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1. Introduction

The software used in NASA missions is growing
more and more complex, but at the same time it needs
to satisfy increasingly stringent affordability and relia-
bility requirements. Software synthesis provides a way
of achieving these goals by generating code from high-
level specifications. Two applications developed within
the ASE group, AUTOBAYES [7] and AUTOFILTER [15],
use schema-based software synthesis to generate code
for the data analysis and state estimation domains, re-
spectively. The goal of our project for the summer in-
ternship was to research an extensible framework that
would allow the use of software synthesis technology to
other application domains within NASA.

Schema-based software synthesis uses generic code
templates called schemas to represent general knowl-
edge about software generation in a reusable format. A
synthesis system takes as an input a problem specifica-
tion, and applies schemas recursively in an exhaustive
fashion until a complete implementation of the problem
in a chosen implementation language is created.

One of the main advantages of using schema-based
synthesis is the ability to easily explore the design
space. If there are different solutions to the same prob-
lem, different schemas can be created to implement
each solution. In this way, the result of the synthesis
process will be a tree of equivalent implementations,
and the user can choose the one that satisfies the re-
quired performance metrics.

The synthesis system is divided into two distinct
parts: the frontend and the backend (Figure 1). The
frontend is responsible for applying the schemas nec-
essary to generate an implementation that satisfies the
problem specification. This implementation is written
using an internal intermediate language. The backend

translates the solution from the intermediate language
in a specific programming language and for a specific
architecture. The frontend and the backend are similar
in the sense that they both use schemas to transform
one representation of the generated program into other
type of representation, with more information added.
However, one thing that makes the frontend different is
the fact that the schemas involved in the frontend are
application domain oriented: an important part of the
information of how to solve the problems and which al-
gorithms to apply is an integral part of the application
domain.

The work presented in this report is concerned with
how to achieve an extensible synthesis system to new
application domains. Since the frontend is the part
where the domain information is used, the work is
scoped to the frontend part of the synthesis system.
The problem of how to make the synthesis system ex-
tensible to support new target implementation plat-
forms in the backend was studied by another intern in
our team, Tomas Bures [2]. In order to experiment with
different modeling aproaches, we have designed AUTO-
LINEAR, a synthesis application in the domain of ma-
trix calculations. In particular, AUTOLINEAR gener-
ates code that solves systems of linear equations, com-
monly described in mathematical notation as Az=b.

2. Analysis of the Synthesis Process

AUuTOBAYES and AUTOFILTER were developed for
two specific NASA domains: data analysis and signal
processing, and all the corresponding domain knowl-
edge was implicit and partially embedded inside their
schemas. With the addition of new schemas, the two
applications have reached a critical point. The effects
of not having the knowledge explicitly described in the
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Figure 1. An overview of the software synthesis system.

system has led to a number of problems.

Comprehensibility : It is hard to understand the
purpose of a schema and the consequences of mod-
ifying it by just looking at its implementation.

Scalability : Since there is no description of how the
existing schemas are related, it is difficult to de-
termine how will the introduction of a new schema
affect the system.

Reusability : When a new schema needs to be writ-
ten, there is no mechanism of searching the exist-
ing schema libraries and find out if there is already
another schema that implements either the same
functionality or some partial functionality that can
be reused.

Our goal is to create a synthesis system that is ex-
tensible to other domains. In order to achieve this, we
have to explicitly describe the knowledge that is cur-
rently implicit in AUTOBAYES and AUTOFILTER, and
determine how is the application domain knowledge re-
lated to other types of information in the synthesis pro-
cess.

Our analysis revealed the following types of infor-
mation currently embedded into a synthesis system:

1. The application domain describes the concepts
that are used in the particular domain for which
the synthesis system is applied. The application
domain comprises the general knowledge in the
area and it is expected to be described by a do-
main expert who might have very little knowledge
about the synthesis process. A description of how
to capture domain knowledge through domain en-
gineering is described in [4]. In our AUTOLINEAR

example, it contains descriptions of the concepts
of matriz and vector, and a set of algorithms that
can be used with matrices and vectors.

2. The problem specification describes the problem
that the synthesized program needs to solve. The
specification languge uses concepts from the appli-
cation domain and can additionally assign values
for their properties. In AUTOLINEAR, the problem
of solving a system of linear equations, denoted in
mathematics as Az=b, is specified using a matrix
A and a vector b as inputs, and the vector z as
output.

3. The intermediate code uses the concepts in the so-
lution space. The intermediate code is a pseudo-
code, and uses programming language constructs
such as for-loops, variable declarations, expres-
sions etc. The concepts from application domains
can be used as data types, and their properties can
be accessed as functions.

4. The schema language is used to implement
schemas. As in AUTOBAYES and AUTOFILTER,
the schemas in AUTOLINEAR are implemented in
Prolog, but now they use specific high-level APIs
to access the problem specification and the inter-
mediate code.

5. The schema application language describes how
should schemas be selected and applied. AUTO-
LINEAR uses Prolog because its unification and
backtracking features, and can apply either a spe-
cific schema, or apply recursively all schemas from
a certain family.

Any of these types of knowledge can be modeled in-
dependently, using different languages or technologies.
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Figure 2. Partial view of the model for matrix domain in UML: a) Specification of the "system of linear equations" algorithm; b) An overview of all algorithms

in AUTOLINEAR.

Neither AUTOBAYES nor AUTOFILTER currently uses
any type of explicit models for any of these parts.The
next section discusses how we have used explicit mod-
els for the application domain, problem specification
and intermediate code in AUTOLINEAR.

3. Use of Explicit Models

A model is a formal description of the structure and
properties of a piece of information. Our extensible
synthesis frontend uses explicit models for the appli-
cation domain information, the problem specification
and the intermediate code. The relationship between
the three models in the frontend is shown in Figure 1.

The application domain concepts are an integral
part of both problem specification and intermediate
code solution. Because the application-specific part
will change with every new domain that the synthe-
sis application will be applied to, a requirement for the
model representations we use is extensibility support.

The input to the AUTOLINEAR frontend is an in-
stance of the problem specification model, and the re-
sult of the synthesis is an instance of the intermediate
code model. With each schema application, some new
information is added to the instance of the interme-
diate code model. The models describe the structure
in a formal way, and therefore it is possible now to
verify that the schemas create intermediate code that
conforms to its model. In this way, most of the static
errors in the generated code can be discovered at the
synthesis time, by verifying the intermediate code af-
ter each schema is applied. Without the use of explicit
models, some of these errors could not be discovered

context System_Linear_Equations

inv:
self.A.ncols = self.A.nrows and
self.A.ncols = self.x.nelements and
self.A.nrows = self.b.nelements

Figure 3. OCL constraint for the system of linear equations.

until the synthesized program was executed, and at
that time it was very hard to determine which schema
was wrong from the ones that were applied. Therefore,
two other requirements for the modeling notation are
support for describing constraints and ability to check
conformity of the model instance to the constraints.

We have used two different modeling notations,
UML and XMLSchema, to describe the three models
in AUTOLINEAR.

3.1. UML as Modeling Language

UML [10] is a graphical modeling language used in
object-oriented systems. It consists of a number of dif-
ferent static and dynamic diagrams that describe im-
portant aspects in the design of a system. The most
important diagram in UML is the class diagram, that
shows the system as composed of classes and associa-
tions. A class represents an entity with encapsulated
behavior, described by a name, a set of attributes and
a set of operations. If we represent domain concepts
as classes, then class diagrams can be used to describe
domain models.

The main strength of UML comes from the use of a



%check that every variable that is used was declared in a block or a code unit above

<xsl:template match="il:variableName">
<xsl:variable name="val" select="text()"/>

<xsl:variable name="blocks" select="./ancestor:il:block/il:localDecl/il:variableDecl/il:variableName[text()=$val] |
J/ancestor:il:codeUnit/il:inputDecl/il:variableDecl/il:variableName[text()=$val] |
J/ancestor:il:codeUnit/il:outputDecl/il:variableDecl/il:variableName[text()=$val] |
/ancestor:il:codeUnit/il:externalDecl/il:variableDecl/il:variableName[text()=$val] "/>

<xslif test="count($blocks)=0">
<xsl:message>

The variable <xsl:value-of select="$val"/> was used but never declared
in codeunit '<xsl:value-of select="./ancestor:il:codeUnit/@il:name"/>"!

</xsl:message>
</xsl:if>
</xsl:template>

Figure 4. XSLT file snipped that uses XPath to check a consistency constraint.

graphical notation. In this way, concrete designs can
be shared between technical and non-technical people.
A number of different UML design environments are
available for creating class diagrams. For AUTOLIN-
EAR, we have used ArgoUML [1].

The class diagram graphical syntax has only lim-
ited power in expressing structural constraints. More
complex constraints need to be expressed using OCL,
the object constraint language. OCL was developed to
describe invariants, preconditions and postconditions
for the operations of a class, and has a powerful ex-
pression language. Most of the UML tools, including
ArgoUML, have support for writing OCL constraints.
However, support for checking the OCL constraints on
an model instance is not widespread. Tools such as
Dresden OCL Toolkit [6] can embed code that checks
OCL constrainsts in an object-oriented implementation
generated from the UML model.

In order to assign semantics to a class diagram,
the classes and associations need to be tagged with
meaningful information. The standard mechanism in
UML is to use labels called stereotypes. For the ap-
plication domain part in AUTOLINEAR, we have used
two types of stereotypes: << domain concepts>> and
<<domain algorithms>>. Figure 2 shows two class
diagrams that we have created to define the matrix do-
main for AUTOLINEAR in UML. The diagram on part
a) shows a description of the two domain concepts in
AUTOLINEAR, a Matriz and a Vector, and a specifica-
tion of the systems of linear equations problem in terms
of its inputs and outputs, differentiated by stereotyped
associations. The OCL expression in Figure 3 describes
the constraints for the system of linear equations: the
matrix A has to be square and its dimensions must
match the dimensions of b and z. The diagram in part
b) of Figure 2 shows the hierarchy between all the algo-
rithms in this matrix calculations domain. The simple

associations denote “uses” or “calls” relationship, while
the generalizations are used for “is-a” relationships be-
tween algorithms.

3.2. XML as Modeling Language

The other model representation we have investigated
is XMLSchema [14]. In this setting, XML [12] is used
as the representation for the input and output of the
schemas. XML is a markup language for describing
arbitrary structured data. It is widely used as a format
for data interchange between different applications, but
its explicit format makes it suitable for representing
internal application data as well.

XMLSchema ! is a language for defining the struc-
ture and contents of XML files. XMLSchema language
has the necessary features to describe structural prop-
erties, such as types for elements, types and number of
sub-elements, or value ranges for attributes. It also has
natural support for extensibility, by allowing deriva-
tions of types in different namespaces.

For expressing complex constraints, a more complex
solution is needed. For this, we have used XPath ex-
pressions in an XLST companion file. XPath [13] is a
complex pattern matching language that can be used
to express complex conditions between different ele-
ments in an XML file. A simple XSLT file checks a
set of XPath expressions and generates an error mes-
sage if they are not met. The constraint checking for
AUTOLINEAR has thus two steps: the first step is the
verification of the simple structural constraints by in-
voking an XML validator, and the second step is the
evaluation of the complex consistency conditions by ex-
ecuting the XSLT file. The example in Figure 4 shows
an example XSLT code verifies the condition that “ev-

IXMLSchema is a W3C language, and is not related to the
schemas in schema-based software synthesis



ery variable that is used has been previously declared”
for a program written in the intermediate code.

4. Related Work

Refine [11] was a knowledge-based software synthe-
sis system. The domain knowledge was described as a
logical theory, and a transformation as a mapping be-
tween different theories. Refine had an object oriented
representation of domain concepts, but required all do-
main knowledge to be described in its own format. We
chose to investigate using UML and XML as model
representations in order to create a program synthesis
system that will easily interoperate with other applica-
tions, and thus avoid one of the pitfalls that led Refine
to become extinct.

OMG’s Model Driven Architecture (MDA) [9] advo-
cates writing software as model transformations from
platform independent models (PIMs) to platform spe-
cific models (PSMs). These types of transformations
are very similar to the schemas in software synthe-
sis [5]. However, the main difference between MDA
transformations and schemas is that the transforma-
tions are much more coarse grained than schemas, and
correspond to a number of schemas that are applied to-
gether to transform a problem specification model into
an intermediate language model.

Ontologies are a way of describing a shared knowl-
edge among different software systems [8]. From a soft-
ware perspective, ontologies will provide a general vo-
cabulary of concepts that can be reused at company
or research-community level. In this respect, our ap-
plication domain models satisfy the role on a domain
specific software ontology. A more complete discussion
of how ontologies can help in software synthesis can be
found in [3].

5. Conclusions

In this paper, we have introduced an infrastructure
that uses explicit domain models to address the prob-
lem of extensibility of schema-based software synthesis.
‘We have used explicit models for the problem specifica-
tion, intermediate code, and for the general application
domain-specific concepts.

We have also investigated two different modeling
notations for representing the explicit models. While
both UML and XMLSchema have comparable abilities,
UML is more suited for high-level domain modeling
while XMLSchema has the power of expression to be
used in describing complex low-level models. A com-
plete solution will need to combine the best features
from both these modeling notations.

The ideas described in this paper, and the AuTO-
LINEAR prototype, can be used in a future work to
create a next-generation extensible synthesis system.
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