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One approach to improving software productivity is to
reuse as much existing software as possible. However,
straightforward reuse of software is often inappropriate
and sometimes inefficient. Application generators (i. e.,
program generators suitable for a particular application
domain) can be used to produce customized code from
existing software automatically without any loss in the
efficiency ofgenerated code. This paper describes
three tools for building application generators: Stage,
PG2, and WOODS. In creating application generators,
these tools generate underlying translation routines
automatically, allowing a programmer to concentrate on
the target application domain and not on translation and
compiling.
Introduction

Asimple form ofsoftware reuse is through subroutine librar­
ies, macro languages, and, more recently, through object libraries in
object-oriented systems. Such reuse ofsoftware is only feasible inlim­
itedpartsofa large application system, such as a telecommunications
system. However, any organization has a greatdeal ofothersoftware
(new and old) that could be reused aftersome customizing.

For example, ina communications subsystem to connect two
othersystems developed inAT&T, many translation routines were
needed for specialized messages. These translation routines were simi­
larbutnotthe same; thus, a straightforward reuse would have been
inappropriate. Manual customization (i.e., programmers keeping infor­
mal notes onreusable software and "cutting and splicing" pieces of
software to produce new code) has several drawbacks.'
- Programmers do nothave any systematic or standard way to describe

justwhat portions ofthe reusable software are relevant and how they
need to be changed.

- Customizing is time-consuming, tedious, and error-prone.
- Once the process is finished, both the old and new software must be

maintained as ifeach were unique.



One solution istoprovide for automatic customiza­
tion ofreusable software. TheDraco approach for automatic
customization from reusable components isbased ona
series ofdomain-specific program transformations. 2 Our
approach istouseapplication generators. Application gener­
ators automatically produce customized code from an
existing base ofsoftware without any loss intheefficiency of
generated code. Such generators have asetofgeneric soft­
ware modules with formal (i,e., machine processable)
notations for customization inagiven instance. This type of
customization offers more predictable and productive reuse
ofsoftware and produces more reliable and efficient code.
Customization can betightly controlled, thus providing a
method for enforcing standards.

If a generator for a given application is already
available, it is better to use it directly. Indeed, application
generators have beenusedsuccessfully inmany areas such
as data processing, databases, and user interfaces. 3 New
approaches for generating data-processing applications con­
tinue to be popular;- However, most application generators,
such as commercial reportgenerators, arenotgenerally
useful inlarge and specialized communications and real­
time systems software. Thus, one is often faced with the
problem ofbuilding anapplication generator for a limited
usewithin one's own system.

Building anapplication generator is, to say the
least, difficult. It requires:
• Skill in translator/compiler writing
• Knowledge ofthe targetapplication domain and the abil­

ity to build generic units ofreliable software in that
domain

• Skill indesigning specification languages and user inter-
faces for the application generator. 5

Moreover, the need for additional development resources
tobuild application generators for limited use within a proj­
ectmay sometimes prolong the development effort. This
additional development cost can, however, be amortized
over several applications.

Bassett advocates building program generators for
automatic customization ofreusable software; however, his
program generators have only four meta-operations for
cutting and splicing programs. 1 This paper describes three
tools developed by AT&T Bell Laboratories for building

application generators semiautomatically. They areStage,
PG2, and WOODS. SSAGS (for "syntax and semantics
analysis generation system") is another ofthese tools. 6

Such tools are known as application generator generators.
Building anapplication generator inthis way

requires only a knowledge ofthe application domain. The
tools automatically produce the othercomponents (transla­
tor, application code generator, and user interface and
language functions ofthe application generator).

Concepts andTechnology
When building anapplication generator, we want

to identify groups ofapplications with a common "struc­
ture" in theirspecifications for which there is a common
"structure" in the programs to implement those applica­
tions. If the specifications can be formalized and the
program structures generalized as annotated program
abstractions, a generic code generator can interpret the
program abstractions against a specification togenerate
the targetprogram.

The specifications can bea language, aninterac­
tive dialogue, a diagram, or anattributed-tree data
structure. (When languages are used, they are sometimes
referred to as fourth-generation languages, application­
oriented languages, little languages," or simply specifica­
tion languages.) The output can be a code segment, a
program, or anentire application.

Applications and Program Abstractions. Suppose there
is a need to classify a collection ofabout lOOOwords into
various named sets ofwords within a program. Panell
shows a sample ofthis word collection ina natural nota­
tion. This expresses what the collection is. We will use this
Word Sets example throughout the paper. Panel 2 shows
how this collection is implemented using the Cprogram-
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ming language. Each set ofwords is represented by an
array ofstrings. The collection ofword sets is represented
by arrays thatgive the name, size, and values ofeach set.

It is much easier to read, write, and change the
specification ofthiscollection than to change program
code. Traditionally, a programmer would take the specifica­
tions and manually generate the program fragment inPanel
2. However, thismanual process is labor-intensive bothini­
tially and when making future changes or writing a
program for a slightly different specification. It is also
prone to error. Sizes must be kept consistent, and the
size_of_set, and values_of_set must be con­
size_of_set, and values_of_set must be con­
sistent. For example, consider the changes needed to
delete the cities set:
1. Thevalue of number_of_sets must be decreased

by 1.
2. Thename ofthe set must be removed from

name_of_set.
3. The size must be removed from s i ze.,o f_s e t.
4. Thearray set_of_cities must be removed.

values_of_set.
values_of_set.

6. Thecities set must be removed from the
specification.

Using macros and/or subroutines inthe original
program will nothelp modify the program. Any good pro­
grammer who writes and maintains these kinds of
programs usually keeps a copy, such as the one shown in
Panel 2, along with some annotations describing how to get
another program for a different specification in thatappli­
cation domain. We call a program with such annotations a

Figure 1. Architecture of an application generator.
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program abstraction. Panel 3 is a program abstraction with
informal annotations forourexample.

ApplicatIon Generators. If there are formal (i. e.,
machine processable) annotations in the program, anappli­
cation generator canbe built that takes as input a
specification ofthe form in Panel! andproduces a program
ofthe typein Panel 2 byinterpreting the formal counter­
part to the program abstraction inPanel 3 against that
specification.

If suchan application generator exists, it is prefer­
able to use that. As previously stated, however, these
kinds of specialized application generators are seldom
available off the shelf. If onedecides to build sucha gener­
ator' it is important first to understand its architecture.

Broadly speaking, an application generator has
three modules. (SeeFigure 1.) The frontend ofthe appli-

cation generator scans the input specification, checks for
its syntactic correctness, and produces anintermediate
data structure (often in the form ofa tree, known as a
parse tree). Figure 2 shows a possible parse tree forour
Word Sets example.

The semantic analyzer processes the parse tree
and embeds semantic information into the tree, often
through attributes in the individual nodes. The names of
the nodes in the parse tree in Figure 2 are the values of
the name attributes of thosenodes. An attribute is a value
associated with the nodes ofa parse tree. Attributes are
usedforcomputing semantics oflanguages, typechecking,
andtranslation.

The back endofthe generator traverses the parse
tree andinterprets it to produce the equivalent program.
Information about how to traverse the tree andhow to
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Figure 2. A parse tree for the Word Sets example.

interpret it is embedded eitherwithin the application gen­
eratoror ina separate file such as a program abstraction.
For example, the program abstraction inPanel 3 requires a
way to traverse the parse tree from the root to the next
level, obtain the name attributes ofthe second-level nodes,
and substitute those name strings in the line specified.

This method oftranslating specifications into pro­
grams issimilar to, albeit simpler than, theprocess of
compiling because application languages tendtobemuch less
complex intheirsyntax and semantic models than program­
ming languages. Inaddition, targetprograms areinahigh­
level programming language, unlike theassembly languages
ofcompilers. This method ofgenerating code byinterpreting
and making structural expansions oftheconstructs inthe
program abstraction based onanintermediate semantic tree
isanalogous toacombination oftheinterpretive and table­
driven methods usedinretargetable code generators for
compilers. 8,9 This translation method hasalso been viewed
asatree transformation method. 10

Aside from the similarity to compilation, applica­
tion generators based onprogram abstraction have several
advantages inpractice. They offer more flexibility in the
sense thatdata structures and program structures are
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more easily altered. For example, changing from anarray
implementation to a linked-list implementation by changing
the program abstraction is much easier than changing gen­
eratedcode manually. Inaddition, a different target
application program can be generated from the same input
specification bysimply plugging ina different program
abstraction. This is useful for generating otherproducts
such as standardized documentation or test scripts.

Application Generator Generators. Building application
generators ofthe type discussed in the previous section
requires a knowledge oftranslator/compiler writing as well
as a knowledge ofthe targetapplication domain. Stage,
PG2, and WOODS are tools thatwill generate underlying
translation routines automatically, thusallowing the builder
ofthe application generator to concentrate onthe target
application domain.

As shown inFigure 3, the application generator is
built from a predetermined mix ofgenerated code (consist­
ing ofroutines and data) and generic library code. The

.actual mix depends onthe application generator generator
used. The specification ofthe application generator (con­
sisting ofa description ofthe application specification
language and the program abstraction) can be "compiled"
or "interpreted." Figure 3 assumes that the application
generator specification is compiled to generate the applica-



Figure 3. Architecture
of an application gen­
erator generator.

tion generator. The dashed line shows thatPG2 interprets
the program abstraction.

The front endofthe constructed application gen­
erator is generated from a description ofthe application
specification language. This type ofgenerator is often sim­
ilar to a parsergenerator such as yacc (for "yetanother
compiler-compiler") onthe UNIX® system. The descrip­
tion contains language syntax, attribute declarations, and
domain-specific attribute computations. This partofthe
application generator also includes data structures for the
tree nodes, and routines to traverse the tree or access
information from tree nodes. Theback endofthe applica­
tion generator is described with a program abstraction that
expresses-in a formal language- traversals, controlled
structural expansions ofcode fragments, and manipulation
and use ofsemantic information inthe semantic tree (as in
Panel 3).

Although Stage, PG2, and WOODS share this gen­
eralarchitecture, they differ from each otherinvarying
degrees ofdetail. Stage provides all the partsand modules
discussed inthissection. PG2 interprets rather than com- "
piles the program abstraction. In addition, PG2 expects
the application generator builder to provide the front end
and the semantic analyzer, thusproviding flexibility (at the
cost ofdeveloping those two parts) inthe input mecha-

nisms, i.e., forms, menus, or language-based interactions.
While Stage builds a language-oriented application genera­
tor, WOODS builds a dialogue- or menu-oriented
application generator.

Stage
Theinput to Stage consists oftwo parts:

- Asource description describing the application specifica­
tion language

- One or more product descriptions (such as program
abstractions) describing the output ofthe application
generator. (See Panel 4.)

From thesespecifications, Stage produces anapplication
generator. We will use ourWord Sets example to show
how Stage works.

Panel 4 shows a file (mktab. s d) containing the
source description (hence the . s d suffix) for anapplica­
tion generator named mktab. (See Figure 4.)Thesource
description is a grammar for the specification language.
Thefirst two definitions are grammar rules. Thefirst, the
start rule, defines a spec as a sequence ofset_defs.
The second rule states:
- Aset_def isa set_name followed bya II{II, fol­

lowed by a listofone or more e 1emen ts, separated by
commas and finally ending with a II}II.
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The lex notation is used fordescribing
sequences ofcharacters, called tokens (for example,
set_name and element). (lex is a popular tool for
generating scanners in the UNIX system.) The lastline of
the specification says that the mktab application genera­
tor will generate a single product, called table. c,
whose description can be found infile tab 1e . c . pd.
Panel 5 is a product description using a template approach
to define the product ofthe application generator; Text
shown inthe constant-width font inthispanel represents
text that is putdirectly into the product. Text in the italic
font is a metalanguage (all phrases beginning.with a per­
cent sign) that describes how to take data from the parse
tree andplace it in the product.

For example, the phrase, %d(length(seLdef(top))),
will produce the number ofset~defs found at the top of
the parse tree. The phrase %(tok(n)) produces the token
associated with node n. The phrase, %forall n:seLname
%loop, is used to traverse the parse tree visiting all nodes
n oftype set_name.

StageArchitecture. TheStage command reads the
source description file and any number ofproduct descrip­
tion files. It creates a subdirectory and generates the code
foran application generator in C language. Figure 5 shows
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Figure 4. Diagram of Stage.

sample input and output ofthe Stage command. One global
"header" file is used for parse-tree data-structure defini­
tions and otherglobal information (global. h). The
main routine coordinates all actions (main. c). Stage ana­
lyzes the grammar and generateslex and yacc files. As
part ofthe analysis, Stage will expand abbreviations (such
as set_def+ and element+ separated-by ", II)
and calculate the token follow graph. The token follow
graph describes which tokens follow a token according to
rules ofthe grammar. The token follow graph is used to
generate a scanner thatwill only recognize a subset ofthe
possible tokens that depends onthe previously recognized
token (using lex start conditions). With this analysis, we
can use generalized tokens, such as ' . * I and repeated
token descriptions (such as inthe definitions for
set_name and element).

The parse-tree traversal routines are generated in
trav . c. The traversal routines are usedinthe product
description file with the %forall construct, butmay also be
used to perform semantic analysis or error checking. For
example, to verify that each set_name is not a reserved
word, one could write a subroutine, reserved, and add



the code shown in Panel 6.
Stage allows attributes, and byusing the parse­

tree traversal routines, both synthesized and inherited­
attribute computation rules canbe expressed.

Data declarations are generated in space. c and
version. c. Product generation routines for Xprod
and Yprod are generated in GEN_X. c and GEN_Y . c.
Finally a Makefile is produced that will build the appli­
cation generator.

Stageis writteninStage. Thus, there is a file,
stage. sd, that describes the Stage syntax andproduct
description files foreachgenerated file (such as
main. c. pd, Makefile. pd, andthe self-referencing
GEN_Q • c . Pd that describes the translation ofproduct

Figure 5. The Stage command.

description files to C code).
Stage is designed to produce application genera­

tors rapidly. The application generator mustbe reasonably
efficient, butperformance is notas critical because appli­
cation generators are usedin limited domains and will not
be usedas often as other translators suchas compilers.
The implications ofthis goal are mostapparent in the
design ofthe parse tree.

The parser automatically builds a parsetree based
strictly onthe grammar. The user merely specifies the lan­
guage and does nothave to think about any otheractivities
that the parser might perform during parsing (such as pop-
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ulating symbol tables). The source description thus
describes notjust the specification language butalso the
parse-tree data structure. Consequently, the parse tree is
much largerthannecessary and performance as a whole is
not optimal.

In practice, however, application generators pro­
duced byStage usually canproduce C code much faster
than the C compiler cancompile it. In other words, appli­
cation generators built byStage are fast enough.

PG2
PG2 generates only the back-end code generation

parts ofapplication generators. The frontandmiddle parts
for syntax and semantic analyses mustbe built byother
means. Thisdecoupling offront andback endsprovides
flexibility in designing interfaces for specification languages
and inproducing semantic trees. Forexample, onecanuse
a form- andmenu-oriented input to write the application
specifications anddospecialized semantic analysis to pro­
duce the semantic tree. Obviously, the code generators of
PG2 expecttheir input semantic trees to be ina standard
format. Each node is described bygiving its level number,
the sequence ofBoolean-valued attributes ofthat node
that are true, anda listofstring-valued attribute name­
value pairs for that node.

The semantic tree forourWord Sets example
using PG2 is shown in Panel 7. In this Panel, Rstands for
the Boolean attribute "Is Root?" and L stands for"Is
Leaf?" The absence ofa Boolean attribute indicates that
that attribute is false fora node. Application generators
built using PG2 provide forBoolean attributes Ato Zfor
each node (some letters suchas Rand L are reserved; the
remaining attributes can be given any semantics in the
application).
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APG2-based code generator reads such a seman­
tic tree, builds the corresponding internal tree structure
and interprets program abstractions writtenina language
called KS. AKS-abstraction contains ordinary characters
(characters belonging to the target programming language)
and directives to the code generator. All directives start
with the character ~ (tilde). If the tilde (~) is needed in
the target language, ~ ~ is used. There are three basic
kinds ofdirectives. The substitution directive ofthe form



~ " "name" " asks for replacement ofthatstring with the
corresponding string value ofthatattribute in the current
node, or for redirection ofinput or output. Anavigational
directive ofthe form ~{... ~} asks the interpreter to
interpret recursively the block within the matching braces
for each node in the subtree rooted at the current node. A
conditional directive ofthe form ~{(<)... ~} asks for
interpretation ofthe inner block only for the first-level
children nodes ofthe current node.

Theprogram abstraction example inPanel 3 writ­
tenusing the KS language is shown inPanel 8. Theinput
tree file and the KS-abstraction file are the only files

needed to generate the targetprogram. It is instructive to
verify thatPG2 interpretation (asdescribed above) ofthe
KS-abstraction inPanel 8 will indeed produce the program
inPanel 2. KS language hasa rich set ofdirectives for tree
traversals (visit all children, visit first-level children, visit
the leftsiblings, visit the ancestor chain ofnodes, etc.),
conditional navigation using attribute expressions, control
structures for branching, iterative and recursive interpre­
tations, and named blocks.

WOODS
TheWOODS system is used for building software

tools that include:
- Data structures for storing and manipulating information
- Small, flexible, easily-accessible databases for long-term

storage ofinformation .
- User interfaces and data structure editors for viewing

and modifying information
- Translators that transform information to products

(including programs).
Thebasic architecture ofa WOODS tool is shown

inFigure 6. Theuser interacts with the WOODS tool
through menus, dialogues, and commands. Specifications
are stored indata structures thatmay be edited and stored
inexternal WOODS data files. The specification informa­
tion is also used to generate products, such as programs
and documentation.

Our Word Sets example written using WOODS is
given inPanel 9. Thefirst few lines describe a data struc­
ture for storing a listofsets; each SET includes a set
name and a listofelements. Therest ofthe file specifies a
product generator thatwill produce the implementation in
Panel 2.

Thefront endofa WOODS tool is much simpler to
specify than the source description file ofStage. There are
no language design or parsing issues to consider. The end
user does notneed to learn a language, butsimply answers
questions ina dialogue. Thepenalty, ofcourse, is thatthe
information is stored ina rigid data structure and may not
be as easy to read as a specification language.

To add or change information, a data structure
editor is used. With this editor, the user can move around
the data structure to modify various components. The
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Figure 6. Generic architecture of a WOODS tool.

editing behavior for each object varies. This variation is
captured by the concept ofproperties. Every WOODS data
type has a collection ofproperties that describes the
behavior ofthe object. Properties are organized using an
object-oriented inheritance mechanism. They are used to
define editing behavior, internal storage, routines for read­
ing and writing data structures to external files, product
generation, and many otherkinds ofoperations. AWOODS
specification may contain definitions ofnew types and new
properties. Thus, tool builders can customize a WOODS
tool to whatever degree they wish.

56
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WOODS data structures correspond to attributed
parse trees. Like Stage and PG2, WOODS provides ways
totraverse the data structures. However, a WOODS back
end uses a more advanced metalanguage than Stage prod­
uct descriptions. Each formatting command begins with a
I % ' and ends with a I. I ; formatting commands contain
operators, identifiers, and escapes to the Clanguage. In
Stage, formatting commands specify explicitly where to
obtain information, and thisusually means a large C
expression that explicitly selects many branches ofthe
parse tree. For example, Panel 5 contains the formatting
command:

%(tok(set_name(s»)

Thecorresponding WOODS format command is:

The operator - means to figure outwhat
set_name means and to print it outonthe product. The
product generator will look for a name match among the
parameters ofthe procedure, loop variables, and field
names ofany record it finds. When the appropriate object
is found, the properties ofthe object will give information
about how to print it out. Instead ofexplicit, detailed direc­
tions as required inStage, WOODS allows implicit
directions and abbreviations, thus simplifying the product
description file. Other WOODS formatting commands are
shown inPanellO. WOODS also lets the user define new
formatting commands, a feature lacking inStage.

Applications and Conclusions
Stage has beenused within Bell Laboratories to

build a wide variety ofapplication generators for producing
software such as user interfaces, database systems, test­
ing programs, control software based onfinite state
machines, interprocessor communications, hardware
device abstractions, and protocols. It has also been used to
build programming language tools, such as structured
assemblers, and tools thatrequire parsing the Clanguage.
Stage has also been usedin the hardware development
process, including hardware design translators and tools
for controlling the design process.

Application generators based onPG2 have been
built for a tape data-extraction facility ina tool called TIU
(tape-to-UNIX system). 11 PG2 is also fast enough to be
used as partofanAT&T internal database query system
for large databases. No significant applications have yet
been built with WOODS because it is a relatively new tool.

With the introduction ofStage, some ofthe bar­
riers to using application generators have been lowered.
Stage is a well documented, stable tool thathas a three­
day training course available. This lowers the initial barrier
to understanding, building, and applying application genera­
tors. As a result, many application generators have been
built thatwould nothave been otherwise.

The technology to build application generators is
notnew. However, the techniques are not well known and
are seldom applied. As with any new technology, thereis
difficulty in transferring thesetechniques to many projects.
People are reluctant to consider new techniques because it
is risky; it means learning something new; and itrequires
initiative, creativity, and energy. Thefield needs a cham­
pion, one who promotes the idea ofcreating and using
application generators.
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