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Abstract 
 
This paper describes the use of executable specifications 
to ease incremental development, by providing more 
flexibility regarding the order in which modules are im-
plemented. In this approach, the architect provides a 
specification for each module in the module architecture 
view. While specifications must precisely describe the 
interactions among modules, they may abstract some of 
the functionality. These specifications are executable, and 
interoperate seamlessly with the module implementations. 
For incremental development this makes the contents of a 
release more flexible, makes the order of implementation 
of modules more flexible, and reduces overall effort by 
reducing or eliminating the need for stubs, drivers, or 
temporary prototypes of modules. Our approach uses ex-
ecutable specifications written in AsmL and uses the 
.NET framework for integrating them with implementa-
tions. 
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1. Introduction 
Over the years different software process models have 
been introduced, and the trend in recent years is towards 
those with an incremental approach.  Rather than develop-
ing the entire system at once, or developing it by layer, 
the goal is to produce successive working versions of the 
system, increasing the functionality with each release.   
 
There are good reasons to follow this model: early re-
leases are appreciated by the customer, are encouraging to 
the development team, and give early validation of the 
design approach. However, it can be quite difficult to par-
tition the system into these releases while satisfying all 
the dependencies among its components and accommo-
dating the staffing constraints. The overall effort may be 
higher, since there is likely an increased need for stubs, 
drivers, and temporary prototypes of certain components.  

 
Executable specifications of the components could miti-
gate these drawbacks. In the past executable specifica-
tions have been used for detecting inconsistencies in the 
specification, for prototyping, for systematic transforma-
tion to an implementation, and for software estimation 
[1]. To serve incremental development, an executable 
specification of a component must be interchangeable 
with the implementation of that component; specifications 
and implementations must interoperate seamlessly. 
 
A criticism of formal specification languages is that they 
are often vertically isolated.  This means that the specifi-
cation has no formal relation with anything upstream in 
the development process, e.g. requirements specifications, 
nor downstream, e.g. implementation [1]. 
 
Our use of executable specifications for incremental de-
velopment makes the specification less vertically isolated, 
by providing the downstream integration. We do so by 
using an executable specification for each component in 
the system, and a framework that allows us to integrate 
these specifications with the implemented components, 
thus making specification and implementation inter-
changeable.  To accomplish this we use AsmL, a specifi-
cation language developed by Microsoft Research1.   
 
In this paper we present our initial study of the feasibility 
of this approach. After summarizing related work in Sec-
tion 2, we describe the approach in Section 3. Section 4 
describes a detailed example, and Section 5 concludes the 
paper, discussing the advantages and disadvantages of this 
approach and future directions. 

2. Related Work 
The transformational implementation approach, described 
in [3], is related to ours.  In the former one, a specification 
is created and then in a stepwise process semi-
automatically transformed into an implementation.  It 
requires a transformation library that describes mathe-
matically how to transform each possible specification 
                                                           
1 www.research.microsoft.com/fse 
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element into an implementation.  It is therefore very diffi-
cult to use in practice compared to our approach. 
 
[4] combines the transformational implementation ap-
proach with an iterative software development process, in 
which an executable specification is used to produce suc-
cessive prototypes that are presented to the user.  User 
feedback refines the requirements definition.  A new 
specification is created which is then mathematically veri-
fied against its predecessor.  This iterative process contin-
ues until one arrives at an implementation.  The main fo-
cus of this approach is to provide a framework for the 
rigorous development of programs.  Our approach how-
ever strives to improve existing iterative development 
approaches by providing more correctness through a 
specification language and an easier integration. 
 
[5] describes a stepwise and incremental development 
process along the line of rapid prototyping.  It is based 
upon stepwise transformations on formal developments.  
As the other approaches described above, it is mostly 
concerned with mathematically correctness of a develop-
ment project. 
 
Design by Contract, pioneered in [6], refers to a design 
methodology in which every computational entity is con-
strained by a contract.  A contract consists of pre- and 
post-conditions, as well as invariants.  [7] and [8] incor-
porated Design by Contract into the .NET Framework.  
Design by Contract is concerned with the correctness of a 
program and provides run-time enforcement of a contract 
with limited functionality.  A specification can be run 
instead of the implementation, and not just with it.  It also 
provides more functionality. 

3. Our Approach 
The modern approach to software design is to use multi-
ple software architecture views, each describing the sys-
tem from a particular perspective. One of these views 
describes the system in terms of modules and the static 
usage-dependencies among the modules. In [9] this is 
known as the “Module Architecture View”, and in [10] 
this is known as the “Uses” style of the “Module” view-
type. 
 
Our approach is to use a specification language to de-
scribe each module in the module architecture view. Each 
specification describes the functionality of the module 
and its interactions with other modules. In defining the 
functionality, the architect may choose to abstract certain 
aspects of the functionality.  
 
The interactions, however, should be completely de-
scribed. The architect must specify the interface(s) the 
module provides, along with preconditions to enforce 
constraints on the usage of the interface. The architect 
must also specify what the module requires. There is no 
interface mechanism to describe this, so the specification 

must use the same interfaces as the implementation, and 
should ideally follow the same pattern of usage as the 
implementation. 
 
While each module has exactly one associated specifica-
tion, its implementation typically consists of multiple 
classes. Thus abstraction is at work here also. 
 
To support this approach two requirements must be ful-
filled: 

1. An executable specification of the software is 
necessary. 

2. The executable specification language must use 
the same framework, e.g. Microsoft .NET or 
Java VM, as the implementation. 

 
The executable specification of the software is the basis 
for the implementation.  Instead of starting with nothing, 
we start with the specification and replace module by 
module of it with the implementation.  This allows system 
testing at every integration step.  In addition, a “working” 
version of the software is available from the beginning on. 
 
It can be argued that devising such a specification and 
then writing the implementation constitutes double the 
work.  This argument is very valid, and therefore a speci-
fication should always be an abstraction of an implemen-
tation.  For example, a module could be represented in a 
specification by one class, but consist of multiple classes 
in the implementation. 
 
The second requirement, the framework, is crucial.  The 
combination of the specification with the implementation 
cannot occur on the source code level.  Therefore our 
proposed, seamless, swapping of specification and im-
plementation modules has to occur on the binary level.  
An operating system could support this, e.g. in the form 
of Windows COM, but this is quite frequently cumber-
some and difficult to use.  Frameworks, such as Microsoft 
.NET or the Java environment, are much better suited for 
binary level integration. 
 
The framework also needs to ensure type compatibility 
between modules written in different languages.  This 
implies that method signatures do not change between 
specification and implementation.  This property has to be 
supported by the framework and taken into consideration 
by the developer. 
 
AsmL from Microsoft Research is a specification lan-
guage that fulfills both requirements.  It is a formal execu-
table specification language built upon the Microsoft 
.NET framework.  The next two sections introduce both 
briefly.  The discussion of our example follows. 

3.1 Microsoft .NET Framework 
The Microsoft .NET Framework is a software platform 
developed by Microsoft.  At its heart lies the Common 
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Language Runtime (CLR) which executes Common In-
termediate Language (IL) code using just-in-time compi-
lation.  The CLR serves the same purpose as Java’s Vir-
tual Machine, except not for Java Byte code but for IL 
code.  Situated above the CLR are the .NET Framework 
classes that provide common system services, database 
access and many more things.  Those classes can be used 
in Visual C++ .NET instead of the Standard Template 
Library for example. 
 
A compiler for a .NET language generates IL code in the 
form of an assembly.  .NET provides language interop-
erability through these assemblies, as every language can 
use any other assembly.  For example, an application 
could be composed of assemblies written in VC++, VB, 
C# and J#.  To the user, such an application would appear 
as if it was written in a single language, e.g. no perform-
ance differences are detectable between assemblies.  In 
addition, a developer uses an assembly the same way no 
matter what language it was written in. 
 
Microsoft .NET differentiates between managed and un-
managed code.  Managed code fully conforms to the 
framework, e.g. it always uses the CLR garbage collec-
tion, and is fully compiled into IL.  Unmanaged code may 
only conform to parts of the framework, or may not even 
fully compile into IL.  Most .NET languages only support 
managed code.  VC++ is the only .NET language that 
supports both in the same source file.  The C++ compiler 
will attempt to generate IL code for the unmanaged 
source code portions, but if not possible will generate 
native x86 code wrapped by IL code.  For an in-depth 
discussion of the managed extensions for VC++, see [11].  
 
Besides the languages mentioned above which are pro-
vided by Microsoft, there are a lot of other languages 
available for .NET.  For a thorough discussion of the CLR 
and language integration, see [12]. 

3.2 AsmL for Microsoft .NET 
AsmL is Microsoft Research’s Abstract state machine 
Language.  It is an executable specification language and 
a full .NET language, which is the key for our approach to 
incremental software development. 
 
The syntax of the language, as seen in the example below, 
should look somewhat familiar to C++, C# or Java pro-
grammers.  In contrast to those languages however, there 
are no symbols that indicate blocks.  Blocks are solely 
determined by indentation.  The unfamiliar “step” state-
ment marks the beginning of a new block that will be 
executed in parallel when the next step statement is en-
countered.  In other words, a state transition occurs, which 
in essence treats all statements as one transaction.  AsmL 
has one global state, which is broken into smaller sub-
states by nested step statements.  As the concept of a 
global state does not work in an environment where nor-
mal programming languages are mixed with AsmL, we 

chose to treat every module as its own separate state ma-
chine.  This can be achieved in AsmL by adding the 
statement “[EntryPoint]” before a class. 
 
AsmL is a powerful specification language.  In addition to 
its transaction based concept, it provides data abstraction 
through high-level data structures, correctness conditions, 
a very strong type system and feature abstraction.  For a 
further discussion of the language and its applications see 
[13], [14] and [15].  The following example demonstrates 
our approach with AsmL.  AsmL syntax that is not intui-
tive is explained in the text. 

4. Example 
Our chosen example is a simple magnetic swipe-card au-
thentication system.  The system uses different numerical 
levels of security access with 0 being the lowest one and 
10 the highest one.  The user specifies a desired access 
level and then swipes his card.  The systems extracts the 
ID from the string stored on the swipe card and compares 
it to a repository of IDs and allowed access levels.  If the 
user has a high enough access level, the system grants 
access; otherwise access is denied. 

4.1 AsmL Specification 
There is one specification per module. In our example 
each specification consists of one class in one namespace. 
We do not use an explicit interface for the module, al-
though in general we would recommend this. Our module 
hierarchy is very simple: ClassA is on the top and repre-
sents the user interface.  ClassB is directly below it and it 
uses ClassC and ClassD. 
 
namespace namespace_ClassA 
import namespace_ClassB 
 
[EntryPoint] 
public class ClassA 
  private var Authenticator as ClassB = new ClassB() 
 
  public run() 
    step Write(“Please enter the security level you wish to access: “) 
    step intLevel as Integer = ToInteger(ReadLine()) 
    step Write(“Please swipe your ID card: “) 
    step strCard as String = ReadLine() 
    step 
      if (Authenticator.HasAccess(strCard, intLevel)) then 
        WriteLine(“Access Granted”) 
      else 
        WriteLine(“Access Denied”) 

Figure 1 AsmL Specification for ClassA 
 
Figure 1 shows the AsmL specification for ClassA.  The 
class first instantiates ClassB, and then asks the user for 
the desired level of access.  After that, the user is asked to 
swipe his card.  ClassA then calls ClassB to determine 
whether the user has access to that level, and either prints 
out “Access Granted” or “Access Denied”.  For this ex-
ample, the swipe card string is assumed to be a four digit 
number representing the ID number of the user.   
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namespace namespace_ClassB 
import namespace_ClassC 
import namespace_ClassD 
 
[EntryPoint] 
public class ClassB 
  private var Store as ClassC = new ClassC() 
  private var Extractor as ClassD = new ClassD() 
 
  public HasAccess(strCard as String, intLevel as Integer) as Boolean 
    require strCard.Length > 0 and intLevel >= 0 
    return 
(Store.getAuthenticationLevel(Extractor.getID(strCard))>=intLevel) 

Figure 2 Asml Specification for ClassB 
 
namespace namespace_ClassC 
 
[EntryPoint] 
public class ClassC 
  private var IDs as Map of Integer to Integer = {1234->4, 2323->2, 
1212->10, 4534->7} 
 
  public getAuthenticationLevel(ID as Integer) as Integer 
    require ID > 0 and then IDs.Contains(ID) 
    ensure result >= 0 and result <= 10 
    return IDs(ID) 

Figure 3 AsmL Specification for ClassC 
 
Figure 2 shows ClassB.  ClassC, in Figure 3, acts as re-
pository for the user IDs and their associated access lev-
els.  It defines a map of integers in which the user ID can 
be looked-up and the associated access level retrieved.  
Data structures like this map are one of the previously 
mentioned strengths of AsmL.  In this specification, we 
pre-initialize the map with data, which is sufficient for the 
size of the example.  It is an abstraction (simplification) 
of the full behavior.  The “require” statement represents a 
pre-condition, the “ensure” statement a post-condition.  
Execution of the specification is stopped and an error 
message displayed if a condition fails. 
 
namespace namespace_ClassD 
 
[EntryPoint] 
public class ClassD 
  private const intBegin as Integer=0 
  private const intLength as Integer=4 
 
  public getID(strCard as String) as Integer 
    require strCard.Length >= intLength and then strCard.Length >= 
intBegin + intLength 
    ensure result > 0 
    return ToInteger(strCard.Substring(intBegin, intLength)) 

Figure 4 AsmL Specification for ClassD 
 
Figure 4 shows the class that is used to retrieve the ID 
number from a swipe card string.  It extracts the substring, 
specified by its beginning and length, from the provided 
swipe card string that represents the ID number.  As men-
tioned above and reflected in the values of the two con-
stants, the example expects a four digit number and not a 
real swipe card string.  Figure 5 below shows the last 
piece necessary to achieve an executable specification, 
namely Main(). 

 
namespace AuthenticationExample 
import namespace_ClassA 
 
Main() 
  step A as ClassA =new ClassA() 
  step A.run() 

Figure 5 Asml Specification Main() 

4.2 First Incremental Development Step 
We chose to use Visual C++ 2003 .NET as our implemen-
tation language.  We decided to first implement ClassC. 
 
#pragma once 
using namespace System; 
 
namespace namespace_ClassC { 
    public __gc class ClassC { 
    public: 
        ClassC(); 
        int getAuthenticationLevel(int ID); 
    }; 
} 

Figure 6 C++ Header for ClassC 
 
Figure 6 shows the C++ header file for ClassC.  Besides 
the compiler directive in the first line, the using statement 
following it and the “public __gc” it looks like an ordi-
nary C++ header.  The first two items were automatically 
added by VC++, the last one declares ClassC as a man-
aged class using garbage collection that is public. 
 
#include <iostream> 
#include <fstream> 
#include "ClassC.h" 
using namespace std; 
 
namespace namespace_ClassC { 
    ClassC::ClassC() {} 
    int ClassC::getAuthenticationLevel(int ID) { 
        int intIDFile, intLevelFile; 
        ifstream RepositoryFile; 
 
        RepositoryFile.open("IDs.txt"); 
        RepositoryFile>>intIDFile>>intLevelFile; 
        while (RepositoryFile.good()) { 
            if (intIDFile == ID)  
                return intLevelFile; 
        RepositoryFile>>intIDFile>>intLevelFile; 
        } 
        return -1; 
    } 
} 

Figure 7 C++ Code for ClassC 
 
The definition of ClassC is straight C++ code.  However, 
this class uses the C++ standard template library, which is 
by default unmanaged.  Therefore ClassC is considered to 
be mixed code. 
 
There is one crucial difference between the implementa-
tion and the specification.  The specification uses a pre-
initialized in-memory structure to represent the reposi-
tory, whereas the implementation reads from a text file.  
We chose this form of abstraction to highlight that our 
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architectural specification only has to show what a mod-
ule does (return the access level associated with a specific 
ID) and not how it does it (use an in-memory structure, a 
file or even query a directory service).  Another difference 
is that a pre-condition of the specification fails, if the ID 
is not in the map; whereas the C++ implementation re-
turns -1 if the ID cannot be found in the text file.  
 
ClassC’s “getAuthenticationLevel” has the same signa-
ture in the implementation and specification as the 
method name and the arguments are the same.  In addi-
tion, the primitive C++ types are automatically compiled 
as their corresponding .NET types. 
 
We compiled ClassC as a .NET Class Library and joined 
it together with the rest of the unchanged AsmL specifica-
tion.  The application was then tested for functionality and 
performed as expected. 

4.3 Second Incremental Development Step 
As second step, we replaced ClassB with its implementa-
tion in C++.  ClassB is more interesting because it calls 
an AsmL class, but is also called by one.  Therefore it 
demonstrates that both are feasible. 
 
#pragma once 
using namespace System; 
 
using namespace namespace_ClassC; 
using namespace namespace_ClassD; 
 
namespace namespace_ClassB { 
    public __gc class ClassB { 
    public: 
        ClassB(); 
        Boolean HasAccess(String *strCard, Int32 intLevel); 
    private: 
        namespace_ClassC::ClassC *Store; 
        namespace_ClassD::ClassD *Extractor; 
    }; 
} 

Figure 8 C++ Header for ClassB 
 
In contrast to the previous header file, Figure 8 looks less 
familiar.  The method “HasAccess” uses .NET types in-
stead of primitive or standard template library C++ types.  
We decided to implement ClassB as fully managed class.  
Figure 9 below shows that the C++ standard template 
library is not being used. 
 
#include "ClassB.h" 
 
namespace namespace_ClassB { 
    ClassB::ClassB() { 
        Store = new namespace_ClassC::ClassC(); 
        Extractor = new namespace_ClassD::ClassD(); 
    } 
    Boolean ClassB::HasAccess(String *strCard, Int32 intLevel) { 
        return (Store->getAuthenticationLevel(Extractor->getID(strCard)) 
>= intLevel); 
    } 
} 

Figure 9 C++ Code for ClassB 
 

We compiled this method also into a .NET Class Library 
and joined it together with ClassC, ClassD, ClassA and 
Main().  The application continued to execute properly. 

4.4 Further Steps 
In a next step, ClassA and Main() could be replaced by a 
graphical user interface.  We decided not to show this 
step, because there is not much new to learn from. 
 
ClassD can be left in AsmL even in the implementation, 
or converted to C++ code as well.  If left in AsmL, then 
the AsmL library has to be distributed with the finished 
application.  In addition, AsmL’s state machine concept 
adds significant overhead to this simple class.  Therefore, 
for performance and deployment reasons, it is advisable 
to change even such a trivial class as ClassD to a C++ 
implementation. 

5. Conclusion 
We have shown a feasibility study for a more flexible 
approach to incremental software development.  In this, a 
formal executable specification in AsmL is obtained first.  
As development proceeds, individual specifications are 
replaced by the corresponding implementation of the 
module until the system is entirely composed of imple-
mentation modules. The modules can be implemented in 
any order, regardless of the dependencies among them. 
 
The advantages of our approach are clear.  One can dem-
onstrate the system at any point in the development proc-
ess, which also means that system testing is possible at 
any time.  There is also no need to develop stubs and 
drivers for integration testing, as the specification or al-
ready implemented modules can take on these roles.  De-
pendency issues between modules that are problematic in 
the traditional software development approach do not 
exist in our approach.  In addition, developers can be allo-
cated as they are available and not as they are needed.  
Also, unit, integration and system testing can be sup-
ported with AsmL’s testing tool, which is described be-
low.  If that tool is used for all testing phases in a project, 
the development of stubs and drivers might be avoided 
completely. 
 
One issue with our approach is the question of what and 
how to abstract. The specification must have at least one 
AsmL class per module, must provide the same interface 
as the implementation, and must use the same other mod-
ules in the same way as the implementation. In other 
words, its interaction behavior must be the same as the 
implementation’s.  
 
However, other aspects of the behavior can be abstracted. 
All external calls, e.g. I/O access, should be abstracted, if 
possible, as we did with ClassC. AsmL supports the gen-
eration of non-deterministic (random) values as built-in 
statements, which supports feature abstraction.  These 
random values can be used as arguments.  However, when 
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one module needs to take arguments it receives, process 
them and call another module with its results, the use of 
non-determinism causes problems. 
 
Our approach is also limited to Windows platforms, as 
there is currently no version of the .NET framework 
available for any other ones.  In addition, our approach 
requires a .NET project, and does not support pre-.NET 
Windows application development as done with Visual 
C++ 6.0 for example. 
 
Mixed code represents a possible obstacle for AsmL’s 
powerful testing tool.  It is therefore advisable to write 
only managed code in VC++.  The AsmL testing tool ana-
lyzes a specification, derives a finite state machine from it 
and generates test cases from the latter.  However, the tool 
requires changes in variables, specifically non-local ones, 
to generate a finite state machine.  As our example does 
not do this, the testing tool could not be used.  Addition-
ally, AsmL provides conformance testing, in which an 
AsmL specification is executed concurrently with the 
implementation and the implementation’s results checked 
against the specification.  For a thorough discussion of 
testing with AsmL, see [14] and [15]. 
 
The AsmL tools could be enhanced to support our devel-
opment approach directly.  Things such as better editing 
support within Visual Studio’s IDE, the ability to have 
more than one AsmL file per project and the improvement 
of the testing tool would render our approach to incre-
mental software development much more practical. 
 
After having demonstrated the feasibility of this approach, 
one next step is to use it in a larger development project. 
We would also like to incorporate the use of the AsmL 
testing tool for unit, integration, and system testing into 
our approach. 
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