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Abstract

Meta-programs are incomplete and adaptable programs that are instantiated to meet a range of different requirements. Meta-programs in XVCL  facilitate reuse and are organized into a hierarchy of meta-components, called x-frames, from which the XVCL processor generates concrete, executable programs. To aid in understanding of x-frames, we developed an x-frame query language, FQL for short. In FQL, we can formulate questions about x-frame properties. An FQL query processor automatically answers queries. An important finding from our study is that traditional static program analysis techniques are not directly useful for meta-programs. Interesting and useful queries require partial processing (that is instantiation)  of a meta-program.  While the details of  analysis methods depend on a specific meta-programming technique, we believe readers interested in meta-programming techniques in general will find lessons from our experiment interesting and useful.

1. Introduction

Meta-programs represent a class of programs in generic form.  Customized programs derived from the meta-program may differ in requirements, design decisions or platforms. Meta-programming techniques facilitate reuse - customized programs form a product line, with a meta-program being a product line architecture. 

Generic meta-programs are more difficult to describe and understand than concrete programs. Static analysis methods have been applied to ease understanding and maintenance of programs - can similar methods be used for meta-programs? 

An important finding from our study is that traditional static program analysis techniques are not directly useful for meta-programs. Interesting and useful queries require partial processing (that is instantiation) of a meta-program.  In this paper, we describe problems in understanding meta-programs built with XVCL [6]
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 \* MERGEFORMAT [7] and a query system, our solution to some of those problems. XVCL, XML-based Variant Configuration Language, is a meta-language, method and tool for enhanced maintainability and reusability developed at the National University of Singapore http://fxvcl.sourceforge.net. While the details of analysis methods depend on a specific meta-programming technique, readers interested in meta-programming in general may find lessons from our experiment interesting and useful. 

2. An overview of XVCL 

XVCL is based on Frame technology [1]. Frame technology has been extensively applied in industry to manage variants and evolve multi-million-line, COBOL-based, information systems. The excellent record of frame technology in large-scale software applications was the main reason which led us to implementing XVCL  Unlike original frames, XVCL blends with contemporary programming paradigms and complements other design techniques.  

XVCL works on the principle of constructing custom systems by composing generic, reusable meta-components, after possible adaptations. Any location or structure in a meta-component can be a designated variation point, available for adaptation by ancestor meta-components. This “composition with adaptation” process turns meta-components into concrete components of the custom system we wish to build. Program generation rules are 100% transparent to a programmer, who can fine-tune and re-generate code without losing prior customizations..

To facilitate effective reuse, we split a program into generic, reusable and adaptable meta-components, called x-frames. An x-frame can be viewed as a component parameterized for change and reuse. Usually, from a small number of x-frames we can generate many concrete components that differ in various characteristics such as functional requirements or design decisions. 
XVCL commands allow the composition of the meta-components, selection of pre-defined options based on certain conditions, etc. Meta-variables and expressions provide a powerful parameterization mechanism. 
We organize x-frames into a layered meta-component architecture called an x-framework (Figure 1). An x-framework is designed into layers to enhance reuse. It is also “normalized” to eliminate redundancies. 

[image: image1.wmf]an x

an x

-

-

framework: 

framework: 

generic, adaptable, 

generic, adaptable, 

reusable  meta

reusable  meta

-

-

component  architecture

component  architecture

menu

menu

editor

editor

toolbar

toolbar

option

option

button

button

icon

icon

Part Of

x

-

frame

an x

an x

-

-

framework: 

framework: 

generic, adaptable, 

generic, adaptable, 

reusable  meta

reusable  meta

-

-

component  architecture

component  architecture

menu

menu

editor

editor

toolbar

toolbar

option

option

button

button

icon

icon

Part Of

x

-

frame

menu

menu

editor

editor

toolbar

toolbar

option

option

button

button

icon

icon

menu

menu

editor

editor

toolbar

toolbar

option

option

button

button

icon

icon

Part Of

Part Of

x

-

frame

example: x

-

framework for Editors

XVCL processor

XVCL processor

specifications

specifications

of 

of 

a custom program

a custom program

custom

custom

program

program

example: a Notepad


Figure 1. XVCL at work

XVCL is supported by a processor.  The processor traverses x-framework, interprets XVCL commands embedded in visited x-frames and emits a custom program into one or more files. In our example, the output is emitted to a single file. The processor's traversal order is dictated by <adapt> commands embedded in x-frames. The <adapt> command tells the processor to customize and include the specified x-frame. This customization process of the x-framework is directed by instructions contained in the specification x-frame, called SPC for short.

2.1 Essential XVCL commands

We shall now describe a subset of XVCL that is sufficient for the purpose of this paper. We refer the reader to XVCL Web site for complete description of XVCL.

<x-frame> command:

<x-frame name= ”name” >
  x-frame body: mixture of code and XVCL commands  

</x-frame>

An x-frame body contains the program code instrumented for ease of changing with XVCL commands. Attribute name defines the name of x-frame.   

<adapt> command:

<adapt x-frame=”name”> 

     adapt-body : mixture of <insert>, <insert-before>, <insert-after> commands 

</adapt> 
(or)
<adapt x-frame=”name”/>

The <adapt> command instructs the processor to:

· adapt the x-frame defined in “x-frame” attribute and apply the commands listed in the adapt-body,

· include the adapted x-frame into the current x-frame,

· resume processing of the current x-frame.

The x-frame name may be a character string specifying the name of a concrete x-frame (e.g., “A”) or a reference to a variable whose value specifies x-frame name. Variable reference has a form “@V” (explained later in more details).

The adapt-body may contain a mixture of <insert>, <insert-before> and <insert-after> command. Customization commands may affect any x-frame reached in a sequence of <adapt> commands from a given one. For example, in x-framework of Figure 1, customization commands specified in <adapt x-frame=”B”> may refer not only to x-frame B , but also x-frames D and E.
<break> command:

<break name =”break-name”>
   break-body </break> 
The <break> command marks a point at which an x-frame can be adapted by ancestor x-frames via <insert>, <insert-before> and <insert-after> commands. The break-name is either character string or variable reference. The break-body defines the default code that may be replaced or extended by <insert>, <insert-before> and <insert-after> commands.

<insert>  command:

<insert break = ”break-name”>
insert-body 
</insert> 

The <insert> command replaces the break point “break-name” in the adapted x-frame and its descendents with the insert-body. The <insert-before> command inserts the insert-body before the break point “break-name” in the adapted x-frame and its descendents. The <insert-after> command inserts the insert-body after the break point “break-name” in the adapted x-frame and its descendents. 

The insert-body may contain a mixture of code and XVCL commands to replace or extend at matching break point defined in “break” attribute.

<set> command:

<set var = ”var-name” value = ”value” /> 

The <set> command is used to define a single-value variable. The <set> command assigns a value defined in value attribute to single-value variable var-name defined in var attribute. Value is either a string or a reference to a variable.

<set-multi> command:

<set-multi var=”var-name” value=”value1, value2, …” />

The <set-multi> command is used to define a multi-value variable. The <set-multi> command assigns multiple values (value1, value2,…) define in “value” attribute to a multi-value variable name var-name define in var attribute.
<value-of> command

<value-of expr = ”variable-ref” />

The value of the “variable-ref” is evaluated and the result is inserted in place of the <value-of> command. Variable reference can be direct or indirect such as:

“@v” – value of  variable v (direct reference)

“@@v” – value-of(value-of(v)) (indirect reference)

“@…@v” –multi-level indirect  reference

Variable scoping rules:

Variable scoping rules are the same for both single-value and multi-value variables. While many x-frames may include <set> commands for the same variable, only <set> commands from one x-frame take effect during each run of XVCL processor through x-frames. The <set> command(s) in the ancestor x-frame takes precedence over <set> commands in its descendent x-frames. That is, once x-frame X sets the value of variable v, <set> commands that define the same variable v in descendent x-frames (if any) visited by the processor will not take effect. However, the subsequent <set> commands in x-frame X can reset the value of variable v. Variable v becomes undefined as soon as the processor returns the processing to the parent x-frame that adapts x-frame X.

Variables become undefined as soon as the processing level rises above the x-frame that effectively set variable values. This makes it possible for other x-frames to set and use the same variables and prevents from the interference among variables used in two different subtrees in the x-frame hierarchy.

The above scoping rule has important implication on reuse. Lower level x-frames must be generic so that they can be reused in many systems. Such x-frames define default values of variables in their respective <set> commands. However, ancestor x-frames often need to adapt lower level x-frames for reuse in different contexts. Some of adaptations are done by setting values of variables. Therefore, ancestor x-frames must have a power to override defaults defined in lower level x-frames. Variable scoping rules in XVCL reflect the above thinking. 
Definition of <select> command
<select option = ”var-name”>

         select-body: may contain options listed below

</select>

select-body:

    <option-undefined> 

           option-body 
</option-undefined>  (optional)
<option value = ”value”> (0 or more)
option-body 
</option>
<otherwise> (optional)
           option-body 
</otherwise>  
Select from a set of options based on variable “var-name” as follows:

    <option-undefined> is processed, if  the variable “var-name” is undefined,

    <option> is processed, if value of “var-name” matches <option>’s “value”,

    <otherwise> is processed, if none of the <option>’s “value” is matched.

The option-body may contain a mixture of textual content and XVCL commands.

Definition of <while> command:

<while using-items-in=”multi-var”>
 while-body 

</while>

The <while> command iterates over while-body using the values of multi-var defined in using-items-in attribute. The i’th iteration uses i’th value of the multi-valued variable “multi-var”. Inside while-body, multi-var with the i’th value can be used as single-value variable. The while-body may contain a mixture of code and XVCL commands.

3. Questions about x-frameworks

To effectively work with x-frameworks we must:

· understand the chain of x-frame inclusions triggered by <adapt> commands from SPC or from any internal point of an x-framework; 
· understand the impact of such inclusions on properties of the resulting custom program

· understand the data flow relations at meta-level
Here are examples of specific queries programmers ask when trying to understand an x-framework:

1. Select all the <adapt> commands from all x-frames

2. Select variables that are modified in x-frame X

3. Select x-frames that modify value of variable COLOR

4. Select x-frames that adapt x-frame X

5. Select XVCL select structures that adapt x-frame X

6. Select x-frames adapted directly or indirectly from XVCL command at line 10 in x-frame X

7. Select x-frames containing break point named BP

8. Select x-frames that adapt x-frame X with modification at break point BP

9. Select x-frames that set variable v before adapting x-frame X

10. Select x-frames that use variable v in some <adapt> command

11. Select x-frames that are adapted directly or indirectly from x-frame X and modify variable V, and make selection (in XVCL <select> command) based on variable v

4. An x-framework query language (FQL)
Answering the above queries is difficult and error-prone, as one has to inspect multiple x-frames and emulate XVCL processing to find the result. To ease understanding of x-frameworks, we designed a query language, called FQL for x-frame query language, and an FQL query system to automatically answer queries. 

Ad hoc approach to supporting queries won’t work as the list of queries is endless. We applied concepts from an earlier project on static program analysis [4] to design an x-framework query system in a systematic way as follows:

1. we start by identifying an useful class of x-frame queries such as those we listed in section 3,

2. we create a conceptual  information model of x-frames that is needed to answer the queries,
3. we define the X-frame Knowledge Base (XKB), a repository to store the x-frame information,
4. we design a front-end to parse the x-framework and to  generate the XKB contents 

5. we implement an interpreter to evaluate x-frame queries written in FQL,
6. finally, we design x-frame view projector to display the results of x-frame queries.

5. A conceptual model for x-frameworks
Figure 2
 depicts XVCL commands, as described in section 2. 
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Figure 2. XVCL command model
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Figure 3. XVCL command structure model
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Figure 4. Command processing order model

Relationship Follows (Figure 3) depicts the sequential order of commands in an x-frame. Relationship Follows* is a transitive closure of Follows. Relationship Contains models direct nesting among commands. Relationship Contains* models direct or indirect nesting among commands. 

Relationship Adapts (x, y) (Figure 4) holds if x-frame x adapts x-frame y in a processing context under consideration. Notice that x-frame x may contain a command <adapt x-frame ="y"> but still this command may not be executed. Relationship Adapts* is transitive closure of Adapt. Relationships Next and Next* model processing control flow processing among any XVCL commands:  Next (c, d) holds if commands c and are in the same x-frame and command d is executed after command c. Relationship Next* (c, d,) holds if command d is executed after command c, independently of whether commands c and are in the same or in different x-frames.

Relationship Modifies (x, v) (Figure 5) holds if command x directly sets value of variable v. Relationship Modifies*(x, v) holds if Modifies (x, v) or there exist y such that Adapts *(x,y) and Modifies (y, v). Relationships Uses and Uses* are defined in a similar way.
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Figure 5. XVCL variable usage model

Relationships Affects and Affects* (Figure 6) model data flow among variable definition and reference points. Relationship Affects (s, ref) holds if value of variable v assigned in <set> command s can be actually used in reference to this variable var-ref. Relationship Affects* (s, ref) holds if there is a chain of variable definitions and references, starting at <set> command s and ending at variable reference ref, such that s affects (directly or indirectly) ref.
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Figure 6. Data flow model

5.1 Querying x-frameworks in FQL

FQL queries are expressed in terms of x-frame information model described in the previous section.  A typical query has the following format:


Select … from … such that … with  … 

Here are examples of queries:

Q1. Select all the adapt commands from all x-frames

Select adapt

Q2. Select all the <adapt> commands from x-frame “CAD”

x-frame x ; adapt a ;

Select adapt from x with x.x-frameName=”CAD”

or simpler: Select a from “CAD” 

Q3. Select all the <insert> commands directly nested within <adapt> commands 

Select insert such that Contains (adapt, insert)

Q4. Select variables whose values are modified in x-frame X and used in x-frame Y

variable v ; x-frame x, y ;

Select v such that Modifies (x, v) and Uses (y, v) with x.x-frameName = “X” and y.x-frameName = “Y”


Q5. Select x-frames that modify value of variable “COLOR"

Select x-frame such that Modifies (x-frame, “COLOR”) 

Q6. Select x-frames that adapt x-frame X directly or indirectly

Select x-frame such that Adapts* (x-frame, “X”)

Q7. Select all references to variable v affected by <set> command at line number 20 in x-frame “CAD”

var-ref ref ;

Select ref from “CAD” such that Affects (“CAD”.20, ref) 

6. Interpretation of queries 

As XVCL is a dialect of XML, we started prototyping FQL query evaluator using an XML query language XQL [8] and a public domain XML parser, JAXP from Sun Inc [9]. We used JAXP parser for parsing XVCL files and extracting information about x-framework. The extracted information included the x-frame structure, adaptation hierarchy of x-frames, breakpoint settings, etc. We stored the extracted information in the XML format. We translated queries written in FQL into equivalent queries written in XQL and then used the XQL query engine to evaluate queries.

In this prototype solution, we could address only queries that could be answered by simple search for XML tags representing XVCL commands. Our evaluator could answer queries related to syntactical structure of x-frames (e.g., modeled by relationships Follows and Contains) and queries that required searching for different types of XVCL commands in x-frames. However, many useful queries depend on values of variables and cannot be answered by simple search for XML tags. For example, consider query:

Select x-frame such that Adapts (x-frame, “X”)

To answer this query, it is not enough to search for x-frames containing command <adapt x-frame = “X”/>. We must also consider commands <adapt x-frame = “@V”/> and check possible values of variable V. For this, we have to interpret the x-framework. 

Variables are heavily used to parameterize x-frameworks: x-frame names in <adapt> or break names in <insert> are most often expressed in terms of variable references. Also, <value-of> is commonly used to represent class and method names in generic way. Such parameterization is an important technique to achieve reuse. 

Interpretation of an x-framework depends on the context. The context is defined by specification x-frame SPC. The SPC usually sets values to many variables. Most of the variables have also default values that are defined anywhere in the x-framework. Therefore, we allow a programmer to specify the context in which a query is to be evaluated:

1. The default context in which no user-defined SPC is provided.

2. The customized context in which a programmer provides a SPC x-frame. Our FQL system also provides a user interface that allows a programmer to override default values of variables to set up a context for query evaluation.  

7. Conclusions

In this paper, we described an analysis technique  for meta-programs created with XVCL. In XVCL, we partition programs into generic, adaptable meta-components called x-frames and organize x-frames into a hierarchical structure called x-framework. An x-framework is meta-program that forms a product line architecture. To aid in understanding an x-framework, we developed a query language, FQL (x-frame query language). In FQL, we formulate questions related to adaptations and compositions of x-frames. An FQL query processor can automatically answer a class of useful queries aiding in understanding of x-frameworks. 

An important finding of our study is that traditional static program analysis techniques are not very much useful for meta-programs. Interesting and useful queries require partial processing (that is instantiation)  of a meta-program. Our query evaluator is, therefore, integrated with XVCL processor. We re-designed the XVCL processor and provided an API to facilitate invocation of XVCL processing functions during query evaluation. In addition, we provided an interactive environment for a programmer to set up a context for query evaluation (e.g., to set up values of undefined variables) and to view the intermediate results. 

In this paper, we described problems in understanding meta-programs built with XVCL and a query system FQL, our solution to some of those problems. While the details of  analysis methods too much extent depend on a specific meta-programming technique, the approach described in the paper can be applied to any mate-programming technique in which meta-components are parameterized for change and composed after adaptations to build a specific program.

Flexible manipulation of programs, central in software reuse, is the strength of meta-programming. We believe that methods and tools for understanding and debugging of meta-programs are essential for wider acceptance of meta-programming as an effective approach to software development.
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