to the nature of the set implementation. A set difference or intersection routine is 

not sufficient to reflect the nature of the change. Consider for example a new version 

of an interface that now provides the same set of resources, but to only a particular 

set of possible client modules. The older version had an unlimited export of these 

resources. The same can be true for requisition of resources. Perhaps the old version 

had requested the whole interface, but now has explicitly stated the set of resources 

required . Obviously, if this latter method is used, the number of recompilations will 

almost always be decreased. 

4.6.4 Propagating the changes 

If the change was inconsequential, no further work needs to be performed. This 

is a surprisingly common situation during development; an interface may be edited 

just to add comments or "beautify" the code layout. 

A local change currently produces a textual message saying that the Tichy-Baker 

algorithms should now be applied to the implementation corresponding to the 

changed interface, to determine if the change affects it and if its recompilation is 

necessary. 

J\ global change aflects the clients of the changed interface (and possibly its 

implementation). The Inside set has been filtered through the set of provided 

resources in the changed interface to produce the Outside set. To propagate this set 

of changes, a heap is initialized to contain the set of direct clients of the changed 

object (i.e., those objects that are on the adjacency list of the object). Note that this 

set is a subset of the make chain; it may be thought of as the "first layer of the 

onion" of change layers. to demonstrate the effectiveness of the global interface 
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analysis algorithms, CM I can optionally produce the set of objects that would 

require recompilation if make' s rules were used; this is simply a linear traversal of the 

make chain. The set of affected visible resources is then intersected with the 

requirement set of each of these objects in the heap. Note that if any of the objects 

found on the heap is a member of a strongly connected component that contains 

more than a single object, CM l stops minimal recompilation. For each client, the set 

of incoming afTected resources is filtered through its require set. If no member of this 

changed set of resources is on the require list of the client object, then this object is 

removed from the heap; it is unaffected by the change and thus does not require 

recompilation. If the resultant set from the intersection is not null, then again the 

Tichy-Baker algorithm would be invoked on its implementation (and any of its vari­

ants); in addition, this (hopefully smaller) set of affected resources is filtered through 

the objects provision list. This procedure continues until the heap is empty (i.e., all 

the objects that are affected by the change have been processed). 

4.7 Selected implementation details 

Many of the often-used functions in CM I are synthetically "in-lined" usmg 

macros in place of function calls. An example is the memory allocation macro 

getmem() which only call s the function of the same name if the pre-allocated chunk 

of storage is exhausted. A sample profile of execution time of CM I has shown that 

this simple technique drastically cuts down on the number of accessory function 

calls, and thus execution speed increases significantly. 

The CM I code is written almost entirely in C (see also the section on portability 

below). To reflect the attributed graph described above, an object-oriented approach 

was used in the implementation. Every object in the system is an object, as defined 

by the C code fragment given in Figure 4.12. Various operations on each object are 
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defined; these operations are pseudo-inherited from the object class's definition. It 

would have been much easier to use C++ [Stro 87] than C for this, but C++ was not 

readily available. Instead, each object class has a single, program-wide, represen­

tative variable in which the operations on that object are defined. It was decided to 

use a single variable per class rather than have each object carry around information 

relating to the operations on its class. One reason for this design decision is that the 

memory allocation routines are quite fast; it was not desired to "clutter up" the code 

space with n memory allocation routines, where n is the number of distinct object 

classes. Besides allocating memory, it would be necessary to repeatedly copy the 

same set of function pointers to every variable instance of each class. For example, 

an object of class require invokes operations on its type by 

(*op_req . insert)( . . . ), rather than (*req_var-.insert)( ... ). All the repre­

sentative global variables start with the letters op_, to represent operations, and the 

next three represent the object class (e.g., req for the require data structure). 

As with most applications that involve the manipulation of graphs and graphical 

objects, set manipulation plays an important role. Two separate abstract set repre­

sentation techniques were written, one based on binary trees, the other on doubly­

linked lists. Currently the latter representation is used. However, macros were also 

written to traverse this set type, so the implementation of the set could be altered 

at any time. Typical set manipulation routines were written, such as insert, locate, 

merge, and all are part of the set class; objects access these functions through the 

function pointer mechanism shown above. 

Since the set routines were written to contain objects of any class, two macros 

were written to self-check the parameters passed to some of the functions, as well 

as to enforce semantic meanings on objects that must be cast to a desired type (they 

are pointed to by void * pointers). The first macro is called demand(), and acts like 
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! *******************************************************************/ 
/ * An ' obj ect' is the basic un i t i n CMI. It may be any of the */ 
/ * supported object types (as distinguished by ObjectClass). Each*/ 
/ * object a l so has a set of dependencies on other objects. */ 
/ *******************************************************************/ 

typedef struct object 
char *name; 
ObjectClass oc; 
union { 

Sys *system; 
Cu *compilation_unit; 
Pr o *pr ogram; 
Rel *r elease; 
Mod *module; 
Def *definition; 
Imp *implementation; 
Gen *generic; 
Alt *alternative; 
Rev *revision; 
Ace *accessory; 
class; 

set dependencie s ; 
struct cdg *cdg; 
unsigned changed 
#if C2 

unsigned 
#else 

unsigned 
#endif 
Object; 

1 · I 

15; 

31; 

/* Object 

/ * of type 'Dependency' 
/ * compilation dep. graph 
/ * flags 

Figure 4.1 2: T he basic unit in CM I 

*I 

*I 
*I 
* I 
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the assert macro in the standard C library. If the condition that is required to be 

true is not, then CM I aborts with a fatal run-time error. The semantic() macro is 

used to ensure that objects passed to certain routines satisfy some logical condition, 

such as an object being of a certain class. ror example, some accessory functions 

expect to work on objects of class oc_def only, but are passed a pointer to some 

unknown object. If the semantic condition fails, a runtime warning is produced but 

processing continues. 

4.7 .1 Restrictions of the current implementation 

The current implementation has several shortcomings. Perhaps if CM I had been 

developed from within Rigi , less time would have been spent on the creation of the 

proper environment for the global interface analysis algorithms, and more on some 

of the finer details, such as change analysis. However, this was not so. 

4.7.1.1 Recursive inter-module dependencies 

The current CM I implementation only partially supports recursive inter-module 

dependencies. Even though Clarke contends that recursive compilation dependencies 

occur quite frequently in large software systems [Clar 85], few programming 

languages fully permit these to occur. The support is usually limited to opaque types 

(pointers). Neither J\da nor Modula-2 allow recursive inter-module dependencies in 

their language definition. For J\da, this type of cross-compilation unit dependency 

vio lates the elaboration rules as specified in the LRM [Dod 83] , § 10.5: "The program 

is ill egal if no consistent order can be found (that is, if a circularity exists). The 

elaboration of the compilation units of the program is performed in some order that 

is otherwise not defined by the language." This type of recursive cross-module 
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dependency is also not all owed in Modula-2, as specified in [Wirt 85], p. 169: "If 

circu lar references occur among modules, their order of initialization is not 

defined." Thus, this implementation restriction is not severe considering that neither 

Ada nor Modula-2 allow this situation to occur in a valid program, but it does go 

against the spirit of one of the main contributions of the global interface analysis 

algorithms. 

4.7.1.2 Transitive dependencies and the change type algorithm 

The computation of the transitive closure under declaration dependence of 

resources is currently based on the relationships formed by the based keyword. The 

Modula-2 interface provided has a rather severe restriction on what relationships are 

extracted from the source text as "based" relationships. The reason for this is that 

to extract the exact changes from one version of a module to another, detailed 

information on each resource must be maintained. This information is only available 

by performing a complete analysis of the symbol table usually created by a compil­

er' s front end. The interface provided is by no means a complete front end system for 

Modula-2; it is a parser that extracts "obvious" and specific dependencies among 

resources. I Iowever, it does not perform full symbol table analysis. 

The resource data structure currently used is tuned more to the CM I module 

interconnection language than to any programming language. In particular, the 

information stored about a resource is somewhat limited; only the name and the class 

of the resource is stored. No "subclass" information is kept. For example, the value 

of a con st is not stored anywhere. Thus, if the same con st variable is provided in two 

versions of a module, but its value changes, this change will go undetected. Similarly 

for types: there is no information kept on the subclass of a type (e.g., if it was a set 

type, or a pointer type). This means that if in one version of a module, a type is 
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declared as a set of X, but in the next it is declared as a pointer to X, this also goes 

undetected. Furthermore, specific implementation details such as storage locations 

are not captured. Neither are changes in the size of a resource, say a record type. 

The philosophy of providing a M odula-2 interface at all is to show that the 

algorithms are a viable mechanism to reduce compilations, but supplying a full 

Modula-2 front end is overly ambitious. Thus, detailed change analysis is somewhat 

less than desired. In particular, sets C.modified and C.modprv (as shown in 

Figure 3. 1) are not as complete as they cou ld be. The focus is on detecting resources 

that have been added or deleted from an object, or that are based on a type that has 

changed or been removed. The reso urce change will certainly be detected if it or any 

of the resources on which it is based is tagged as changed. 

This simpli stic view of resource representation 1s clearly the most severe 

restriction in the current implementation. This shortcoming wo uld certainly have to 

be rectified if the Modula-2 interface were to be used in a production environment. 

As it stands, the current implementation will sometimes miss recompiling a module, 

since the M odula-2 interface has not provided enough detailed change information. 

This missed recompilation may cause serious problems by not maintaining a 

consistent system. Note however that it does not affect the CM I module intercon­

nection language, just the M odula-2 interface. The soluti on is to augment the 

resource class data structure with finer details on the representation of resources. The 

canst resource wou ld have to carry aro und its value, and a type would have to have 

much more detailed information concerning its external representation and subclass 

(pointer, set, etc). This problem quickly grows into complete symbol table analysis, 

since it must now be possible to handle variant records, the size of a record type and 

any on its subfields, and so on. This is too ambitious for an initial prototype imple­

mentation such as CM I. Moreover, this information changes with each 
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programming language. ror example, this problem would be compounded in an Ada 

interface because of the overloading or identifiers that is permitted, and the richer set 

or type subclasses available. 

The Modula-2 interface included provides a way of alleviating some of the 

problems caused by this shortcoming. The Modula-2 grammar that is accepted by 

the parser has been augmented with a construct that explicitly informs CM I of a 

change in a resource. This is simi lar to the changed keyword of the CM I module 

interconnection language. The information is hidden inside a special comment to 

a llow the same Modula-2 source to be processed by true Modula-2 compilers. This 

construct may be used to tag a resource as changed, even if it has not been (to 

perform consequence analysis as outlined above). The use of the construct is shown 

in Figure 4.13. 

There is a second way of "helping" CM I out if it is needed and/ or desired. When 

the Modula-2 module has been entered into the system, the equivalent CMI code 

may be produced by unparsing the internal data base of CM I (as shown in Chapter 

5). This resultant code may then be edited by hand to add any missing details, such 

as whether the resource is based on another resource or not. lt may be useful to use 

the changed keyword here as well. After editing, the CM I code is then recompiled 

into the system. 

4.8 Porting CM I 

CM I was written with portability in mind. The development environment was 

an I BM S/ 370 Mode! 3090 running VM/CMS (SP5), with some early work done on 

an IIlM RT PC running J\ IX. The target architecture for integration with Rigi is a 

network of Sun Workstations. Other parts of the Rigi system that have already been 



CONST 
(*!changed*) name value; 

TYPE 
(*!changed*) name = type; 

VAR 
(*!changed*) name:type; 

PROCEDURE (*!changed*) name ( ... ); 
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The added conslrucl is hi dden inside a comment IL musl be enlered exactly as shown : 
"(*!changed *)". Nole lhal lhere is no need lo apply lhi s const.rucl lo opaque lypes , since I.h ey only 
provide a name, with no representa ti on informati on. CMI aulomati cally detects whether the opaque 
type has been added or deleted from the require or provide sel. 

Figure 4.13: Augmenled Modula-2 grammar 

completed, such as the Rigi editor [Kl as 88], are written in C. With this in mind, 

the code was written in such as way that it should be straight forward to integrate 

C M l into Rigi , and as a stand-alone tool it should be easy to adapt CM I to various 

operating systems and compilers. 

Almost all of the code for C M I is written in C. There is one module written in 

PL/ I for the VM version. ln addition to the C code, there are the input files to the 

lexical ana lyzer and the parser generator; though powerful parser generators were 

available on VM , they are lllM internal tool s and thus not readily available on other 

hosts. It was for this reason that the standard Uni x compiler development tools for 

language scanning and pa rsing, lex [LeSc 86] and yacc [John 86] , respectively, were 

used. There are also a number of support file s that are used when rebuilding CM I. 

These depend to a great extent on the environment in which CM I is being rebuilt. 

For both VM /C MS and MVS/TSO there is a set of Rexx [IBM 86a] EXECs and 

Xeclit macros; for DOS there are a few . BAT files and sed scripts; for Unix there are 
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corresponding shell and sed scripts. On V M one of the uses of the Rexx EXECs is 

to extract file time-stamps from the operating system; this can easily be done in C 

for the DOS and Unix versions. 

Independent of the operating system is the need to "fix" the output of lex and 

yacc; both tools produce C source file(s) from their respective input files. The prob­

lem is that neither program was written with the idea of having more than one 

scanner and/or parser active in the same program at the same time. Both use a 

two-letter prefix on all the variables introduced by the generated C source, which 

start with yy. The various Xedit macros or sed scripts are used to change the exposed 

variables in each file to be distinct and related to a particular scanner/parser pair. 34 

The second 'y' in the reserved name is changed to reflect the use: 'c' for CM I, 'd' for 

the interactive command parser, 'm' for the Modula-2 interface, and 'a' for the Ada 

interface. In addition, a few multiple definitions of variables, such as yylineno, must 

be replaced by a single occurrence, since some linkers (such as those on DOS) cannot 

link a program with a multiply-defined external variable. The variables yytext, 

yyerror, yyin, yyout, and yylineno are shared throughout all scanners and 

parsers. The makefile used correctly repairs the output of lex and yacc for each 

scanner and parser when CM I is rebuilt by calling the appropriate EXECs, shell 

scripts, or batch files, depending on the settings of the os variable (as discussed 

below). If CM I is ported to a system not currently supported, then the equivalent 

accessory programs must be written . For example, various . COM command files would 

be needed for VAX/ VMS. 

34 It is assumed Lhal Lhe standard lex and yacc dri ver files have been used . These are usually called 

NCFORM and Y /\CCP/\.R, respectively. If these dr.iver templates have been altered from the default 

versions in some way, Lh en the accessory fil es may require some "tweaking" to reflect these changes. 
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As stated above, VM/CMS was the primary development environment. The 

IBM C/ 370 compiler [IBM 1988a] was used, as well as the INSPECT testing and 

analysis tool [IBM 1988b]. 35 To have CM I run on MVS/TSO, it may be compiled on 

VM or MYS. In either case the resultant output object code is then link-edited on 

MVS and the module is placed in a pre-allocated PDS (Partitioned Data Set). 

On DOS, both Turbo C [Bord 87] and IBM C/2 [IBM · 87a] have been used. 

When compiled with Turbo C, only one parser may be used at a time; this has been 

chosen as the CM l language parser, making the M odula-2 and interactive command 

language parsing systems unavailable. The reason for this is that Turbo C does not 

provide a mechanism for splitting up the global data segment into separate chunks, 

even when compiled under the huge memory model; with all three parsers active, 

there is more than 64K of global data. Any single segment is limited to 64K, and thus 

the link step fails after compilation. The C/2 compiler has special compile-time 

switches that alleviate this problem by splitting up any segment that grows beyond 

a selectable size threshold . 

When porting CM l to a new operating system or compiler, a few things should 

be kept in mind. rirst of all, yacc and lex must be avai lable; if they are not the 

scanner and parser ( . l and .y) modules must be rewritten. lf a new C compiler is 

used, it should conform as close as possible to the proposed ANSI standard [ANSI 

88]; at the very least it must support function prototyping. If it does not support 

bitfields of 32 bits, such as the C/2 compiler which limits bitftelds to 16 bits, then in 

a few places this compiler must be added to the C/2 class for compilation to 

35 CM I has also been successfull y compil ed with the 113M C Program Offering (PO) [IBM 86b]. Using 

the new Program Product (PP) was an interesting experience; the C compiler was under development 

at the time, and so was I SPECT. 
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succeed. 36 A likely candidate to be a problem when moving to a new operating 

system is the file naming convention. ror example, VM uses name type mode; MVS 

uses an assortment of methods, whether the dataset (file) is sequential, or a member 

of a PDS, as well as other factors; DOS uses name. type and Unix allows almost 

anything. I-land in hand with file naming conventions goes the extraction of file 

time-stamps from the operating system; this may be trivial or difficult , depending on 

the architecture used. Pin ally, as with most porting tasks, I/0 is usually the most 

implementation dependent. C M I uses only standard C library routines for all of its 

1/0. The portion of the code that would benefit most from a change is the menu 

code; it is currently written for a generic "dumb" terminal. If CMI is moved to a 

system that has facilities for windowing, then this code should be changed. An 

abstract set of routines currently exists to do rudimentary tasks such as move the 

cursor down or to the right, clear the screen, and so forth. Only one module would 

have to change to use any new I /0 facilities. 

To rebuild CM I either for a different operating system, or a different compiler, 

there are two variables that must be changed in the makefile: os and compiler. By 

default they are set up as os = VM and compiler = C370. These values may be over­

ridden when rebuilding CM I by supplying new values to the make program as 

exemplified in Figure 4. 14. 

Compilers that are currently supported are I BM C for System/ 370 (PO), IBM 

C/370 (PP), IBM C/2, Turbo C, Waterloo C ( on S/ 370), and Unix C. Target oper­

ating systems currently supported are DOS, VM /CMS, MVS/TSO, and Unix. CMI 

36 These places currently are thg lobal.h, thlist.h, and thtree.h. The restriction ofbitfields to 16 

bits in length is not currently a problem, since the individual bits in the bitfields are only used for flags, 

and very few of them are used yet. 



108 

• make (doall os = MVS compiler = C370 f thmake.makefile.a 

• make -fthmake.mak -Dos = DOS -Dcompiler = TUR.BOC 

The lirst example uses th e syntax oft.h e make program tJ1at runs on VM /CMS. IL rebuilds CMI 
from scratch using the C/370 compil er for hosting on MVS. The second example uses the syntax 
of make provided by lJorland 's Turbo C. This second example rebuilds CM I for DOS using Turbo 

C. Note tha t in this case thgl oba 1. h must be "touched" lo trigger a full system rebuiJd . 

Figure 4.14: Rebuilding C MI 

has already been tested on an IBM PC/XT running DOS 3.2, an IBM PS/2 Model 

80-386 running DOS 4.00, an IBM S/370 Model 3090 running VM /CMS (SP4 and 

SPS), an IBM S/ 370 Model 3084 running MVS/XA , briefly on a VAX-11 /750 

running 4.3BSD, and a Sun 3-280 running SunOS. Except for the limitations (such 

as program size) that environments such as DOS impose, CM I looks and runs 

exactly the same on all systems; the only difference is speed. Porting CM I to systems 

such as VAX/ VMS should not be difficult; the only changes that may be needed are 

the interface to file naming conventions, extraction of file time-stamps, menu mode 

1/0 (if required or desired), and a changing of some of the tools needed for rebuilding 

CMI (as outlined above). 

;\ few small problems occurred during porting to the above mentioned compilers 

and operating systems that are of interest. "Trigraph" characters are not suppor ted 

on Turbo C or Unix C, so they had to be changed to their normal character equiv­

alents.37 Not all compilers support the same set of signals, or even the same mech-

37 Trigraphs a re part of ANS I C lo a llow special C cha racters to be entered at terminals that do not 

have the keyboard required. r or example, 1 ?? /n I can be used in place of 1 \n 1 (the new line 

character). See [ANS I BB] for a complete li st of trigraphs and tJieir character equ ivalents. 
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anism of raising and trapping them. CM I has complete control over all signal 

handling when running; if an exception occurs a special signal handler is called, and 

if compiled with C/ 370, INSP ECT is invoked. Finally, the table size for the Modu­

la-2 scanner must be altered from its default on DOS and Unix. This meant increas-

ing %a to 4000 and %0 to 6000 in the . l file for the scanner being built. 

4.9 Adding support for other languages 

CM I was written to be both portable and extendable. One of the design goals 

was to ease the integration of a new language into CM I. The most obvious choice 

for the next supported language is Ada (and some of the work has already been 

done), but any other strongly typed, separately compiled programming language 

wo uld be a valid cand idate. Some of them that would benefit the most include 

Oberon, Modula-2 +, and Modula-3. To add support for a new language there are 

basically two choices: if a compiler for the language already exists and the code for 

it is available (i.e., it may be altered), then the parser or front-end of the existing code 

may be augmented to either produce CM I as a target language, or it may be inter­

faced directly into the generic parsing routines that CM I provides. If the source code 

of the compiler is not available, then a new, separate parser must be created; this 

was the method used for the Modula-2 support that CM I currently provides. 

If the source to CM I is not avai lable either, then clearly the only available 

method wou ld be to produce CM I code as output from the new parser. CM I could 

then read in this resultant file and process it. While slower than entering CM I 

directly, it is feasible. To interface directly with the generic parsing routines that 

CM I provides, the source to CM I must be available. The Modula-2 parser currently 

provided uses this latter method; it calls the same routines that the CM I parser does. 

1t may happen that the language support to be added is too rich for the current level 
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of CM J's generic parsing routines to handle. In this case the code to CM l must be 

enhanced. This would be the case if full Ada support were to be added without the 

source of the Ada compiler. 

In addition, if lex and y acc were used, then the tools used to post-process the 

output files would need to be altered to handle the new language. 

4.10 Integrating CMI into Rigi 

The integration of CM I into Ri gi is the next logical step in CM I' s evolution. It 

1s in conjunction with Ri gi that the benefits of the global interface analysis 

algorithms would be the most apparent. In addition, the use of a high-resolution 

bit-mapped display, such as that on a Sun Workstation (which is what Rigi currently 

uses), would be a definite improvement over the simplistic menu environment 

provided with the current implementation. 

Since this integration has not yet taken place, but is the most likely candidate for 

a porting exercise, a few details on the job it wi ll entail are given here. Since Rigi 

currently runs under SunOS, a variant of 4.3BSD and Unix System V.2, the lex and 

yacc tools are avai lable, and the shell and sed scripts used should not require much 

change. The area most likely to require work is the interface to the invocation of the 

algorithms. 

4.11 Summary 

This chapter presented the details of the CM l implementation of the global 

interface analysis algorithms. The internal data base, which is an attributed graph 
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model of the software system, was presented. The hierarchical relationships among 

object classes and the flow of resources though the objects along the arcs of the 

graph was discussed. 

The CM I module interconnection language was introduced. This language is 

used to efTiciently describe the essential interface relationships between objects. It 

features a clear, precise, and explicit mechanism for describing an object' s needs and 

provisions. The design of the attributed graph model both influenced and was influ­

enced by the language. 

The implementation of the minimal recompilation algorithms was described. 

They efTiciently perform consequence analysis and compute the optimal recompila­

tion sequence after a change to a basic interface. The implementation is written in 

portable, object-oriented C and may be re-hosted on a variety of operating systems 

using a variety of compilers and support tools. 



CHAPTER 5 

Experience with CM I 

5.1 Introduction 

This chapter illustrates some of the uses of CM I, and highlights the benefits that 

may be gained by using it as a stand-alone tool for performing consequence analysis 

and computing the minimal recompilation sequence after an interface change occurs. 

As a stand-alone tool, CMI may be used to compile (translate) an input source file 

to the equivalent language representation in any of the supported languages. This 

translation is for the interface part only. It may also be used in an interactive (line­

oriented) command mode, or in menu-driven environment. Each of these uses is 

described below. 

Since the primary development environment for CM I was VM /CMS, the exam­

ples shown are taken from that operating system. Appendix C provides sample 

screen images of CM I while running in menu-driven mode. Through various exam­

ples it is shown how the impact of a change in an interface can be minimized by 

using CM I. The set of recompilations that would occur had a make- like tool been 

used is shown to usually be much larger than that produced by CM I for the same 

change. 

5.2 Using CMI as a stand-alone tool 

As a stand-alone tool, CM I can be used in three different modes: 
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1. Command-l ine mode ( compiler only) 

2. Interactive (line-oriented) command mode 

3. Menu-driven mode 

The options passed to CM I at invocation-time determine the mode of operation. The 

syntax of the CM I command and a description of the command-line options is given 

in Appendix B. On-Jjne help can be requested by typing '?' at a CM I prompt. There 

is also a set of help panels that may be used on VM /CM S by typing help cmi at the 

CMS prompt; the main help task panel for CM[ is shown in Appendix C. 

As a stand-alone tool, CM I operates as a preprocessor, parsing the source text 

of the interface and producing an intermediate representation which is recorded in 

the CM I data base. The input source can be in any of the supported languages. The 

setting of the current input language (which may be altered at any time by the user), 

determines the parsing interface used. By default, CM I is chosen as the input and 

output language. As each compilation unit is entered into CM I, the internal graph 

structure being created will usually be incomplete. This situation arises when an 

object requests resources from another object which is not yet in the system. For 

example, if the - f option is used to create a new system out of a set of compilation 

units, as each compilation unit is parsed it may have dependencies on other objects 

that have not yet been parsed, thus CM I does not (yet) know about them. Thus, 

several error and warn ing messages may be produced during the initial system build. 

If a syntax error occurs while parsing the source text, very minimal error recov­

ery is performed. Usually an error message indicating the type of error and the 

approximate line the error occurred on is produced. If no syntax error occurred, the 

successful compilation creates a file that is the current output language's represen­

tation of the input source. The name of the file is the same as the input file, but the 
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file type is either CMC, CMM, or CMA, depending whether the output language is CM I, 

Modula-2, or Ada, respectively. The default file type for the input file is .CMI. 

When all relevant compilation units have been entered into the system, the initial 

state of the internal data base is said to be unknown. When in this state, no recom­

pilation and little analysis can be performed. The user invokes the verification 

procedure that validates all requests and provisions of resources in the system. If any 

errors are found (e.g., an object requests a resource that is not being provided to it), 

then the system remains in an inconsistent state. The system is inconsistent if one or 

more of its compilation units are inconsistent. Only when all errors have been 

resolved can the system be made consistent using the verification procedure. At this 

point consequence analysis and interface recompilation may take place. 

Every CMI compilation or session produces a file called CMI. LOG (unless the 

-log option was specified) which contains a copy of all output produced by CMI. 

This may be used as a record of the session. Moreover, a file called CMI. ERROR 

(CMI. ERR on DOS) is also produced (unless the -e option was specified). lt contains 

all the errors and warnings produced by CM l. 

5.2.1 Compiler mode 

When used as a compiler, CM I may be used to check the syntax of an input 

source file in any of the supported languages, or to produce a compiled (translated) 

version of its input. Both the input language and the output language are changeable 

by the user. The syntax of compiler-mode invocation and a complete description of 

the command-line options is given in Appendix C. 
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As an example of compiling from one language to another, Figure 5.1 shows a 

small Modula-2 input file which was submitted for compilation to CMI. The 

resultant output file is shown in Figure 5.2. 

5.2.2 Interactive command-line mode 

Interactive mode provides (nearly) the same services as the menu-oriented envi­

ronment. 1 lowever, the commands must be entered in full and follow the syntax of 

the interactive command language exactly. This syntax is given in Figure 5.3. Only 

a subset of the language is currently supported. The implementation is such that 

command- line mode support may be incrementally added at a later date. The user 

may switch from menu-mode to command-line mode and back from either environ­

ment. 

5.2.3 Menu mode 

Menu mode is the most useful environment in which to work. It provides easy 

access to all of the capabilities of CM I, and is the closest to a "real" environment 

that the stand-alone model of CM I gets . 

When CM I is invoked in menu mode, an initial informational message and 

introduction appears for a Jew seconds. Then the primary option screen appears, 

which li sts the main options available to the user. Selected sample screen images 

taken from various CMI. LOG files are shown in Appendix C. 



DEFINITIOtl MODULE d5; 
IMPORT d2; 
FROM dl IMPORT vll, v2, tl; 

CONST 
C 1 = 12; 

TYPE 
opaque!, opaque2; 

TYPE 
t5a = ARRAY [l .. d2 .max] OF tl; 
t5b = RECORD 

fl : REAL; 
f2:t5a; 
f2b: RE CORD 

sfl: POittTER TO CHAR; 
sf2: PROCEDURE (REAL, d2 . tl) 

END 
END ; 

t5c = PO INTER TO tl; 
t5d = PROCEDURE (t5c, VAR t5c) t5c ; 
t5e = RECORD 

VAR 

fl : t5i ; 
CASE caseS2 :CARDI NAL OF 

o: I 
17,18,30 •. 50: r:REAL; ptr:opaquel I 

1 .. 5: fiel d!, fi eld 2:t5a; f iel d3 :SET OF [1 .. 5] 
ELSE catchAll :BOOLEAN 

END 

END ; 

bs: BITS ET; 
tvar : t5b; 
PROCEDURE proc5a (pl, p2 : t5b; VAR p3:B ITSET; p4: ARRAY OF t5c ) ; 
PROCEDURE proc5c () : opaque2; 

EHD d5. 

This file was compiled using the fol l owi ng co,nnand on VM / CMS: 

cmi / - li modu l a-2 test.1112 

The resu l tant CMI ou t put file is shown im Figure 5.2. 

Figure 5.1: Sampl e Mod ul a- 2 comp i l at i on 
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!Compilation unit test .m2 is part of t he *linemode* system 

d5 : definition 
require 

d2:definition 
dl:definition +- vll:identif ier v2:identifier tl:identifier 

provide 

cl :const 
opaquel : type 

opaque2 :type 

t5a :type based ( tl : type) 
t5b:type based ( REAL:type t5a :type CHAR:type d2.tl:type) 
t5c:type based ( tl:type) 
t5d :type based ( t5c :type ) 
t5e:type based ( t5i : type REAL:type opaquel :type t5a:type 

CARDINAL :type BOOLEAN: type ) ; 
bs:var based ( BITSET:type ) 
tvar:var based ( t5b :type ) ; 
proc5a:procedure based t5b:type BITSET:type t5c:type) 
proc5c :procedure based ( opaque2 : type) ; 

end d5. 

Figure 5.2: Transla led inpul of Modula-2 sou rce 

5.2.3. 1 Building a new system 
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If no compilation units are speciGed on the command li ne invocation of CM I, 

typica lly the first activity to take place is the creation of a new system (option B). 

If the user attempts to add a new object to a non-existent system, a warning is 

produced and the build routine is automatically invoked. The screen that appears for 

the build system option is shown in Appendix C. Either a single compilation unit 

or a fi le containing a li st of compilation uni ts may be chosen. 



command 

build 
add 
delete 
delete 
recompile 
show 
language 
unparse 
help 
query 
set 

quit 
object_class 

= build I add I delete I change I recompile I 
show I language I unparse I help I set I query I quit. 

= BUILD systemname (CU I f-OCU) filename. 
= ADD object_class name. 
= DELETE object_class name. 
= C IIA GE object_class name. 

RECOMPILE (G IAA I MAK E). 
= SHOW object_class name. 

LA GUAG E (I PUT I OUTPUT) langname. 
UNPARSE ("+" I filename) object_class name. 
II ELP [BRIEF I ALL]. 

= QUERY. 
SET VERBOS E (0 I OPF) I 
SET WARNING (ON I OFP) I 
SET MODE (MENU I I TERACTIVE). 
QUIT. 

SYS I CU I REL I PRO I MOD I DEF I IMP I­
GEN I ALT I REV. 
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Conventions for synta x: Square brackets [ ] mean th a t th e enclosed form is optional. Curly braces 
( } mean th a t the enclosed form is repeated zero or more times. A vertical bar I separates a list of 
a lternate choices. Round brackets () imply th a t on ly one of the choices may be selected. Uppercase 
names represent termina ls and must be entered in lower case. Non-terminals are written in lower 
case. 

Figure 5.3: Interactive comma nd language syntax 

The new system created completely replaces the old one. During compilation, 

the default system name is * linemode*. This may be changed by specifying a system 

name using the -s command-line option. 

5.2.3.2 Adding , changing, or deleting an object 

The add, change, and delete options first prompt the user to specify the class of 

the object chosen. The classes available are those listed in Figure 4.4; the screen that 
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appears is shown in Appendix C. CMI verifies that there is an active system to 

which an object may be added to , deleted from, or changed in. If no system is 

currently active, an error message is produced. Though any class may be selected, 

only the classes oc_def, oc_imp, oc_pro , and oc_cu are currently acted on. The 

support for additional object classes may be incrementally added at a later date. An 

object of class oc_imp or oc_pro cannot be directly changed; only a compilation unit 

and a new definition module may be given. If the change is a new definition module, 

the new version is typed in interactively at the terminal. However, it is easier to 

change an object in a compilation unit, since the system editor is invoked on the 

desired compilation unit. The full power of the editor may then be used to alter the 

object in the manner required. Interactively typing in a new definition of an object 

tends to be error prone, and the parser is very unforgiving with syntax errors. 

When the object selected is a compilation unit , then all objects inside the 

compilation unit are analyzed. Thus, changing a compilation unit may in fact involve 

altering more than one definition module. The algorithms are used to analyze each 

object inside the compi lation unit to detect changes between the old version and the 

new one. If the change is determined to be inconseq uential, then there are no 

affected objects and no recompilation needs to take place. If the change is local, then 

only the object itself needs to be recompiled (and possibly its corresponding imple­

mentation module). When a global change is detected, CM I displays the list of 

objects that are affected by the change. This may also include an informational 

message that says the Tichy- Baker algorithm should be invoked on a particular 

implementation module, if its corresponding definition module is affected by the 

change. This only occurs if there is in fact a corresponding implementation module 

in the system. CM I's concept of cons istency is not the same as that of a program 

linker/ loader: it alJows a system to be considered consistent even if a definition 
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module does not have a corresponding implementation module in the system at the 

present time (and vice versa). 

After the set of affected objects has been displayed, an ordered list of 

compilation units is presented. This is the set of compilation units that must be 

recompiled because of a change in one ( or more) of the objects that is inside the 

changed compilation unit. The system is smart enough to not recompile the same 

compilation unit twice in a row; this occurs if the topological sorting of object 

dependencies determines that two objects that are affected by a change exist in the 

same compilation unit. ate however that since CM I allows more than one defi­

nition module to exist in a single compilation unit, there may be wasted effort by the 

compiler if it must recompile a single definition more than once. This situation can 

occur if two ( or more) definition modules in the same compilation unit are affected 

by a change, but they have a non-zero number of other compilation units that must 

be recompiled between one another. The second (and subsequent) recompilations 

do not present a consistency problem, since if a compilation unit is recompiled for 

the second (or more) time, no change in the surrounding environment can have any 

affect on the previously affected objects; if it had, they would have been recompiled 

earlier in the first place. This problem of redundant compilations can be alleviated 

by limiting a compilation unit to contain a single definition module. However, this 

is not a requirement, and if this advice is not followed there may be a slight recom­

pilation penalty. Furtherm ore, from a software engineering viewpoint, since a 

compi lation unit is typically the implementation model of a single module, putting 

more than a single module into a compilation unit goes against the modularity 

provided by the language and mapped to the operating system's file structure. 

J\Cter the set of compilation units has been presented, the user is asked if the 

change set is acceptable. If it is, the new object is entered into the system and the 

old one deleted. If it is not, then the change is not incorporated. If the change(s) 
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made in the object cause the system to become inconsistent, no recompilation anal­

ysis takes place. However, the change may still be incorporated (if desired) . This 

situation may be common if a set of changes is made one at a time. Each 

compilation unit is edited and returned to the system, even if it temporarily makes 

the system inconsistent. After the set of changes is completed, the user then selects 

the verify option to re-evaluate the system. If everything is correct the system, with 

its new objects, may be consistent again. System inconsistencies tend to occur when 

a resource that was previously available is deleted. In this case the requests of client 

objects cannot be satisfied . 

To determine what the affects of a change would be, it is easiest to simply tag the 

resource in question as changed. That way, full consequence analysis may take place 

in the "what if' scenario , without actually placing the system into an inconsistent 

state. 

5.2.3.3 Recompiling 

The recompile option may be selected to perform recompilation and conse­

quence analysis on demand. The same services are invoked when the change option 

is selected. The user can choose to perform the recompilation using the global 

interface analysis algorithms, or using make-like rules . 

5.2.3.4 System description 

From the main screen, option S selects the system description operations. These 

may be used to describe the system or any of its parts, such as compilation units or 

definition modules. The information provided varies with the class of the object 

being di splayed. For example, for a compilation unit the time of last modification 
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of the file and other operating system specific information is displayed, along with a 

list of the objects contained in it. ror a definition module, the requests and 

provisions of the modules are shown. Information such as the transitive dependen­

cies among resources, the adjacency li st of the module, the heap of (possibly) affected 

clients (the make chain), and the strongly connected component members (if any) are 

shown . A sample description of a definition module is shown in Figure 5.4. 

The services provided by this option may be used as an aid in program under­

standing. By starting at the system object and working downwards along the hierar­

chical links (for example, system to compilation unit to definition module), the 

overall structure of the program may be displayed. In addition, the dependencies of 

each object are shown. For example, the set of requirements a module has is shown, 

as well as the structure dependencies set up by other objects requesting resources 

from this object. 

5.2.3.5 Language setting 

Both the input and output languages are changeable to any of the supported 

languages. Uy default they are both set to CM I when the system starts up. 

5.2.3.6 Unparsing 

The unparsing routines simply traverse the internal graph model of a particular 

object and produce a textual representation of it. These routines are invoked auto­

matically during compilation to produce the equivalent output language represen­

tation of the input language. The output may go to a file or to the terminal. 



Show definition module 

Enter name of the definiti on module: 
Definiti on modu le d2 

Requires: 
From d I :defi nition 

alpha:var 
beta:var 

r rom d3:de fi nition 
d3 _ dumm y1 :var 

Provides: 
T o: 

d3:dcfiniti on 
Provide: 

be ta:var 
d2_dum my 1 :var 

T o: 
d6:definiti on 

Provide: 
be ta:var 

d2 _ dumm y2:var 
Dependencies: 

hierarchical dependence on compilation unit samp_ d2.cmi (02 /20 /89 2 1 :3 1 :06) 
compilatio n dependence on definiti on d 1 
compilatio n dependence on definition d3 

structure dependence on defin ition d3 
structure dependence on defin ition d6 
hierarchical dependence on module d2 

C OG in fo : 
Las t values: dfsnum = 2, tsnum = 0 
Adjacency list: 

d3:definiti on 
d6:defini tion 

Strongly connected components: 
d2:defi rri tion 
d3:definiti on 

I leap (topsort of affected scc 's): 
Key = 1 d6:de fi nit ion d7:defi ni ti on dS:defini tion 
Key 2 d 1 0:definiti on 
Key = 3 d9:definiti o n 

Press any key to continue ... 

Figure 5.4: System descripti on of definiti on m odule 
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5.2.3.7 Verifying system consistency 

A complete system verification can be made on demand if desired. This step is 

necessary if changes that were made have caused a system to become inconsistent; 

recompilation will not take place until the system is made consistent again. 

5.2.3.8 Switching to interact ive mode 

Changing modes from menu-mode to interactive command-line mode and vice 

versa can be done from both environments. In addition, command-line mode may 

be chosen directly from the CM I invocation. 

5.2.3.9 Message verbosity 

Some of the diagnostics produced during parsing or system descriptions are 

informational. They may be turned off by toggling the "wordiness" of the messages. 

5.2.3.10 Testing services 

The test services are only available if CM I is compiled with its own internal 

debugging capabiliti es activated . In this case this option selects a screen of vario us 

testing tools, such as manipulation of the set routines, and the invocation of the 

INSPECT (if C/ 370 is the compi ler used). 

5.2.3.11 Exiting the system 

Option X causes CM I to terminate. 
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5.3 Performance and results 

Consider a simple system made up of five objects, as depicted graphically in 

Figure 5.5. The Modula-2 source which corresponds to this compilation dependency 

graph is given in Appendix E. The object io is a low-level definition module that 

provides input-output (1 /0) facilities for some hypothetical graphics project. Sitting 

on top of this 1/0 system is a subsystem of interfaces for window manipulation. This 

subsystem is composed of three definition modules that use some of the services from 

the l /0 module for performing machine-dependent operations such as interfacing to 

the screen and disk access, while providing services of their own, such as window 

resizing, hiding, movement, etc. A client module uses various resources provided by 

this window subsystem for some particular application program. 

If a small change is made to the io definition module, say just to add or change 

some comments, make would still report that the three window subsystem modules 

and the application module must be recompiled, since they all use services from the 

io system, either directly or indirectly. Notice that the type window_pointer in the 

io module is currently unused by any other object in the system. If this type was 

removed from the io module, there is no real affect on the rest of the system, yet 

make would still require a complete system recompilation, since all it knows is that 

the io module has changed "in some way". In both of these cases, CM I reports that 

no clients of the io module require recompi lation. The deletion of the 

window_pointer type would require the io definition module itself and possibly its 

corresponding implementation part (not shown here) to be recompiled, but that is 

all. Thus, in even a simple a system as this, using CM I has saved a significant 

number of recompilations. 



application 

dl•k_read dl9k_ write 

i,cree:n_ update windDY 
windDlf_■tatu. 

o system 
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The arcs connecli ng th e window subsystem to th e applicati on are not labell ed . This is because the 
appli ca ti on has requested a ll reso urces from each of the three window subsystem objects. 

Figure S.S: Sample graphics system graph model 

r n "real" systems, low- level library facilities like the io module exist in large 

numbers. I lowever, it becomes increasingly diflicult to provide enhanced support for 

the service libraries because of the recompilation that would take p lace because of a 

change. The above examples illustrated the recompilations that wo uld be required if 

a change is either inconsequential or local. A very frequent maintenance change 

involves the addition of a new resource, say a new procedure, to some existing library 
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system. Since it is new, it is very unlikely that many existing objects have dependen­

cies on this newly added function. Yet traditional recompilation strategies would 

require the recompilation of the entire library and of each application that used the 

library in any way. CM I detects that the newly added resource does not yet have any 

dependencies on it, and thus the recompilation wave is halted before it even starts; 

nothing but the definition module itself (and possibly the implementation) must be 

recompiled. 

If the type of the variable mouse_position in the io module was changed, 

CM I would detect that the only object that actually has a dependence on it is the 

window_move definition module, and the application module indirectly. The proce­

dure winmov in this module expects a parameter of the mouse_position type. Make 

wo uld again recompile the whole system because of the change. 

These recompilation savmgs can become much more significant in larger 

systems. The example shown above contains only five objects. A production 

program will likely contain a great many more modu les, with several interface layers 

similar to that shown for the window subsystem. It can be seen that the halting of 

the recompilation wave as soon as possible is extremely beneficial, especially if the 

change occurred near the bottom of the system hierarchy. 

Appendix E contains the CM I code which models a slightly larger system. This 

example system is given in [Mull 86]. The reso urce delta has been tagged as 

changed in the SAMP _01.CMI compilation unit. This system was entered into CM I and 

consequence analysis was performed on the proposed change. Figure 5.6 illustrates 

that while make would force the recompilation of nine compilation units, CM I 

deterrnines that only three compilation units are actually affected and require 

recompi lation. 



warning ( 1) : can't find object d2 in system *linemode* 
warning (2) : can't find object d4 in system *linemode* 
warning (3) : can't find object dB in system *linemode* 
warning ( 4) : semantic analysis failed on compilation unit 

with 3 errors 

Object dl:definition has had a Type III (global) change 
The following objects are affected: 

d8 :definition 
d13 :definition 

Press any key to continue ... 
Recompile the following compilation units in this order: 

1. samp_dl.cmi 
2. samp_d89.cmi 
3. samp_d13.cmi 

Press any key to continue ... 
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samp_dl.cmi 

The error and warning messages are produced from the compilation of th e SAMP _Dl. CMI file. 

CM l reports U·1c erro rs since objects d2, d4, and d8 a re in other compi lation units thal have nol 

ycl been entered. The system was built with th e foll owing command: 

cmi / -f sample.cmi -rn m 

The set of compil a ti on uni ts that would need Lo be recompil ed using make's unit interconnection 
(time-stamp) based m odel for th e sr1 me cha nge is shown in f,i gure 5.7. 

ITigure 5.6: Sample consequence ana lysis 

To verify that the results obtained from the smaller examples were correct, 

change analysis was performed on a "rea l li fe" example: a M odula-2 compiler that 

runs on VM /C MS and is itself written in Modula-2. It is a port of Wirth's original 

compiler for the Lilith computer, and consists of 82 compilation units, split into 41 



Recompile the system using 1make 1 -like rules 

info: Cu samp_dl.cmi is newer than system *linemode*. 
cu samp_dl.cmi: ( 2/24/89 9:29:34) 
sys *linemode* : ( 2/24/89 9:29:26) 
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The follow i ng objects are affected by the change in cu samp_dl.cmi: 
d2:definition d3:definition 
d6:definition d7:definition d5:definition 
dlO :definition 
d9 :definition 
d4:definition 
dll:definition dl2:definition 
d8:definition 
d13 :definition 

Recompile the following compilation units in this order: 
1. samp_dl . cmi 
2. samp_d2.cmi 
3. samp_ d6 . cmi 
4. samp_ dlO.cmi 
5. s amp_ d89.cmi 
6. s amp_ d34.cmi 
7. samp_ dll .cmi 
8. samp_ d89.cmi 
9. samp_ d13. cmi 

Press any key to continue ... 

Definiti on mod ul es d2 and d3 , d5, d6, and d 7, and d l l , d l 2 fo rm three strongly connected 
components. T he system represents each of th ese as a single line in th e set o f' a ffected objects, since 
each is treated as a logica l unit. 

Figure 5.7: Set of affected objects using make-style rules 
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definition modules, 34 implementation modules, I program module, and 6 assembler 

modules. The compiler is broken into roughly six interface layers. The bottom three 

layers are system-dependent services and low-level library facilities, while the top 

three make up the compiler proper. The compiler can be thought of as a user appli­

cation program sitting on top of a support layer, since the compiler itself is written 

in Modula-2. The complete compiler was put under control of the CM l system, and 

random changes were made to its source at each level. The results of this analysis 

are shown in Figure 5.8. Por each layer, layout changes and comment modifications 

were made. Since this type of change is inconsequential, there is a column in 

Pigure 5.8 for each layer that shows zero affected compilation units, and a 100% 

savings in compile-time. This is because for the same change, a make-like tool would 

recompile all of the objects on the make-chain. This set of objects is indicated in the 

figure by the column an arrow under it. 

At the top of each column in the figure is the percentage of time saved by the 

elimination of redundant recompilations. The measurements were made on an IBM 

3090 running at an average load factor of 14% . This time represents CPU time only, 

and not elapsed real time. On a heavily loaded system the elapsed time may be much 

longer. Included in the calculations of the time saved is the time that CM I required 

to compute the optimal set of affected objects. This is usually much less than the 

recompilation of a single implementation or even of a definition module. For 

example, to compute the set of objects from layer one for a change in the bottom­

most definition module required 2 1 % less time than to recompile the definition 

module itself. J t can be seen from the figure that the benefits of change analysis are 

very pronounced for low- level routines. For example, the bottom-most layer of the 

compiler has 58 other modules dependent on it, and all would be recompiled if even 

a comment was changed in the source if a make-like tool was used. Even when 35 
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objects are affected by a change (instead of the 58 that make would report), a 61 % 

savings is recompilation time is still produced. 

Other (non-tri via l) modifications of resources were carried out. These included 

changing the representation of types, changing the parameter li st of procedures, and 

tagging various resources as "changed" . ror example, one of the most far reaching 

changes occurred when the exported opaque type Longlnt was tagged as changed in 

one of the definition modules in layer one. This definition modules provides 32-bit 

integer support for the compiler. This type is used in 35 compila tion units, though 

the definition module itself was requested by 58 compilation units, as shown in 

rigure 5.8. 

Non-trivial changes such as these usuall y produce savings not quite as la rge as 

with the first case (layout and comment alterations), but they are still quite signif­

icant. When one considers that many of the compilations being saved involve 

considerable machine time and resources, since they are implementa tion modules, 

thi s makes the elimina tion of as many recompilations as possible even more desira­

ble. 

A number of other sample programs were studied. When randomly tagging a 

resource in a definition module as changed , the number of objects tha t make reported 

were a ffected a vcraged between two and three times the number reported by C M I. 

Assuming the sample uscc\38 is indicative of the majority of programs, this number 

implies that the recompil ation savings produced by C MI are significant. 

JR Most of the testing samples fo r Modula -2 were ta ken off an internal IBM network fo rum for 

Modula -2. A few others were taken from usenel a nd ex isting Modula -2 programs al the University 

of T oronto. J\ 11 of the CMI tesl fil es were written by the author . 
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The numbers at the bottom of each column indicate the number of a ffected compi la tion units for 
some particula r change. The numbers a l the lop of each column show th e percentage of compi le­
Llme that is saved when fewer objects must be recompi led . This time also includes the time needed 
fo r CM I to compute I.he set of affected objects. The columns with the arrow underneath are the 
number of objects that make repo rts are affected by the same change, which remain constant no 
matter what type of change occurred. 

Figure 5.8: Change a nalysis on the Modu la-2 compil er 
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As discussed in Chapter 4, the current M odula-2 interface has a few restrictions. 

These cause CM I to incorrectly miss recompiling a module when it is in fact affected 

by a change. This problem is not one inherent in CM I, but rather the limits imposed 

by a prototype interface to Modula-2. 

5.4 Summary 

This chapter presented the use of CM I as a stand-alone tool. It was shown that 

CM I can operate in a variety of modes, and that the menu-oriented mode is the most 

convenient for program exploration and consequence analysis. 

To illustrate the benefits of CM I, sample systems were introduced and the 

recompilations required by a tool such as make were compared to those recompi­

lations required by CM I for the same change in an interface. In all cases CM I 

produces a significant savings by limiting the number of recompilations required to 

a number much less than that produced by make. 



CHAPTER 6 

Conclusions 

6. 1 Sum mary of resu lts 

This thesis presented CM I, a practical implementation of the global interface 

analysis algorithms. The current implementation 1s tailored toward the 

programming languages J\da and Modula-2, and the CM [ module interconnection 

language in particular; however, the CM I implementation could be used as a basis 

for an implementation of these a lgorithms for any strongly typed, separately 

compiled programming language. 

The primary motivation for thjs research was the need to alleviate the persistent 

problems caused by unnecessary recompilations in a large, evolving software system 

when a low-level interface is changed. Traditional recompilation strategies are based 

on the unit interconnection model and usually rely on operating system file time­

stamps to determine the set of affected modules after an interface change. This 

conservative method often forces the recompilation of modules that are not at a ll 

affected by the change in the basic interface. Using CMI, the time and resources 

needed to bring a system back up to date after a change to a basic interface is greatly 

reduced. Consequence analysis may be performed to predict and limit the effects of 

the change on the entire system. 

During the design phase of the software project, the designers could use CMI to 

determjne the effects of an editing change on a basic component in a software 

system. When integrated into Rigi, a window could appear after an editing change 

on a module interface, listing the affected modules in the system and prompting for 

134 



135 

answer to see if the change should in fact be carried out. A user can then explore 

alternate changes and estimate their effects on the entire system. Interfaces need not 

be frozen before they are sufficiently explored and tested. After an interface change, 

CM I deterrnines the minimal set of affected client modules that has to be recompiled 

and thus avoids many redundant recompilations. 

The maintainers of a software project could use CM I, in conjunction with Rigi, 

as a program understanding aid. Presentation of software development information, 

such as the topology of a large system, can be extremely complex. Since the main­

tainer of a system is quite often not the designer, they may be unfamiliar with the 

overall structure of the system. Changing a low-level interface can have far-reaching 

consequences, and may involve tracking down a ll of the interface's clients to ensure 

that they are recompiled, and in the correct manner. In a software development 

environment such as Ri gi, aided by CM 1, the maintainer could easily decide if a 

change made was acceptable; if it was, it may be implemented, otherwise it could be 

undone. 

As a stand-alone tool, CM I can be used in several ways. It may be invoked as 

a one-line command to just check the syntax of source files, or to translate ( compile) 

a source file from any supported language to any another. When used interactively, 

it may be used to build a system and experiment with changes to objects in the 

system. It may be used in a command-language mode, or in a menu-oriented envi­

ronment. When it becomes integrated into the Rigi system, a sophisticated window­

ing system will be used. 

In addition to the benefits that CM l provides as outlined above, the implemen­

tation was an exercise in portable, object-oriented programming in C. The basic 

elements in the CM I system are generic objecls which communicate with each other 

through an explicit and well -defined require-provide mechanism. Operations on these 
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objects are pseudo-inherited through function pointers that reflect the base type of 

the object. Abstraction mechanisms were used to a llow experimentation with differ­

ent implementations of type representations, and modularization was employed (in 

as much as C allows it) whenever possible; most compilation units have a small 

number of exposed entry points, and the resources provided by the compilation 

unit are given in the . h file. By simply changing a few definitions in the makefile 

CM I can be re-targeted to various operating systems and compilers. 

6.2 Future research 

The current implementation has a number of shortcomings, and several inter­

esting research areas were uncovered while working on the project. 

The design of CM I is based on the Rigi model; integration of CMI into the 

Rigi software development environment is thus the next logical step. Chapter 5 

presented the use of CM I as a stand-alone tool; used in conjunction with Rigi, the 

benefits would be compounded. 

Though provisions for Ada have been made in this implementation, a working 

Ada interface has not been implemented yet. This was for several reasons. The 

nesting and visibility mechanisms of Ada are rather complex, since objects may be 

nested in a (nearly) arbitrary order and to any complexity. The language is so rich 

that the semantic checks the Ada compiler must perform in the front end are 

numerous and cumbersome; it is not uncommon for over 100,000 lines of code to 

be written to translate /\da source text to some intermediate representation, or high 

form, such as Diana. Other factors that cause extra work include overloading of 

operator names, ambiguous references that the use clause provides, name remapping 

provided through the renames clause, and the separate compilation facility provided 



137 

by the separate clause (to name but a few). The global interface analysis 

algorithms were written under the assumption that they would operate in a 

software development environment that would provide efficient access to the 

compilation dependencies in the system. The CM I implementation has to extract 

these dependencies from the source text, be it written in CM I, M odula-2, or Ada. 

Rather than implement a very restricted Ada interface, it was decided to leave the 

actual implementation for further work, and make provisions in the design for 

extensions to allow /\da to work under CM I at a later date. If an Ada compilation 

system was made available to be suitably altered to allow the internals of CMI to 

work in conjunction with the library manager, or if the internals of an Ada library 

system, with all or its stored high-form information on package contents and 

compilation dependencies, was available for CMI to query, then Ada support could 

be added with very little effort. 

Although neither Ada nor M odula-2 support recursive inter-module dependen­

cies, the CMI language does not explicitly preclude them. However, the current 

implementation only "tolerates" recursive inter-module dependencies; it does not 

Cully support them. During the calculation or the change propagation sets, if a 

strongly connected component is found with more than one member, processing 

stops with a warning. The solution to the problem of propagating a change into a 

strongly connected component with greater than one member requires data flow 

analysis to solve the set or simultaneous equations that arise. This was deemed too 

complex to include at the present time. 

Currently CM l re-parses source text whenever it is initialized. Although this 

parsing is fast, it would be beneficial to store the internal graph data base externally 

in a compressed, easily retrievable format that could be loaded into CMI without 

requiring semantic analysis . This style of binary image re-loading would be faster 
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than building a system up from scratch every time a new session is started. This 

mechanism of secondary storage of the internal data base could also aid in memory 

management for extremely large systems, by allowing inactive portions of the graph 

to be dumped out while processing, and demand loaded into main memory when 

needed again. Systems such as PG RJ\PH ITE [WWFT 88] provide a persistent storage 

mechanism to aid in this. I lowever, when CM I is integrated into Rigi, this should 

not be as problematic since the Rigi system already uses a graph data base to store 

objects manipulated by the Rigi editor. 

either the CM I language nor the implementation is currently designed to 

handle incomplete systems or constructs, such as the PI C/Ada system is able to do. 

I laving inconsistencies in a large system, especially during the earlier stages of design 

and development, seems to be quite natural. At the moment, the semantic checks 

that occur when a new object is entered into the system fail unless the new system 

is completely consistent; the recompilation algorithms cannot be invoked unless the 

system is in a consistent state. Remo ving this restriction, and allowing a partial 

computation of affected objects, may be beneficial. 

One of the most interesting topics that deserves more research is visibility 

control mechanisms, and inter-module communications. As outlined in Chapter 2, 

nesting has been the predominant visibility control mechanism until languages such 

as Ada and Modula-2 provided facilities for explicit inter-module relationships. 

However, the mixing of both nesting and require-provide mechanisms, as found in 

Ada (and in some part in Moclula-2's local modules), only confuses the issue. Strict, 

clear, and explicit producer-consumer relationships among objects in a software 

system would a lleviate much of the confusion that arises from programming 

language ambiguities. horn a practical point of view it would also reduce the task 

of the compiler front encl in deducing which variable came from where, and if its use 
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in a particular construct is valid or not. It a lso tends to make the object designer 

think more in terms or sound software engineering principles such as data 

abstraction, information hiding, and modularization. 

A software development environment 1s supposed to aid a programmer in 

understanding a complex system, and the programming language used to implement 

the application being developed plays a crucial part in its design. In 1973 a paper 

by Terry Winograd entit led " Breaking the Complexity Barrier (Again)" [Wino 73] 

expounded the need for a new generation or programming systems, that would be 

more powerful and easier to use than the current state of the art. As software 

systems become larger and more complex, the software development environment's 

role becomes even more important. The tools that it provides must a id in all aspects 

or software development, so that using new and interesting features of a 

programming language or design methodology is not cumbersome and something to 

be avoided , but rather something to be exploited. The questions raised by Winograd 

almost two decades ago are thus more important than ever. Tools such as CMI 

should aid a programmer by alleviating the manual and error-prone details of' jobs 

such as recompilation and interface analysis, and let them get on with the real task 

at hand: writing good software. 
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APPENDIX B 

CMI invocation and command-line options 

Invocat ion syntax: 

CM l [run-time options/] [options] [files] 

Runtime options are only valid for VM / CMS and MVS/TSO. CM I must also 

have been compiled with the IBM C/ 370 compiler and have #pragma runopts 

( exec ops) in the file that contains main () for run -time options to be allowed. More 

than one file can be specified on the command line. 

When running on VM /CMS or MVS/TSO, any valid run-time option can also 

be specified, such as TEST to invoke INSPECT on CMI, or ISASIZE and ISAINC, 

which can be used to change the default initial heap size and heap increments, 

respectively; these values can be tuned to increase performance since they directly 

affect memory allocation. The options all owed and their meanings are given below. 
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Command-line options: 

Option Meaning 

-e Do not produce an error/warning file. By default a ftle 

called CMI. ERROR (CMI. ERR on DOS) is 
created which is a log of all error and warning messages. 

-f fn fn specifies a file that contains a li st of files, one per line. 

-ofn 

-p 

-I f'n 

-Ii fang 

-Jo fang 

-log 

-s name 

CMI will compiJe each one of these files. 
Th.is may be used to rebuild a system from a ftle that 
contains all compilation units that make up the system, much like 

a . PRJ file is used in Turbo C. 

Put target language output fil e specified by fn. 

.Just parse, produce no output ft.le. Only input syntax is checked. 

Generate a li sting file when parsing. 

Select input language. Default is CMI. 

Select an output language. Default is CM I. 

Do not generate a log ftl e. By default CM I logs all 

output to the file CMI . LOG for each session. 

Specify a system name. Default linemode system name is 

*lin emode*. 

-m m Goto menu mode. 

-rn i Goto interactive line mode. 

-w Don't generate warning messages . 

-d Turn on internal CMI debugging. 

-t Turn on internal CM I tracing. 
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APPENDIX C 

Selected menu-mode screens 

CMI TASK Task Help Information line 1 of 24 

CMI 

Place the cursor ove r the highlighted area and press PFl or ENT 

Overview 
Access 
Invocation 
Manuals 
Tutorial 

A brief overview of CMI 
Accessing CMI 
Invoking CMI 
Related publications 
Tutorial on using CMI 

PFl= Help 2= Top 3= Quit 4= Return 
PF7= Backward 8= Forwar d 9= PFkeys 10= 

====> 

Main help panel 

5= Clocate 6 

11= 12 
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Choose one of the following 

B - Build up a system from scratch 
A - Add an object to the system 
D - Delete an object from the system 
C - Change an object in the system 
R - Recompile the system 
S - Show system status and layout 
L - Language setting 
U - Invoke the unparser 
V - Verify system consistency 
I - Switch to interactive mode 
W - Toggle 'wordiness' of messages 

T - Test mode 

:X - Exit 

=CMI== > 

Primary options screen 
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Build a new system from scratch 

Enter the name of the new system (old one will be deleted) 
my_test_system 

<<< new screen >>> 

Build new system my_test_system 

C - Compilation unit 
F - File containing list of compilation units 

X - Exit to main menu 

=CMI==> 

Building a new system 
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Select an object class 

s - System (Sys) 
R - Release (Rel) 
P - Program (Pro) 
M - Module (Mod) 
D - Definition module (Def) 
I - Implementation module (Imp) 
G - Generic (Gen) 
A - Alternative (Alt) 
V - Revision (Rev) 
C - Accessory (Ace) 
U - Compilation unit (Cu) 

X - Exit without a choice 

=CMI==> 

Object class se lection 
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Recompile the system 

G - Remake the system using the GIAA 1 s 
M - Remake the system using 1 make 1 rules 

X - Exit to main menu 

=CM!==> 

Recompilation screen 



APPENDIX D 

Sample small graphics system in Modula-2 

This is the Modula-2 source that corresponds to the compilation 

dependency graph given in Figure 5.5. For convenience, all definition modules are 

shown to be in the same compilation unit, but in a real environment each module 

would probably be in its own compilation unit. 

DEFINITION MODULE io; 

TYPE 
address, window; 

TYPE 
window_status; 

TYPE 

(* low-level io system*) 

window_pointer = POINTER TO window; 
PROCEDURE disk_read; 
PROCEDURE disk_write; 
PROCEDURE screen_update (VAR w:window); 
VAR 

mouse_position:address ; 
END io. 

(* Start of window subsystem*) 
DEFINITION MODULE window_move; 

FROM io IMPORT screen_update, mouse_position; 
FROM io IMPORT window_status; 
PROCEDURE winmov (VAR mp:mouse_position); 

END window_move. 

DEFINITION MODULE window _resize; 
FROM io IMPORT disk _read, disk_write; 
FROM io IMPORT screen_update, window; 
FROM io IMPORT window _status; 

173 



PROCEDURE winsiz (VAR w:window); 
END window_resize. 

DEFINITION MODULE window_open_close; 
FROM io IMPORT address, screen_update; 
FROM io IMPORT window_status; 
PROCEDURE winopn () : window_status; 

END window_open_close. 

(* Start of application program*) 
DEFINITION MODULE application; 

IMPORT 
window_move, 
window_resize, 
window_open_close; 

PROCEDURE main; 
END application. 
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APPENDIX E 

Sample CMI system 

This system is based on that sho wn in [Mull 86]. It consists on 13 definition 

modules, shown here split into 11 compilation units. 

Compilation unit SAMP _D1 .CMI: 

dl :definition 
provide 

d2:definition - > alpha:var beta:var; 
d4:definition - > gamma:var; 
d8:definition - > alpha:var changed delta:var epsilon:var; 

end dl. 

Compilation unit SAMP _D2.CMI : 

d2 :definition 
require 

dl:definition <- alpha:var beta:var; 
d3:definition <- d3_dummyl:var; 

provide 
d3:definition - > beta: var d2_dummyl:var; 

d6:definition - > beta:var d2_dummy2:var; 

end d2. 

Compilation unit SAMP _D34.CMI: 

d3 : definition 
require 

d2:definition <- beta:var; 
provide 

d2:definition - > d3_dummyl:var; 
end d3. 
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d4 :definition 

require 

dl:definition <- gamma:var; 

provide 

dll:definition - > d4_dummyl:var; 

end d4. 

Compilation unit SAMP D5.CMI: 

d5:definition 

require 

d7:definition <- d7_dummyl:var; 

provide 

d6:definition - > d5_dummyl:var; 

end d5. 

Compilation unit SAMP _D6.CMI: 

d6: definition 

require 

d2:definition <- beta:var; 

d5:definition <- d5_dummyl:var; 

provide 

d7:definition - > d6_dummyl:var; 

dlO:definition - > beta:var; 

end d6. 

Compilation unit SAMP _D7.CMI: 

d7 :definition 

require 

d6:definition <- d6_dummyl:var; 

provide 

d5:definition - > d7_dummyl:var; 
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d9:definition - > d7_dummy2:var; 

end d7. 

Compilation unit SAMP _O89.CMI: 

dB: definition 

require 

dl:definition <- alpha:var delta:var epsilon:var; 

provide 

dl3:definition - > delta2:var based (delta:var); 

end dB. 

d9 :definition 

require 

d7:definition <- d7_dummy2:var; 

end d9. 

Compilation unit SAMP O10.CMI : 

dlO:definition 

require 

d6:definition <- beta:var; 

end dlO. 

Compilation unit SAMP _O11 .CMI: 

dll :definition 

require 

d4:definition <- d4_dummyl:var; 

dl2:definition <- d12_dummyl:var; 

provide 

dl2:definition - > dll_dummyl:var; 

end dll. 
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Compilation unit SAMP _D12.CMI: 

d12 :definition 
require 

dll:definition <- dll_dummyl:var; 
provide 

dll:definition -> d12_dummyl:var; 

end d12. 

Compilation unit SAMP _D13.CMI : 

d13 :definition 
require 

dB:definition <- delta2:var; 
end d13. 
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