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Abstract. Embedded systems represent fundamentally new challenges for 
software design, which render conventional approaches to software 
composition ineffective. Starting with the unique challenges of building 
embedded systems, this paper discusses key issues of model-based technology 
for embedded systems. The discussion uses Model-Integrated Computing 
(MIC) as an example for model-based software development.  In MIC, domain-
specific, multiple view models are used in all phases of the development 
process. Models explicitly represent the embedded software and the 
environment it operates in, and capture the requirements of the application, 
simultaneously. Models are descriptive, in the sense that they allow the formal 
analysis, verification and validation of the embedded system at design time. 
Models are also generative, in the sense that they carry enough information for 
automatically generating embedded systems from them using the techniques of 
program generators.  

1 Introduction 

Perhaps the biggest impact of the “IT explosion” in the last decade has been the 
emerging role of computing and software as “universal system integrator.” Systems 
are formed from interacting components. The new trend is that an increasing number 
of components and interactions in real-life systems, which were previously physical, 
are becoming computational. From large-scale systems, such as manufacturing 
processes or command and control (C2) systems, to small systems, such as 
automobiles and simple appliances, interaction and coordination of physical 
components increasingly involves digital information processing and communication. 
For example, the automotive industry is currently testing “brake-by-wire” systems, 
where the currently dominant hydraulic and mechanical brake systems will be 
replaced by position sensors observing the brake pedal, electrical actuators exerting 
braking force, and a distributed, embedded computer system, which computes the 
optimum force distribution according to the driving conditions.  Two important 
consequences of this change are the following:  
§ Increased fusion of software into application domains. In many application 

domains, computing has become the focal point of complexity and the primary 
source of new functionality. For example, over 90% of innovations in the 
automotive industry come from embedded computing [33]. The increased 
significance of computing means that unless unique characteristics of the 



application domain are reflected directly in the software development paradigms, 
application engineering considerations must be mapped manually onto general-
purpose software engineering concepts and tools, which is tedious and error-prone 
for both the domain experts and the software experts. The difficulty of this manual 
mapping process creates the need for sharply tailored capabilities, such as domain-
specific languages, generators, and composition platforms that enable building of  
applications from components.  
§ Physicality in software design. In embedded computing applications, the role of 

the embedded software is to configure and control the operation of programmable 
computing devices so as to meet physical requirements at their sensor-actuator 
interfaces This deep integration of computing with physical systems implies that 
essential physical characteristics of systems (such as latency, noise, power 
consumption) are strongly influenced — or simply determined by — software. 
Consequently, software requirements become multi-faceted, i.e., computational 
platforms and software must satisfy functional and physical requirements 
simultaneously.  

The goal of this paper is to discuss challenges and opportunities of generative 
programming for embedded software development. We use the term “generative 
programming” in a broad sense: systems or components of systems are produced 
automatically from abstract terms [28]. The examples for possible solutions are based 
on our experience gained from the Model-Integrated Computing (MIC) effort at the 
Institute of Software Integrated Systems (ISIS) at Vanderbilt University [1]. 

The outline of the paper is the following: In Section 2, we examine the challenges 
of composing complex systems from components and describe a model-based 
extension of composition platforms. Section 3 summarizes the challenges and 
discusses the MIC approach in modeling languages and model building. In Section 4, 
we provide an overview of generator technologies in the MIC framework. Section 5 
summarizes some of the relevant approaches and compares them with MIC. 

2 Significance of Generative Programming 

Composition and component-based design are key tools in modern software 
engineering for managing complexity. The concept of component-based design is 
straightforward: systems are built by composing software components with precisely 
defined interfaces using standardized interconnection mechanisms. “Plug-and-play” 
construction is supported by an underlying composition framework, such as CORBA 
or COM+, which facilitates the component interactions by providing standard services 
such as a request broker, interface repository, location service, and others. 
Unfortunately, this solution tends to work either for building systems with relatively 
coarse-grained components using small amounts of “glue code”, or for very small 
systems with a few components because of the following two problems:  
1. Component interfaces in conventional standards-based composition frameworks 

only capture the signature, but not the semantics of components. Consequently, 
design integrity for the composed system may quickly be lost and inconsistencies  



may emerge by simply combining components based on compatibility of interface 
signatures. 

2. To achieve flexibility, components are frequently designed to be customizable to 
different application contexts via parameterization or via the selection of alternative 
implementations. In large systems, these choices represent complex, interacting 
assumptions about operating conditions, which may lead to brittleness.   

The success of building applications based on coarse-grained components is the result 
of   strong restrictions on component interactions: the dominant components (such as 
databases or web browsers) preserve the overall design integrity. In case of small 
systems, the system designers can preserve design integrity without extensive tool 
support through heroic manual effort. 

Although software composition is rarely easy, the problems of software 
composition for embedded systems are particularly hard. Physical processes surround 
embedded computers, which receive their inputs from sensors and send their outputs 
to actuators. When viewed from their sensor and actuator interfaces, embedded 
computing devices act like physical processes with dynamics, noise, fault, size, power 
and other physical characteristics. The role of the embedded software is to 
“configure” the computing device in order to meet its physical requirements [2]. The 
mapping of logical behavior into physical behavior is influenced by the detailed 
physical characteristics of the devices involved, including their physical architecture, 
instruction execution speed, bus bandwidth, power dissipation, etc. In addition, 
modern processor architectures introduce complex interactions between the software 
and essential physical characteristics of the underlying devices.  

It is not surprising that using current software technology logical/functional 
composability does not imply physical composability. In fact, physical properties are 
not composable, rather, they appear as cross-cutting constraints in the development 
process. The effects of such cross-cutting constraints can be devastating for the 
design. Meeting specifications in one part of the system may destroy performance in 
others, and, additionally, many of the problems will surface at system integration time 
rather than during unit development and testing. Consequently, we need to change our 
approach to the design of embedded software: productivity increases must come from 
tools that directly address the design of the whole system with its many different 
physical and logical aspects. 

There are several comprehensive approaches, such as Model-Integrated Computing 
(MIC) [1], Aspect-Oriented Programming [3], Intentional Programming [4], GenVoca 
Architecture [5], that attempt to answer problems of composing complex systems. In 
our discussion, we focus on MIC and point out some of the similarities and 
differences with the other approaches.  

Figure 1 shows an overview of the MIC architecture. The applications and 
infrastructure software (left side) are defined by application models and platform 
models. The difference between MIC for embedded and non-embedded systems is 
particularly significant regarding the scope and composition of models. In order to 
make the physical properties of the embedded system computable and analyzable, 
models capturing only the logical characteristics of applications and infrastructure 
software are insufficient. The models must include physical properties of the 
platforms and the mapping between the application and platform models. The scope 
of modeling and the required level of abstraction are highly domain-specific. We 



cannot expect that the same types of models are used to design controllers for break-
by-wire system in cars (where safety, timing and cost are the critical properties) and 
to design mobile phones (where besides cost, power, security, and feature richness are 
the most important factors). 

1

QoS

Domain-Independent Models
(models of computations: SDF, FSM, CSP, …)

Auto-Generated Code

User 
Interface

Decision
Support

COTS Middleware Services and OS 

ORB

DS Model
Libraries/
Patterns

OS
Scheduling

Fault
Tolerance

CORBA
IDL

QoS
API

Control
Systems

Sensor
System

Domain-Specific Models

Library
Components

DI Model
Libraries/
Patterns

Model-based
Generators

Library
Components

Library
Components

Library
Components Component

Libraries

Composition
Framework

Framework
Libraries

Domain-
Specific
Modeling
Technology

Generator
Technology

Middleware
Technology

Model-Integrated
Computing Tools

POSIX
API

REPLICATION
API

Applications

Figure 1: Model-integrated approach to software composition  
 

Model-based approaches are not practical without extensive tool support. The right 
side of Figure 1 shows the MIC tool components. Support for modeling includes tools 
for building domain-specific modeling environments, tools for analyzing and 
synthesizing models, and model translators that help to integrate large, heterogeneous 
tool environments. Section 3 discusses the main components of the MIC modeling 
framework.  

While models define and characterize the embedded system applications, the 
applications themselves are formed by a set of customized components and the 
underlying hardware/software platform (see Figure 1). There are numerous 
hardware/software platforms that are commonly used for building embedded system 
applications. For example, the Time-Triggered Architecture (TTA) [6] and the Real-
time CORBA Event Service [7] provide composition platforms for embedded 
software and systems with very different properties. While TTA supports a time 
triggered, synchronous model of computation, the Real-time CORBA Event Service 
follows an event-triggered, fully asynchronous model. The platforms have a very 
important role in model-based design: they enable the use of idealized assumptions 
(such as synchrony, loss-less communication, guaranteed communication bandwidth) 
about the interaction and behavior of components, which largely simplifies the 
modeling task. In fact, these idealized and simplified abstractions (or layers of 
abstractions) between applications and platforms are the basis for platform-based 
design [8]. 



Building an integrated application on a platform is a complex task. It includes the 
consistent parameterization/customization of the selected components and of the 
hardware/software platform via the provided API-s and creation of any additional new 
code for connecting the components to the platform. In the MIC framework these 
steps must be tied directly to the models, otherwise the connection between model 
properties and the modeled system will be lost. This need makes the model-based 
generators and generator technology a fundamental component of the MIC tool 
architecture. Section 4 examines different approaches for building model-based 
generators. 

3 Modeling and Model Building 

The two fundamental problems we consider in this section are the composition of 
domain-specific modeling languages and the composition of models.  

3.1 Domain Specific Modeling Languages 

Domain-specific languages (DSLs) have significant impact on the design process 
[9]. In embedded systems, where computation and communication always occur in 
the context of a physical domain, DSLs offer an effective way to structure the 
information about the system to be designed along the “natural dimensions” of the 
applications. The chief difficulty with DSLs is the cost of developing solid semantic 
foundations and tools to support their use. MIC resolves this difficulty using a meta-
modeling approach [14]. Using standard denotational semantics style (see e.g. [10]), a 
modeling language is defined as a five-tuple of concrete syntax (C), abstract syntax 
(A), semantic domain (S) and semantic and syntactic mappings (MS, and MC ): 

L = < C, A, S, MS, MC> 
The C concrete syntax defines the form of representation, such as visual, textual, or 

mixed. The A abstract syntax defines the concepts, relationships, and integrity 
constraints available in the language. Thus, the abstract syntax determines all the 
(syntactically) correct “sentences” (in this case models) that can be built. (It is 
important to note the A abstract syntax includes semantic elements as well. The 
integrity constraints, which define well-formedness rules for the models, are 
frequently called “static semantics”.) The S semantic domain is usually defined by 
some mathematical formalism in terms of which the meaning of the models is 
explained. The MC : A→C mapping assigns syntactic constructs (visual, textual, or 
both) to the elements of the abstract syntax. The MS :A→S semantic mapping relates 
syntactic concepts to those of the semantic domain.  

Rapid composition of domain-specific modeling languages (DSMLs) requires tool 
support. The tools need representation formalism for the syntactic elements (C and A), 
the semantic domain, and the syntactic and semantic mapping. The languages used for 
this purpose are called meta-languages and the models describing a DSML are called 
meta-models. Since a meta-modeling language can also be considered a domain-
specific modeling language (with the domain being that of “modeling languages”), it 



is desirable that the meta-modeling language be powerful enough to describe itself, in 
a meta-circular manner. This corresponds to the four-layer meta-model language 
architecture (see Figure 2) used in UML [11] or in CDIF [12]. 

 
 

Meta-Modeling Language 
LM = < CM, AM, S, MSM, MCM> 

(Formal spec) 

MetaModel for LD 

A Domain Model in LD 
Domain-Modeling Language 
LD = < CD, AD, S, MSD, MCD> 

 (Formal spec) 

a sentence of 

a sentence of 

represents 

Embedded 
System 

represents 

metamodel of 

 
Figure 2: Meta-modeling language architecture 

3.2 Tools for Domain-Specific Modeling 

The ISIS toolset for Model Integrated Computing uses the same generic, meta-
programmable modeling environment (Generic Modeling Environment – GME) for 
meta-modeling and domain modeling [15]. The GME tool architecture supports meta-
circularity: a meta-meta-model (defined in the meta-language) configures the 
environment to support meta-modeling. We have adopted UML class diagrams (with 
stereotypes) [11] and the Object Constraint Language (OCL) [13] as the meta-
language for modeling the A abstract syntax of DSMLs. This choice was made for the 
following practical reasons: (a) UML/OCL is an OMG standard that enjoys 
widespread use in the industry, (b) tools supporting UML are widely available, and 
(c) familiarity with UML class diagrams helps to mitigate the conceptual difficulty of 
the meta-modeling language architecture. It is important to note that adopting UML 
for meta-modeling does not imply any commitment to use UML as a domain 
modeling language, though it can certainly be used where appropriate. Further details 
on meta-modeling can be found in [14].  

Consider a simple example for the abstract syntax of a DSML for signal flow 
modeling (SF). The ASF abstract syntax of SF is shown in Figure 3a as a meta-model 
expressed in terms of a UML class diagram (we have omitted the integrity 
constraints). The core concepts of this language are Compounds, Primitives, 
Ports, and Signals. Primitives form the basic signal processing blocks (e.g., 
Filters, FFT, IFFT, Correlation, etc.). Ports define the I/O interfaces of these blocks, 
and Signals represent the signal-flow between the blocks. Compounds are processing 
blocks that can be decomposed into other Compounds, and/or Primitives. An abstract 
Base concept combines Compounds and Primitives to represent an abstract 



signal-processing block. This abstract syntax is complemented with the MC : A→C 
mapping to obtain a simple DSML for signal processing. (The specification of this 
mapping is part of the meta-programmable Graphical Modeling Environment system 
[15] and not shown here.) Figure 3b shows a simple a hierarchical application model, 
which is an instance of the meta-model in Figure 3a.  

 
 

 
     Figure 3a: Meta-model for SF        Figure 3b: Simple application model 

 
In practice, the specification of meta-models can be quite a complex undertaking. It 

requires a thorough understanding of the S semantic domain and formulation of the 
well-formedness rules such that the semantic mapping of each well-formed model 
leads to a consistent semantic model.  For example, if SF has synchronous dataflow 
(SDF) semantics [16], one of the well formed-ness rules must prohibit the connection 
of two different output ports to the same input port: 

 
Self.InputPorts()→forAll(ipip.src()→forAll(x1,x2x1=x2)) 

 
However, if we use for SF dynamic dataflow (DDF) semantics [16], the same 
constraint may not necessarily apply (depending on the actual semantics). (We will 
discuss the assignment of semantics to SF in Section 4.) 

In our experience, DSMLs that are designed to solve real-life engineering problems 
tend to become complex. In these domains, crucial requirements for robust, domain-
specific modeling include careful formulation of meta-models, keeping them 
consistent with the associated semantic domains, and checking if the created models 
are well-formed. 

3.3 Composing Meta-Models 

An obvious way to decrease the difficulty of defining DSMLs is to compose them 
from sub-languages. This is particularly important in application domains such as 
embedded systems, which frequently require many modeling views. Compositional 
construction of DSMLs requires the Ln= L1  L2 … Lk composition of meta-models 
from constituent DSMLs. While the composition of orthogonal (independent) sub-
languages is a simple task, construction of DSMLs with non-orthogonal views is a 



complex problem. Non-orthogonality means that component DSMLs may share 
concepts and well formed-ness rules may span over the individual modeling views.  

` 

Child inherits all associations except  
containment associations where parent  
functions as container.  

Interface  
Inheritance 

Child inherits all of the parent’s attributes  
and those containment associations where  
parent functions as container. 

Implementation 
Inheritance 

Complete equivalence of two classes  
Equivalence 

Informal semantics Symbol Operator 

Table 1: Meta-model composition operators 
 

The current design of ISIS’s composable meta-modeling environment in GME 
leaves the component meta-models intact and creates meta-models that are further 
composable [17]. The composition is accomplished by introducing three (new) 
operators for combining meta-models (see Table 1). Application of these operators 
generates a new meta-model that conforms to the underlying semantics of UML. 
Decomposition of the UML inheritance operation allows finer control over meta-
model composition (details are discussed in [17]). Unfortunately, meta-model 
composition is not complete by executing the composition operators. If the 
component meta-models are not orthogonal, it is possible that the resulting meta-
model is inconsistent, which means that conflicting integrity constraints are created 
during the composition process. This means that the meta-modeling toolset needs to 
be extended with a validation tool (such as PVS [36]), which automatically checks the 
consistency of the well-formedness rules. (This tool is not part of the current version 
of GME.) 

3.4 Modeling and Model Synthesis 

As we pointed out above, modeling and model-based approaches [18][19] play 
central role in embedded software and system development, where mathematical 
modeling of physical characteristics is essential. The fundamental promise of model-
based approaches is that experimental system verification will largely be replaced by 
model-based verification. This is extremely important, since testing is very expensive 
and cannot be exhaustive in real-life systems. Even by taking advantage DSMLs and 
advanced model-builders, creating high-fidelity models is expensive. Developing 
efficient methods for model-building is therefore an important research goal. Below, 
we briefly discuss two important approaches: compositional modeling and model 
synthesis. 



3.4.1 Compositional modeling 
Building complex models by composing components Mn= M1  M2 … Mk is a 

common, highly desirable technique for efficient modeling. In bottom-up 
composition, simpler components are integrated to obtain more complex components. 
The condition for composability in bottom-up composition is that if a property Pk 
holds for component Mk, this property will be preserved after integrating Mk, with 
other components. Unfortunately, in embedded systems, many physical properties 
(such as time dependent properties) are not composable [6]. Therefore, DMSLs that 
are formal enough to be analyzable and analysis tools that can verify essential 
properties of designs are crucial in model-based system/software development.  

3.4.2 Model Synthesis 
Model synthesis in a compositional modeling framework can be formulated as a 

search problem: given a set of {M1,M2,…,Mk} model components (which may 
represent different views of the system and may be parameterized), and a set of 
composition operators, how to select an Md= Mi  Mj … Ml design (with the 
required set of parameters) such that a set of {P1d, P2d ,…,Pkd} properties for Md  are 
satisfied? Fully automated synthesis is an extremely hard problem both conceptually 
and computationally. By narrowing the scope of the synthesis task, however, we can 
formulate solvable problems. For example, by using patterns [37] and introducing 
alternative design choices for component templates in generic designs, we can 
construct a design space using hierarchically layered alternatives. This approach is 
quite natural in top-down engineering design processes, which makes the construction 
of a design space using hierarchically layered alternatives relatively simple [20].  

 

 
Figure 4: Meta-model of SF extended with the “Alternative” construct 

 
To enable the representation of design spaces, we need to expand DSMLs with the 

ability to represent design alternatives explicitly. As an example, Figure 4 shows the 
meta-model of SF extended with the concept of Alternatives. We selected the abstract 
Base concept for Alternative implementation, and introduced a containment 



relationship to enable hierarchical composition. An Alternative, in the composed 
SF meta-model context, can now be defined as a processing block with rigorously 
defined interface, which contains two or more (notice the cardinality of the 
containment relation highlighted in the figure) alternative implementations. The 
implementations can be Compounds, Primitives, or other Alternatives, with 
matching interfaces. As we mentioned above, composition of a design requires 
finding implementation alternatives, which satisfy a set of design properties. The 
complexity of this task depends largely on the computability of selected design 
properties from the component properties. A detailed analysis of this problem and a 
constraint-based design-space pruning technique is described in [21].  

4 Generators and Model Transformations 

The last step of the model-based development process is to generate the application 
on the underlying hardware/software platform (see Figure 1) using the verified 
domain-specific models. In embedded systems where model-based verification is 
crucial to keep the cost and complexity of experimental system verification tolerable, 
maintaining a direct link between the verified models and the application is 
mandatory. The role of the model-based generators in the MIC framework is to 
generate the “glue” required to compose the integrated application from library 
components, consistently parameterize the components, and customize the 
composition platform. 

4.1. Model-based generators  

Since generators always work with some selected representation of models, they 
can be modeled as a mapping between the abstract syntax of their Li input and Lo 
output languages: G: Ai →Ao. Complexity of generators depends largely on the 
semantic relationship between the input and output languages. Our previous example, 
SF, is a declarative hierarchical module interconnection language, LSF, which 
describes the structure of signal processing systems. In this sense, we can assign a 
structural semantics to LSF by providing the semantic mapping between its abstract 
syntax and a semantic domain, which is represented by set-relational mathematics. (A 
closely related example for this can be found in [22].)  

At this point, LSF does not have behavioral semantics. Behavioral semantics can be 
assigned to LSF by defining a mapping between LSF and another modeling language 
with well-defined operational semantics, such as synchronous dataflow (SDF). For 
example, we may adopt the SDF behavioral semantics as defined in [23]. Of course, 
the precise definition of the SDF semantics has also required the definition of the 
structure of a dataflow graph, which can be expressed by a language LSDF with 
abstract syntax ASDF. Figure 5 shows a simple meta-model for homogeneous SDF 
[16], where each node firing consumes and generates exactly one data token at the 
input and output ports, respectively. We define the operational semantics of LSF by the 
G: ASF →ASDF mapping. In fact, G is also the specification of the generator, which 



maps lSF  ∈ LSF  signal processing system models into lSDF  ∈ LSDF  synchronous 
dataflow models that can be executed by a synchronous dataflow virtual machine.  
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The specification of the mapping executed by the generators is done based on our 

understanding of the relationship between the semantic domains and semantic 
mappings. An important requirement for the generators is consistency: a generator is 
consistent if well formed-ness rules in the input and output modeling languages are 
consistent.  

4.2. Building Generators 

As we have shown, generators execute model transformations. During the design 
process, the design evolves along the iterative refinement, fusion, composition, and 
analysis of models. The design models change not only because of their evolution but 
also because of the need to transform domain-specific design models to the native 
models of various analysis and synthesis tools. Model transformation is the pre-
condition for reusing generic tools in different, domain-specific design processes. Due 
to the extensive need for generators in all phases of the design process, technology for 
building generators is an important one. As we have shown above, the specification of 
generators is expressed in terms of the meta-models of the input and output 
languages. Below we summarize some of the approaches for creating generators 
based on these specifications. 

 



4.2.1 Direct Implementation 
 

A generator that transforms models is similar to a compiler, although its task is 
more specific and somewhat simpler. While a compiler maps the abstract syntax of a 
programming language into high-performance executable code running on a hardware 
architecture, a generator maps the abstract syntax of the input language into the 
abstract syntax of the target language, where the target has a well-defined execution 
semantics, with high-level “instructions”. If one omits the technical details of creating 
the output product in some form (e.g. text files), the main task of a generator is 
reduced to create a “target tree” from an “input tree”. The “input tree” is a data 
structure that corresponds to the input abstract syntax tree of compilers, and the 
“target tree” corresponds to the “output tree” of compilers from which the code is 
directly “printed”.1 Naturally, in the simplest of cases the output product can be 
produced directly from the input tree. 

In the most general form, a generator performs the following operations. 
1. Construct the input tree.  This is step is often implicit in model-based systems, as 

the models are the input tree, and the modeling environment directly manipulates 
a tree-like representation. 

2. Traverse the input tree, possibly in multiple passes, and construct an output tree. 
In this step the generator should visit various the objects in the input tree, 
recognize patterns of objects, instantiate portions of the target tree, calculate 
attributes of output objects from attributes of input objects, etc.  

3. “Print out” the product. This step creates the result of the generation in the 
required form: a network of objects, a text file, a sequence of commands issued to 
a hardware device, etc.  

Following the above approach, a generator is straightforward to construct: after 
designing the input and output data structures (which are determined by the meta-
models of the input and target languages already), one has to design the appropriate 
code sequences for traversal and constructions. The implementation can follow an 
object-oriented approach: the traversal code can be embedded as methods of the input 
objects, and by directly coding the traversals and the target construction one can 
easily implement the generation algorithms. Similarly, the output “printing” can be 
embedded as methods of the target objects, and by programming the traversal of the 
output one can realize the output-producing algorithms. This direct implementation is 
simple and works well for situations where the transformations are easy to capture in 
a procedural form. The disadvantage is that the generator code is hard to maintain and 
hard to verify.  

4.2.2 Pattern-based Design 
 

The scheme described above can also be implemented in a more structured way, by 
using the Visitor design pattern [24]. The main task of a generator involves the 
traversal of the input tree and taking actions at specific points during the traversal. 

                                                           
1 We use the term “tree” here, although these data structures are graphs in the most general 

case. However, even in those cases, a spanning tree of the graph can be found, which 
“dominates” the structure. 



This is clearly in the purview of the Visitor pattern, which offers a common solution 
for coding the above generic algorithm. In this pattern, a visitor object implements the 
actions to be performed at various nodes in the at tree, while the tree nodes contain 
code that accepts the visitor object and calls the appropriate, node-specific operation 
on it (while passing itself to the operation as a parameter). The Visitor pattern allows 
the concise and maintainable implementation of generators, both for the 
transformation and the printing phases.  

While the implementation of a generator following the Visitor pattern is 
straightforward, it can be improved significantly by using some for of automation. In 
previous work on design tool integration [29], we have developed a technique for the 
structured capturing of the “traversal/action” code of generators. The approach was 
based on the observation that traversal sequences and actions to be taken at specific 
points in the input tree are separate concerns, and that the traversal can be specified 
using higher-level constructs (than procedural code). A language was designed that 
allowed the specification of traversal paths and the capturing of actions to be executed 
at specific nodes. Generators written using this approach were very compact and 
readable, and have been successfully applied in various projects. The approach is 
similar to Adaptive Programming [30], but it is more focused on the needs of 
generators.  

4.2.3 Meta-generators 
 

The approach based on the Visitor pattern has a serious shortcoming: most of the 
logic of the generator is still realized as procedural code, and therefore it is hard to 
verify or to reason about. A better technique would allow the precise mathematically 
modeling of the generator’s workings, and the generation of the code of the generator 
from that model. This process is called meta-generation.  

A “model of a generator” is much simpler than that of a compiler and it can be 
defined operationally: it is an abstract description of what the generator does. 
Following the generic description of a generator above, the main task of a generator 
can be modeled in terms of (1) the traversal sequences and (2) the transformation 
actions the generator takes during its operation. The approach described in the 
previous section allowed the specification of (2) in pure procedural terms, but it can 
also be specified declaratively using graph-transformation rules. 

Graph grammars and graph rewriting [31] offer a structured, formal, and 
mathematically precise method of representing how a generator constructs the output 
tree from the input tree. One elementary rewriting operation performed by a translator 
is called a transform. A transform is a specification of a mapping between a portion of 
the input graph and a portion of the output graph. Note that the meta-models of the 
input and the output of a generator is a compact description of all the possible input 
and output structures. If ),( ininin ACG =  and ),( outoutout ACG = denote the input and 
the output meta-models consisting of classes and associations, a transform can be 
described using the following elements:  

 
 



§ ),( ininin acg =  :  subgraph formed from a subset inin Cc ⊆ of the input 
classes and a subset inin Aa ⊆  of the input associations. 

§ },{: FTGF in → : a Boolean condition, called filter, over inG . 
§ ),( outoutout acg =  : subgraph formed from a subset outout Cc ⊆ of the 

output classes and a subset outout Aa ⊆  of the output associations. 
§ outin ggM →:  a mapping where ,, outoutinin GgGg ⊆⊆ and TgF in =)( . 

A transform is a specific rewrite rule that converts a sub-graph of the input into a 
sub-graph of the output. The input sub-graph must also satisfy the filter. The mapping 
should also specify how the attributes of the output objects and links should be 
calculated from the attributes of the input objects and links.  

While graph transformations are descriptive, they are computationally expensive. 
Matching the left hand side of a rewriting rule against an input graph involves 
searching for a sub-graph, which can be of exponential complexity. However, in 
generators one can almost always avoid the (global) search by specifying the traversal 
and order in which the transformation rules should be applied, thus the search can be 
reduced to a (local) matching. This latter one can be accomplished by introducing 
“pivot nodes”, which are bound by the higher-level, traversal strategy, so the left hand 
side of the mapping is partially bound already when the rule is fired.  

To summarize, a generator can be specified in terms of (1) a graph traversal, which 
describes in what order the nodes of the input tree should be visited and (2) a set of 
transformation rules. The implementation of the above scheme is subject of active 
research. Early experiments [32] indicate the viability of the meta-generator approach. 

 5 Related Work 

It has been increasingly recognized that conventional programming languages are 
not rich enough to provide efficient support for the composition of complex systems. 
It is therefore essential to increase the level of abstraction for representing designs and 
to expand composition from today’s hierarchical, modular composition to multi-
faceted, generative composition [25]. Besides model-integrated computing 
approaches, several other important efforts work toward the same or similar goal. 
Below we mention three of these directions – Aspect-Oriented Programming (AOP), 
Intentional Programming (IP) and GenVoca generators – with the limited purpose of 
examining their approach to the challenges listed in Section 2.    

5.1 Aspect-Oriented Programming (AOP) 

The goal of AOP is to introduce a new decomposition concept in languages, 
aspects, which crosscut the conventional hierarchical, functional decomposition. AOP 
provides programmers with the opportunity to express separate concerns 
independently, and facilitates the merging (weaving) of components in an integrated 
implementation [3].  Aspect orientation fits well with the need of managing 
crosscutting constraints in embedded systems. Physical requirements in embedded 



systems, such as timing or synchrony, can be guaranteed by assigning them to a 
specific module, but they are the result of implementing their interaction in a 
particular manner. Changing these requirements may involve widespread changes to 
the functional components of the system, which makes component-based design and 
implementation using only functional composition very complicated.  

AOP and MIC have strong similarity in addressing multiple-view system design 
explicitly.  Both AOP and MIC allows the separation of design concerns in different 
aspects and allows capturing and managing interdependence among them. 
Composition of integrated systems is completed by weaving technology in AOP and 
model synthesis and generator technology in MIC. The main difference is in the level 
abstraction used. AOP research focuses on imperative languages and creates aspect-
oriented versions such AspectJ [26], while MIC targets DSMLs. Consequently, MIC 
is better suited for modeling, verifying and generating large, heterogeneous systems 
using larger components, while AOP provides better run-time performance due to the 
use of compiler technology in generating executable systems.  

5.2 GenVoca  

GenVoca is a generator technology that performs automated composition using 
precisely defined layers of abstractions in object-oriented languages [5]. The concept 
is based on the definition and explicit representation of designs layers, where each 
layer refines the layer above. Design layers have standardized interfaces with 
alternative implementations. Layers are implemented using DSLs, which are 
implemented as extensions of existing languages. GenVoca generators convert these 
composition specifications into the source code of the host language. GenVoca is 
supported by an extensive toolsuite called the Jakarta Tool Suite (JTS), which 
provides a common infrastructure for extending standard languages with domain-
specific constructs [27]. 

Regarding the level of abstraction used in describing designs, GenVoca resides 
between AOP and MIC. GenVoca technology still preserves the advantage of 
embedded DSLs: the generators output needs to go only to the level of the host 
language. Similarly to AOP, it results highly efficient code due to the GenVoca–based 
optimization of component structure and the compiler technology of the host language 
environment. GenVoca strongly differs from both AOP and MIC in terms of 
supported decomposition strategy: at this point, GenVoca does not focus on multiple 
aspect composition (although extension in this direction seems feasible). Interestingly, 
the design-space exploration techniques used in MIC [21] and the composition 
validation technique in GenVoca  (e.g. [28]) have strong similarities. Both of these 
techniques are based on a design-space definition using hierarchically layered 
alternatives and prune the potentially very large space using constraints (in GenVoca 
the goal is validation, in MIC the goal is to find configurations that satisfies the 
constraints).  



5.3 Intentional Programming (IP) 

IP is a bold experiment to transform programming from the conventional, 
“language focused” activity to a domain-specific, intention-based activity [4]. IP re-
factors the conventional programming paradigm into intentional specification and 
transformers. Intentional specifications encode abstractions in graph data structures 
(active source) – without assigning a concrete syntax for representing them. Using 
various transformers manipulating the active source, the intentions can be visualized 
in different forms, and more importantly, can be assembled into complex programs 
(represented as intentions) by generators (or meta-programs).   

There are many interesting parallels between IP and the other generative 
programming approaches discussed earlier. For example, in MIC the models (which 
are the expression of domain-specific constructs, designs) are represented in model 
databases in a format, which is independent from the concrete syntax used during 
modeling. Model transformation has a similarly central role in MIC as transformers in 
IP: the MIC generators, synthesis tools are all directly manipulating the content of 
model databases for visualizing, analyzing, and composing models at different phases 
of the system development. Both in MIC and IP, efficient technology for defining and 
implementing transformers is a crucial issue.  

6 Conclusion 

DSMLs, model-based generators, and composition frameworks are important 
elements of software/system technology for embedded computing. In fact, the 
prevalence of crosscutting constraints in embedded software makes the design process 
intractable without the extensive use of generative programming. However, the 
widespread use of these technologies requires drastic decrease in the cost of 
supporting tools. We believe that this can be achieved by applying the same ideas a 
level higher: compositional construction of DSMLs via meta-modeling, development 
of meta-generators, and composable tool environments built on affordable model 
transformation technology.  

It is quite remarkable to observe the intellectual similarity among MIC, AOP, 
GenVoca, and IP. Although emerging in quite different communities, answering 
diverse and different needs, and using very different techniques, they still advocate a 
core set of new concepts in software and system development: (1) extension of the 
currently dominant hierarchical, modular composition to multiple-aspect composition, 
(2) the extensive use and support for domain specific abstractions, and (3) the 
fundamental role of generative programming and generators in all phases of the 
system development.  In addition, there is a strong trend in the component-based 
software development and middleware community toward the increased use of 
modeling and model-based composition in system building [4][35]. It will be 
interesting to observe whether or not these different approaches will have the strength 
and will reinforce each other enough to redefine programming during the next decade.  
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