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1  A Paradigm

The future of software engineering lies in automation. Critical to this vision are technologies that synthe-
size large-scale software systems — their designs, source code, and other related artifacts. Such technolo-
gies require advances in the following areas:

• Generative Programming — software domains are so well-understood that programs in the domain
can be synthesized automatically;

• Compositional Programming — programs and their supporting tools and benchmarks that derive, ver-
ify, and analyze properties of these programs are assembled by composing prefabricated parts; 

• Domain-Specific Languages — domain-specific notations simplify the specification and maintenance
of programs;

• Automatic Programming — efficient programs are synthesized from declarative specifications.

To advance the above areas, let alone integrate them, is a daunting task. However, a spectacular example of
their integration was realized over twenty-five years ago: relational query optimization (RQO). A rela-
tional query is specified in SQL, a parser maps it to an inefficient relational algebra expression, a query
optimizer optimizes the expression automatically, and an efficient query evaluation program is generated
from the optimized expression. 

SQL is a prototypical declarative domain-specific language (DSL). Query evaluation programs are speci-
fied as compositions of relational algebra operators; relational algebra is a prototypical model of composi-
tional programming. Automatic programming is achieved by query optimizers that rewrite an inefficient
expression to a semantically equivalent but more efficient expression. Mapping a relational algebra expres-
sion to an efficient program is generative programming. 

Query evaluation programs are notoriously hard-to-write, hard-to-optimize, and hard-to-maintain. RQO
enabled these programs to be automatically generated. As a consequence, RQO had an enormous impact
on database technology. 

2  Some Results

A “holy grail” of Software Engineering is to replicate the RQO paradigm and success in other domains.
Understanding how to do so has been the subject of our research for over twenty years. Among the key
findings:
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• Programs must be first-class entities in models of software design, where common modifications or
extensions to programs correspond to operators on programs. The set of operators defines an algebra;
compositions of these operators define particular programs that can be synthesized. The set of pro-
grams that can be synthesized is a product-line.

• Future programs will be very large; the scalability of algebraic representations is key to the scalability
of compositional programming.

• Mixin-style inheritance refinement is insufficient [1]. Programming language support — far beyond
mixins — is necessary to support algebraic composition.

• Compositions can be optimized by applying rewrite rules that are algebraic identities among operators.
The resulting programs can be more efficient than that written by hand [3]. Algebraic identities are the
basis for compositional reasoning about programs (software design) [4].

• Programs (software designs) have many different representations — source code, UML diagrams,
makefiles, performance models, etc. Operators define a fundamental form of modularization, where
modular representations of a program align along operator boundaries. For example, query optimizers
maintain two different representations of each relational operator: code and cost model. Given a rela-
tional algebra expression:

E = join( select(...), select(...) )

an optimizer derives a cost model of that program by composing cost model representations of each
operator:

Ecost = joincost( selectcost(...), selectcost(...) )

Optimizers use the above representation to identify the most efficient query evaluation program within
a space of equivalent programs. Once this program is found, the code generator derives the source rep-
resentation of the program by composing the code representations of these same operators:

Ecode = joincode( selectcode(...), selectcode(...) )

That is, the modularity and structure imposed on code is exactly the same as that for cost models: they
all align along operator boundaries. In this way, consistent yet different representations of a design
can be derived automatically from algebraic expressions. The same holds for other representations [2].

3  Goal

Application design must be transformed from an art into a science — a systematized body of knowledge
that is organized around principles, ideally expressible as mathematics. This goal can be achieved by fol-
lowing the lead of relational database researchers in creating a science to specify, optimize, and synthesize
programs by generalizing the RQO paradigm. It is a rich technical paradigm that integrates many areas of
computer science.
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