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CHAPTER 1

Examples

Here we collect a list of (pointers to) languages developed with Spoofax. Not all projects have publicly available
sources. Let us know if you know of more projects to list here.

1.1 MetaBorg: Bootstrapping Spoofax

Spoofax is bootstrapped; all meta-languages used in Spoofax are developed in Spoofax. You can find the repositories
of these languages along with the Spoofax run-time system on the MetaBorg organization on github. The introduction
to Spoofax development section provides an overview of these repositories.

1.2 Spoofax in Production

Spoofax is used for the development of several languages that are used in the production of software systems.
WebDSL A web programming language <http://webdsl.org/>

IceDust A data modeling language supporting relations, multiplicities, derived values and configurable strategies for
calculation of derived values <https://github.com/MetaBorgCube/IceDust>

Green-Marl A DSL for graph analysis developed at Oracle Labs for running graph algorithms in PGX

PGQL Property Graph Query Language A DSL for graph querying developed at Oracle Labs as part of Parallel
Graph AnalytiX framework. The Spoofax definition is part of the open source implementation <https://github.
com/oracle/pgql-lang>.

LeQuest A DSL for modeling medical equipment interfaces for development of training software. This is a propri-
etary language.



https://github.com/metaborg
http://webdsl.org/
https://github.com/MetaBorgCube/IceDust
https://docs.oracle.com/cd/E56133_01/latest/reference/overview/run.html
http://pgql-lang.org/
https://docs.oracle.com/cd/E56133_01/latest/index.html
https://docs.oracle.com/cd/E56133_01/latest/index.html
https://github.com/oracle/pgql-lang
https://github.com/oracle/pgql-lang
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1.3 Spoofax in Education

We use Spoofax in education at TU Delft in a master’s course compiler construction course and in a bachelor course
on concepts of programming languages. The two main example languages used in that course are Mini Java and Tiger:

Mini Java A subset of the object-oriented Java language defined as assignment in Appel’s book. The sources are not
published since our students need to produce this. But you can follow the assignments.

Jasmin A Spoofax editor for Jasmin, an assembler for the Java Virtual Machine, which is used as target language for
the Mini Java compiler. <https://github.com/MetaBorgCube/spoofax-jasmin>

Tiger A functional language used as example in the ML edition of Appel’s book. The metaborg-tiger repository pro-
vides a complete definition of syntax in SDF3, static semantics in NaBL2, and dynamic semantics in DynSem.

PAPLJ Another subset of Java based on an assignment for Shriram Krishnamurthi’s book on Programming and
Programming Languages. <https://github.com/MetaBorgCube/metaborg-papl>

1.4 MetaBorgCube

The MetaBorgCube github organization is a collection of language projects developed with Spoofax. These are often
research or demonstration projects exploring (some aspect of) language definition with Spoofax. The projects are
(stuck) at different stages of development, not necessarily using the latest version of Spoofax, and at different stages of
maintenance (decay). Consider these projects as inspiration rather than as a source of working code. Some repositories
are private; let us know if you are interested. Here is a selection:

Simpl A small imperative language to demonstrate DynSem <https://github.com/MetaBorgCube/simpl>

QL/QLS Questionaire language used as example language in the language workbench challenge <https://github.com/
MetaBorgCube/metaborg-ql>

Grace A programming language designed for programming education. The Spoofax project defines a syn-
tax definition, desugaring, and operational semantics for the language. <https://github.com/MetaBorgCube/
metaborg-grace>

Go A subset of the Go programming language with a translation to JavaScript (Private Repository)

MetaC A version of the C programming language with modules and domain-specific language extensions <https:
//github.com/MetaBorgCube/metac>

Pascal A syntax and static semantics of the Pascal programming language <https://github.com/MetaBorgCube/
metaborg-pascal>

2 Chapter 1. Examples


https://tudelft-in4303-2016.github.io/
https://tudelft-in4303-2016.github.io/assignments/
https://github.com/MetaBorgCube/spoofax-jasmin
https://github.com/MetaBorgCube/metaborg-tiger
https://github.com/MetaBorgCube/metaborg-papl
https://github.com/metaborgcube
https://github.com/MetaBorgCube/simpl
https://github.com/MetaBorgCube/metaborg-ql
https://github.com/MetaBorgCube/metaborg-ql
https://github.com/MetaBorgCube/metaborg-grace
https://github.com/MetaBorgCube/metaborg-grace
https://github.com/MetaBorgCube/metac
https://github.com/MetaBorgCube/metac
https://github.com/MetaBorgCube/metaborg-pascal
https://github.com/MetaBorgCube/metaborg-pascal

CHAPTER 2

Publications

The concepts and techniques underlying the design and implementation of Spoofax are described in scientific publica-
tions in conference proceedings and journals. While those publications are typically (somewhat) behind when it comes
to technical details, this documentation cannot replace that body of work when it comes to exposition of concepts and
ideas. We recommend students of Spoofax to explore the literature.

The work on Spoofax has its origins in the ASF+SDF MetaEnvironment /R4 ] and work on the SDF2 syntax definition
formalism /R5]. Experience with rewriting in ASF lead to the development of the Stratego transformation language
[R6].

The Spoofax language workbench was first developed as an IDE extension of Stratego/XT [R/], a tool set for program
transformation based on SDF2 and Stratego. The main publication about Spoofax is /R2 ], which was based on Spoofax
1.0 and develops the requirements and architecture for a language workbench supporting agile language development.

In /R3] we develop a vision and first prototype to take Spoofax to the web; realizing that vision is still work in progress.
The vision for a language designer’s workbench is outlined in /R7]. That vision drives the current (May 2017) ongoing
development to enable higher-level definition of static and dynamic semantics in Spoofax.

We maintain a complete bibliography of research results on researchr. In the chapters on specific components, we
discuss their history and related publications.



http://researchr.org/bibliography/metaborg-spoofax/publications
http://researchr.org
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CHAPTER 3

Installing Spoofax

Spoofax is distributed as an Eclipse plugin. This guide shows how to download, install, and run Spoofax in Eclipse.

3.1 Requirements

Spoofax runs on the major operating systems:
¢ Windows (32 and 64 bits)
¢ Linux (32 and 64 bits)
* macOS (Intel only)

Spoofax requires a working internet connection to download several libraries when it is first started. These libraries
are cached afterwards, and only need to be re-downloaded when you update Spoofax.

3.2 Installing the Spoofax Eclipse Plugin

3.2.1 Using Homebrew ( macOS)

On macOS Spoofax can be installed easily using Homebrew. For other platforms, or manual installation, follow the
Download (all platforms) instructions below.

Install the latest release of Spoofax Eclipse as follows:

brew tap metaborg/metaborg
brew cask install spoofax

The optional command-line tools are installed with:

brew install strategoxt



https://brew.sh/
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Continue at Running Eclipse.

Warning: Upgrading the Spoofax cask using brew cask upgrade --greedy will lose all manually in-
stalled plugins. It is recommended to use Eclipse update sites to keep Spoofax up-to-date.

3.2.2 Download (all platforms)

To get started with Spoofax, download an Eclipse Oxygen installation with Spoofax preinstalled for your platform:
* Windows 32-bit with embedded JRE
* Windows 64-bit with embedded JRE
* Linux 64-bit with embedded JRE
* macOS Intel with embedded JRE

These are bundled with an embedded Java Runtime Environment (JRE) version 8, such that a JRE on your system is
not required. If your system has a JRE of version 8 or higher installed, and would rather use that, use the following
download links instead:

¢ Windows 32-bit
¢ Windows 64-bit
¢ Linux 64-bit

¢ macOS Intel

3.2.3 Unpack

Unpack the downloaded archive to a location with write access, since Eclipse requires write access to the unpacked
Eclipse installation.

Warning: On Windows, do not unpack the Eclipse installation into Program Files, because no write access
is granted there, breaking both Eclipse and Spoofax.

Warning: On macOS Sierra (10.12) and above, you must move the unpacked spoofax . app file to a different
location (such as Applications) after unpacking, to prevent App Translocation from moving the app into a
read-only filesystem, breaking Eclipse and Spoofax.

Alternatively, you can prevent App Translocation by clearing attributes from the application. To do this, open the
Terminal, navigate to the directory where the spoofax . app is located, and execute:

xattr —-rc spoofax.app

3.2.4 Running Eclipse

Start up Eclipse, depending on your operating system:
* Windows: open spoofax/eclipse.exe

e Linux: open spoofax/eclipse

6 Chapter 3. Installing Spoofax


http://artifacts.metaborg.org/service/local/repositories/releases/content/org/metaborg/org.metaborg.spoofax.eclipse.dist/2.5.16/org.metaborg.spoofax.eclipse.dist-2.5.16-windows-x86-jre.zip
http://artifacts.metaborg.org/service/local/repositories/releases/content/org/metaborg/org.metaborg.spoofax.eclipse.dist/2.5.16/org.metaborg.spoofax.eclipse.dist-2.5.16-windows-x64-jre.zip
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http://artifacts.metaborg.org/service/local/repositories/releases/content/org/metaborg/org.metaborg.spoofax.eclipse.dist/2.5.16/org.metaborg.spoofax.eclipse.dist-2.5.16-windows-x86.zip
http://artifacts.metaborg.org/service/local/repositories/releases/content/org/metaborg/org.metaborg.spoofax.eclipse.dist/2.5.16/org.metaborg.spoofax.eclipse.dist-2.5.16-windows-x64.zip
http://artifacts.metaborg.org/service/local/repositories/releases/content/org/metaborg/org.metaborg.spoofax.eclipse.dist/2.5.16/org.metaborg.spoofax.eclipse.dist-2.5.16-linux-x64.tar.gz
http://artifacts.metaborg.org/service/local/repositories/releases/content/org/metaborg/org.metaborg.spoofax.eclipse.dist/2.5.16/org.metaborg.spoofax.eclipse.dist-2.5.16-macosx-x64.tar.gz
http://lapcatsoftware.com/articles/app-translocation.html
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* macOS: open spoofax. app

Warning: Do not update Eclipse with Help — Check For Updates, as it will update Eclipse to newer major
versions which are not always backwards compatible, and which require a JRE of version 11 or higher which we
do not bundle (we bundle JRES) with Eclipse.

Note: On macOS, if Eclipse cannot be opened because it is from an unidentified developer, right click spoofax.
app and choose Open to grant permission to open Eclipse.

If Eclipse cannot be opened because it is damaged, open the Terminal, navigate to the directory where spoofax . app
is located, and execute:

xattr -rc spoofax.app

This will clear the attributes that Eclipse has been downloaded from the internet, and grant permission to open Eclipse.

Note: If you downloaded Spoofax Eclipse without an embedded JRE, it may not start or give an error A Java Runtime
Environment (JRE) or Java Development Kit (JDK) must be available in order to run Eclipse or To open “spoofax”
you need to install the legacy Java SE 6 runtime. To fix this, specify the path to a valid JDK using the —vm option at
the start of eclipse.ini (spoofax.app/Contents/Eclipse/eclipse.ini on macOS).

For example, to specify the current JDK installed by Sdkman, add this at the top of your eclipse.ini:

-vm
/Users/myusername/.sdkman/candidates/java/current/1lib/jli/1ibjli.dylib

See this link for more information.

Note: On Ubuntu 16.04, Eclipse is known to have problems with GTK+ 3. To work around this issue, add the
following to eclipse.ini:

——launcher.GTK_version
2

before the line:

——launcher.appendVmargs

After starting up, choose where your workspace will be stored. The Eclipse workspace will contain all of your settings,
and is the default location for new projects.

Some Eclipse settings unfortunately have sub-optimal defaults. After you have chosen a workspace and Eclipse has
completely started up, go to the Eclipse preferences and set these options:

* General — Startup and Shutdown
— Enable: Refresh workspace on startup
* General — Workspace
— Enable: Refresh using native hooks or polling

* Maven — Annotation Processing

3.2. Installing the Spoofax Eclipse Plugin 7
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— Enable: Automatically configure JDT APT

3.2.5 Changing Eclipse Memory Allocation

By default a plain Eclipse has a maximum heap size of 1 GB. You may want to increase this limit. The default for the

Eclipse application produced by Spoofax is 2 GB.

To run Eclipse once with a different memory limit, call it from the command-line like this:

eclipse [normal arguments] -vmargs —-Xmx2G

If this works, you can permanently apply this limit in the eclipse.ini file in the Eclipse installation directory (
macOS: Contents/Eclipse in the Eclipse package) by changing the —Xmx argument. For example:

-vmargs
[...]
—XstartOnFirstThread
—Xssl6M
~Xms2G
—Xmx2G
-Dosgi.requiredJavaVersion=1.8
—-server

—Xss the size of the thread stack
—Xms the initial size of the heap

—Xmx the maximum size of the heap

3.2.6 Further Instructions

Follow the Getting Started guide to get started with Spoofax in Eclipse.

Chapter 3. Installing Spoofax




CHAPTER 4

Creating a Language Project

This guide will get you started with language development in Spoofax, within an Eclipse environment.

4.1 Installation

First follow the Installation Guide for instructions on how to download, install, and run Spoofax in Eclipse.

4.2 Hello World Language

To get you started, let’s do the ‘hello world” of language development; the hello world language. In Eclipse, open
the new project dialog by choosing File — New — Project from the main menu. In the new project dialog, select
Spoofax — Spoofax language project and press Next to open the wizard for creating a Spoofax language specification
project. As project name, choose helloworld, which will automatically fill in the identifier, name, and extension
of the language. Keep the defaults for the other fields and press Finish to create the project. Once the project has been
created, open and expand it in the package or project explorer view.

The syntax for the language is specified in the syntax/helloworld.sdf3 SDF3 file. SDF3 is our syntax defini-
tion language, from which we derive a parser, pretty-printer, and syntactic completions from your language. Currently,
the syntax contains a single start symbol Start, and a production that accepts an empty program: Start .Empty
= <>. Remove that production and replace it with the following productions:

Start.Program = <<Word> <Word>>
Word.Hello = <hello>
Word.World = <world>

This grammar accepts a program consisting of 2 words, where the words can be hello or world, with any number
of layout characters (whitespace, tabs, empty lines, comments, etc.) in between.

To observe our changes to the grammar, we must first rebuild the project by selecting Project — Build Project. If this
is greyed out, make sure that the project is selected in the project explorer.
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Create a new file by choosing File — New — File, put the file at the root of the helloworld project and name it test .
hel. Open that file and try out the parser by typing hello world, any combinations of the 2 words, and with or
without layout between words.

If everything went well, the syntax highlighter will highlight the words in purple, which is the default highlighting
color for keywords. To see the abstract syntax tree that the parser derives from your program, select Spoofax — Syntax
— Show parsed AST. If you make an error in the program, for example hello worl, an error message will show up
indicating where the error is.

4.3 How to proceed?

Guides for developing a language with Spoofax:

 Declare Your Language - This book has not been updated for Spoofax 2.0 yet, but most content still applies.

Reference manuals for our meta-languages:

Example language specifications:

SDF3
Stratego
NaBL
NaBL2
Statix
Flowspec
DynSem
SPT

paplj language

10
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CHAPTER B

Using the API

This guide will get you started with the Spoofax Core API, within an Eclipse environment.

5.1 Requirements

Spoofax is written in Java, and thus runs on the major operating systems:
¢ Windows (32 and 64 bits)
¢ Linux (32 and 64 bits)
* Mac OSX (Intel only)

The Spoofax Core API is written in Java 8, and can be compiled with a Java Development Kit (JDK) of version 8
up to version 11. Higher JDK versions have not been tested, and may result in errors about unresolved Java base
classes (e.g., java.lang.ObJject). You can download and install JDK 8 or JDK 11 from AdoptOpenJDK, or get
a proprietary release from Oracle.

The Spoofax Core APl is deployed as a set of Maven artifacts. We do not (yet) publish these artifacts to Maven Central,
but rather to repositories on our own artifact server. To get access to our artifacts, read the Using MetaBorg Maven
artifacts section. Adding our Maven repositories gives access to our artifacts.

In this guide, we will be using Eclipse to use the Core API, but any environment that works with Maven artifacts (e.g.
IntelliJ, NetBeans, command-line Maven builds) will work. Download and install the Eclipse IDE for Java Developers
from the Eclipse website.

5.2 Project Setup

In Eclipse, open the new project dialog by choosing File -> New -> Project from the main menu. In the new project
dialog, select Maven -> Maven project and press Next to open the wizard for creating a Maven project. Enable Create
a simple project (skip archetype selection) and press Next.

11
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Fill in the artifact details to your liking (see Maven Naming Conventions) for some info on these names), and press
Finish to create the project. Once the project has been created, open and expand it in the package or project explorer
view.

Open the pom. xm1 file and click the pom.xml tab to edit the source code of the POM file. Add the following snippet
to the POM file:

<dependencies>
<dependency>
<groupId>org.metaborg</groupIld>
<artifactId>org.metaborg.spoofax.core</artifactId>
<version>2.0.0</version>
</dependency>
<dependency>
<groupId>ch.qgos.logback</groupId>
<artifactId>logback-classic</artifactId>
<version>1.1.2</version>
</dependency>
</dependencies>

<build>
<plugins>
<plugin>
<artifactId>maven-compiler-plugin</artifactId>
<version>3.2</version>
<configuration>
<source>1.7</source>
<target>1.7</target>
</configuration>
</plugin>
</plugins>
</build>

This declares a dependency on version 2. 0 . O of Spoofax Core, and a dependency on a logging framework so we get
logging output from Spoofax Core. It also instructs Maven that this project requires a Java 7 compiler (instead of the
default; Java 5).

Since the pom. xm1 file has changed, we need to update our Eclipse project. Right click the project in the package or
project explorer view, select Maven -> Update Project. .., and press Ok.

Now we can start using the Core API.

5.3 Using the API

5.3.1 Setup

To get started, we will download a language component, load it into Spoofax Core, and parse a file of that language.

First, let’s create a main class as an entry point to the application. Right click src/main/java in the project, and
select New -> Class. Call the class Main and press Finish. Add a main method to the class:

public static void main (String[] args) {

}

Second, let’s download a language component that we can load into Spoofax Core. Download the NaBL language and
store it in the src/main/resources directory of the project. Any resources stored in src/main/resources

12 Chapter 5. Using the API
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are packaged into the JAR file of your application and are available at runtime.

To initialize Spoofax Core, create an instance of the org.metaborg.spoofax.core.Spoofax facade:

try (final Spoofax spoofax = new Spoofax()) {
// Use Spoofax here

} catch (MetaborgException e) {
e.printStackTrace();

We use the try-with-resources statement to initialize the Spoofax facade, such that it can clean up any temporary
resources when the application shuts down. All code that uses Spoofax must go inside the statement, where the
comment is.

Note: Use Source -> Organize Imports or Ctr1+Shift+0 (Cmd+Shift+0 on Mac OSX) to automatically add
required imports when needed.

5.3.2 Loading a language

Now we can load the NaBL language into Spoofax Core. Spoofax Core uses Apache VFES as a file system abstraction,
to be able to interact with different file systems. This means we must first get a Fi1eObject (Apache VFS counter-
part of F'i 1e) that points to the NaBL language file we downloaded earlier. First get a URL to the NaBL language file
which is on the classpath:

URL nablUrl = Main.class.getClassLoader ().getResource (
"org.metaborg.meta.lang.nabl-2.0.0.spoofax—language");

Then we resolve that to a FileObject, which points to the contents of the NaBL language implementation archive
(which is actually a regular Zip file):

FileObject nablLocation = spoofax.resourceService.resolve ("zip:" + nablUrl + "!/");

The org.metaborg.core.resource.IResourceService class is a service in Spoofax Core that provides
functionality to retrieve FileObjects. In this case, we resolve to the contents inside the zip file. The zip: partindicates
that we’re using the zip file system, and the ! / part indicates that we refer to the root path inside the zip file.

Spoofax Core has many services that provide small pieces of functionality. The org.metaborg.core.
language.ILanguageDiscoveryService class is a service that discovers and loads languages, which we
will use now to load the NaBL language:

Iterable<ILanguageDiscoveryRequest> requests =
spoofax.languageDiscoveryService.request (nablLocation) ;

Iterable<ILanguageComponent> components =
spoofax.languageDiscoveryService.discover (requests);

Since multiple languages can be requested from a single location, and multiple language components can be discovered
from a single file, both methods return multiple values. However, we know that the NaBL language file only contains
one language implementation, we can retrieve it with a couple of utility methods:

Set<ILanguageImpl> implementations = LanguageUtils.toImpls (components) ;
ILanguageImpl nabl = LanguageUtils.active (implementations);
if (nabl == null) {

System.out.println ("No language implementation was found");

(continues on next page)
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(continued from previous page)

return;

}
System.out.println ("Loaded " + nabl);

Run the program by selecting Run -> Debug As -> Java Application. If all went well, Loaded language impl.
org.metaborg:org.metaborg.meta.lang.nabl:2.0.0 should appear in the log output.

5.3.3 Parsing a file

Now that the NaBL language is loaded into Spoofax Core, we can parse NaBL programs.

Right click src/main/resources and select New -> File, name the file test .nabl and press Finish. Open the
file and fill it with the following content:

module test

namespaces Testl Test2

To parse a file, we must first create a org.metaborg.spoofax.core.unit.ISpoofaxInputUnit which
contains all information required to parse a file:

FileObject nablFile = spoofax.resourceService.resolve ("res:test.nabl");

String nablContents = spoofax.sourceTextService.text (nablFile);

ISpoofaxInputUnit input = spoofax.unitService.inputUnit (nablFile, nablContents, nabl, |
—null) ;

The res file system can be used to resolve files on the classpath. The catch clause must also be extended with
IOException to handle the case where the text for the NaBL file cannot be retrieved:

} catch (MetaborgException | IOException e) {
e.printStackTrace();

Then we pass the input to the org.metaborg.core.syntax.ISyntaxService for parsing:

ISpoofaxParseUnit output = spoofax.syntaxService.parse (input);
if ('output.valid()) {
System.out.println("Could not parse " + nablFile);
return;
}
System.out.println ("Parsed: " + output.ast());
Run the program, Parsed: Module("test", [Namespaces ([NamespaceDef ("Testl"),

NamespaceDef ("Test2")]) 1) should appear in the log output. Now you can optionally experiment a
bit by making an error in the program, and printing the error messages from the oput.

5.4 How to proceed?

Todo: We are currently in the process of writing documentation, this section will be updated once we have more
material.

The following manuals describe parts of the Spoofax Core API:
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e Services - full list of available services in the Spoofax Core API

* Core Extensions - how to extend Spoofax Core

5.4. How to proceed? 15
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CHAPTER O

Getting Support

Spoofax is an open source project. We welcome contributions from the community.

Spoofax is developed by the TU Delft Programming Languages group. We do our best to make Spoofax usable by
everyone and to help you when you encounter issues. However, our resources are limited, so please be patient.

6.1 Documentation

This documentation is the intended to be the first source of information on all things Spoofax. So, please read carefully.

6.2 Bug Reports and Feature Requests

To report bugs or request new features use our YellowGrass: issue trackers:
* Spoofax 2.0 and higher: <http://yellowgrass.org/project/Spoofax>
» Spoofax 1.5 and lower: <http://yellowgrass.org/project/SpoofaxLegacy>

In the Spoofax 2.0 Eclipse plugin, use the main menu <span class="menuselection’>Spoofax (meta) — Report is-
sue</span> to report issues, it provides a link to the Spoofax project and the environment versions which you can copy
paste.

When reporting bugs, please provide the following information such that we can easily reproduce and fix the bug: *
Environment details (can be copy pasted from <span class="menuselection’>Spoofax (meta) — Report</span> main
menu)

* Eclipse/Intelli] package and version

¢ Spoofax version

* Operating system name, architecture, and version
» High-level description of the bug

* How to reproduce the bug

17
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* What the expected behavior is
* Any logs, exceptions, and stack traces related to the bug

If the documentation does not provide the answer you are looking for, you may find that it concerns an issue that was
already reported by someone else.

6.3 Getting Help

If the documentation and issues do not provide the answer, and you are not sure you have encountered a bug, you can
ask a question on our mailing list:

* Spoofax mailing list

These days we do most of our online communication within the development team on a private Slack organization.
For communication with users we have created a public slack organization:

» Spoofax Slack organization
Please drop us a line to get an invitation.

If you are an experienced Spoofax user, please pitch in and help new users on these fora.
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CHAPTER /

Language Definition with Spoofax

In this chapter we make a complete tour of language definition in Spoofax using Calc, a small calculator language,
as example. In the sections of this chapter we define all aspects of the Calc language, including its concrete syntax,
static semantics, dynamic semantics, testing, and configuration of the IDE. The source code of the language definition
is available on github. You can follow along by forking the project and building it in Spoofax.

The Calc language supports the following features
* Arithmetic with integer and floating point numbers with arbitrary precision
* Boolean values and boolean operators
* First-class (but non-recursive) polymorphic functions
* Variable bindings through top-level definitions and let bindings in expressions
* Type inference provides static type checking without explicit type annotations

The following Calc program calculates the monthly payments for a mortgage (according to Wikipedia):

monthly = \r Y P.
let N =Y * 12 in // number of months

if(r == 0) // no interest
P/ N

else
let M = r / (100 % 12) in // monthly interest rate
let £ = (1 + rM) ~ N in

(rM = P = £) / (£ - 1);

r=1.7; // yearly interest rate (percentage)
Y = 30; // number of years
P = 385,000; // principal

monthly r Y P;

At the end of the chapter we give a list of exercises with ideas for extending the language. Those may be a good way to
further explore the capabilities of Spoofax before venturing out on your own. If you do make one of those extensions
(or another one for that matter), we would welcome pull requests for branches of the project.
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Note that this is not an introduction to formal language theory, compiler construction, concepts of programming
languages. Nor is this chapter an exhaustive introduction to all features of Spoofax.

7.1 Syntax Definition

We start with the definition of the concrete syntax of Calc using the syntax definition formalism SDF3. A syntax
definition formalism is a language for defining all aspects of the syntax of a programming language. That goes well
beyond a language for defining just the grammar; SDF3 also covers the definition of lexical syntax, AST constructors,
formatting directives, and more.

7.1.1 Modules

To start with, syntax definitions consist of modules that can import other syntax modules. This is useful for dividing
a large grammar into parts, but also for reusing a standard language component (e.g. expressions) between language
definitions, or for composing the syntax of different languages. We first examine the main syntax module for Calc,
which is named after the language and which imports module CalcLexical which defines the lexical syntax of the
language:

module Cs
imports

cLexical

The module defines the sorts Program and Exp as start symbols, which means that parsing starts with these sorts:

context—-free start-symbols Program Exp

7.1.2 Context-Free Syntax

Syntactically, a language is a set of well-formed sentences. (In programming languages, sentences are typically known
as programs.) Sentences are typically formed by composing different kinds of phrases, such as identifiers, constants,
expressions, statements, functions, and modules. In grammar terminology there are two broad categories of phrases,
terminals and non-terminals. In SDF3 we use sorts to identify both categories. For Calc we start with defining the
Programand Stat sorts:

sorts Program Stat

A grammar consists of rules (known as productions) for composing phrases from sub-phrases. A Calc program consists
of a list of statements that are either bindings that bind the value of an expression to a variable (identifier) or expression
statements. This is defined by the following productions:

context-free syntax
Program.Program = <<{Stat "\n"}+>>

Stat.Bind = <<ID> = <Exp>;>
Stat.Exp = <<Exp>;>

If we take a closer look at the Stat .Bind production we see the following ingredients:

* The production defines one of two alternatives for the Stat sort. The alternatives of a sort are defined by
separate productions. This makes it possible to introduce productions in an order that makes sense for presenting
a language definition. Instead of defining all productions for a sort in one block, it is rather possible to define the
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productions for different sorts that together define a language concept together. Furthermore, it enables modular
definition of syntax.

* The body a production defines the composition of sub-phrases that it corresponds to. Thus, the body <<ID> =
<Exp>; > defines a bind statement as the composition of an identifier, followed by an equal sign, followed by
an expression, terminated by a semicolon.

e The body is known as a template and uses inverse quotation. The template makes everything inside literal
elements of the text to be parsed, except for the quasi-quoted sorts (<ID> and <Exp>).

» The sub-phrases are implicitly separated by layout (whitespace and comments). The definition of layout is not
built-in. We will see the definition of the layout for Calc when we discuss lexical syntax below.

* The constructor is used to construct abstract syntax tree nodes. Thus, the Bind constructor creates trees with
two arguments trees for the identifier (ID) and expression (Exp) subtrees; in abstract syntax we leave out the
literals and layout.

Note that a program is defined as a list of one or more statements, which could be expressed with the regular expression
operator + as Stat+. The SDF3 notation {Sort sep}+ denotes a list of Sort phrases separated by sep. For
example, {Exp ", "} + is a list of one or more expressions separated by commas. In the definition of statement lists
we use a newline as separator. However, this does not imply that statements should be separated by newlines, but
rather that newlines are inserted when formatting a program, as we will discuss below.

7.1.3 Expressions

Sorts and productions give us the basic concepts for defining syntax. Calc programs essentially consist of a sequence
of expressions. So, the bulk of the its syntax definition consists of productions for various expression forms denoted
by the Exp sort:

sorts Exp
context-free syntax
Exp = <(<Exp>)> {bracket}

The bracket production defines that we can enclose an expression in parentheses. The bracket annotation states that
we can ignore this production when constructing abstract syntax trees. That is, the abstract syntax tree for (x + 1)
is the same as the abstract syntax tree for x + 1.

7.1.4 Operator Syntax

Operators are the workhorse of a language such as Calc. They capture the domain-specific operations that the language
is built around. We start with the syntax of arithmetic operators:

context-free syntax // numbers
Exp.Num = NUM

Exp.Min = <-<Exp>>

Exp.Pow = <<Exp> " <Exp>> {right}
Exp.Mul = <<Exp> % <Exp>> {left}
Exp.Div = <<Exp> / <Exp>> {left}

Exp b = <<Exp> - <Exp>> {left, prefer}

= <<Exp> + <Exp>> {left}

Exp.Ad«

Note that the concrete syntax is directly aligned with the abstract syntax. An addition is represented as the composition
of two expression and the + symbol. This is best illustrated using term notation for abstract syntax trees. The term
C(tl, ..., tn) denotesthe abstract syntax tree for a production with constructor C and n sub-trees. For example,
the term Add (Num ("1"), Var ("x")) represents the abstract syntax tree for the expression 1 + x.
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The consequence of this direct alignment is that the grammar is ambiguous. According to the Exp.Add pro-
duction there are two ways to parse the expression 1 + x + vy, i.e. as Add (Add (Num ("1"), Var("x")),
Var ("y")) orasAdd (Num("1"), Add(Var("x"), Var("y"))).

A common approach to disambiguate the grammar for an expression language is by encoding the associativity and
precedence of operators in the productions using additional sorts to represent precedence levels. However, that leads
to grammars that are hard to understand and maintain and that do not have a one-to-one correspondence to the desired
abstract syntax.

In SDF3, ambiguous expression syntax can be declaratively disambiguated using separate associativity and priority
declarations. For example, the Exp.Add production above defines that addition is left associative. That is, the
expression 1 + x + y should be interpreted as Add (Add (Num ("1"), Var("x")), Var("y")),ie. (1 +
x) + vy. The other operators are disambiguated similarly according to standard mathematical conventions. Note that
power (exponentiation) is right associative, i.e. x ~ y ~ zisequivalenttox ~ (y ~ z).

comparison operators:

context-free syntax // numbers

= <<Exp> == <Exp>> {non-assoc}

= <<Exp> != <Exp>> {non—-assoc}

= [[Exp] > [Expl] {non—-assoc}

= [[Exp] < [Exp]l] {non—assoc}
Non-assoc means that a phrase suchas a < b == true is not syntactically well-formed. One should use parenthe-
ses, for example (a < b) == true, to explicitly indicate the disambiguation.

booleans:

context-free syntax // booleans

Exp.True = <true>
Exp = <false>
Exp = <I<Exp>>
ExXp.Anc = <<Exp> & <BExp>> {left}
Exp.Or = <<Exp> | <Exp>> {left}
Exp.If = <
1f (<Exp>)
<Exp>
else
<Exp>
>
variables:

context-free syntax // variables and functions

Exp.Var = ID
Exp.Let = <
let <ID> = <Exp> in
<Exp>
>
Exp.Fun = <\\ <ID+> . <Exp>>
Exp.App = <<BExp> <Exp>> {left}

7.1.5 Disambiguation

priorities:
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context—-free priorities
Exp.Min

Exp.App

Exp.Pow

{left: Exp.Mul Exp.Div}

{left: Exp.Add Exp.Sub}

{non-assoc: Exp.Eqg Exp.Neqg Exp.Gt Exp.Lt}

Exp.Not

Exp.And

Exp.Or

Exp.If

Exp.Let

Exp.Fun

V VV V V V V V V VYV

sorts Type
context—-free syntax

Type.NumT = <Num>

Type.BoolT = <Bool>

Type.FunT = [[Exp] —-> [Exp]] {right}
Type = < (<Type>)> {bracket}

template options
ID = keyword {reject}

7.1.6 Lexical Syntax

lexical syntax:

module Calclexical

identifiers:

lexical syntax

ID = [a-zA-Z] [a-zA-Z0-9]%*
lexical restrictions

ID —-/- [a-zA-Z0-9\_]

numbers:

lexical syntax // numbers

INT = "-"? [0-9]+
IntGroup = [0-9]1[0-9]1[0-9]
IntPref = ([0-9] | ([0-9][0-91)) ","
INT = IntPref? {IntGroup ","}+
FLOAT = INT "." [0-9]+
NUM = INT | FLOAT
lexical restrictions
INT -/— [0-9]
FLOAT —-/- [0-9]
NUM ~/— [0-9]
strings:

lexical syntax
STRING
StringChar

ll\" n Strinqchar* ll\" n
~[\"\n]

(continues on next page)
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(continued from previous page)

StringChar = "\\\""

StringChar = BackSlashChar

har = "\\"

lexical restrictions
// Backslash chars in strings may not be followed by "
BackSlashChar -/- [\"]

BackSlashC

layout:

lexical syntax // layout: whitespace and comments
7OUT = [\ \t\n\r]

mmentChar = [\~*]

LA

LA

/OUT = "/%" InsideComment* "x/"
InsideComment = ~[\%*]
InsideComment = CommentChar
= "//" ~[\n\r]x NewLineEOF
= [\n\r]
= EOF

lexical restrictions
CommentChar —-/—- [\/]
// EOF may not be followed by any char
EOF /= ~[1
context—-free restrictions
// Ensure greedy matching for comments
AYOUT? —/— [\ \t\n\r]
AYOUT? —/— [\/1.[\/]
LAYOUT? —/— [N/1.[\*]

7.1.7 Grammar Interpretations

A grammar can be interpreted for (at least) the following operations:

Parsing Recognizing a well-formed sentence and constructing an abstract syntax tree
Signature Derive schema that defines well-formed abstract syntax trees

Formatting Map an abstract syntax tree to a well-formed sentence

Parse error recovery When editing programs, the program text is often in a syntactically incorrect state. Since all
editor services depend on an AST representation of the program, getting stuck on syntax errors would reduce
the utility of an editor. To get a better editing experience, a parser with error recovery does a best effort job to
parse as much as possible and still produce an AST.

Syntactic completion Using a new language

7.2 Abstract Syntax

signature:

module signatures/Calc-sig

imports signatures/CalclLexical-sig

(continues on next page)
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signature

sorts Program Exp Type

constructors
Program : List (Stat) -> Program
Exp : Exp —> Stat
Bind : ID * Exp —> Stat
Program—-Plhdr : Program
Stat-Plhdr ¢ Stat
ID-Plhdr : ID
Exp-Plhdr : Exp
Num : NUM -> Exp
Min : Exp —> Exp
Pow : Exp x Exp —-> Exp
Mul : Exp * Exp —> Exp
Div : Exp * Exp —> Exp
Sub : Exp * Exp —-> Exp
Add : Exp * Exp —-> Exp
Eqgq ¢ Exp x Exp —-> Exp
Neg : Exp * Exp —-> Exp
Gt : Exp x Exp —> Exp
Lt ¢ Exp x Exp —-> Exp
NUM-P1lhdr : NUM
Exp-Plhdr . Exp
True ¢ Exp
False : Exp
Not : Exp -> Exp
And : Exp * Exp —> Exp
Or : Exp x Exp —> Exp
If ¢ Exp » Exp * Exp —> Exp
Exp-Plhdr : Exp
Var : ID —> Exp
Let : ID * Exp x Exp —-> Exp
Fun : List (ID) x Exp —-> Exp
App : Exp * Exp —> Exp
ID-Plhdr : ID
Exp-Plhdr : Exp
NumT : Type
BoolT : Type
FunT : Exp x Exp —> Type
Exp-Plhdr . Exp

7.3 Transformation

transformation:

module desugar
imports signatures/—
strategies
desugar-calc = topdown (try (desugar))

rules

(continues on next page)
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(continued from previous page)

desugar : Min(e) -> Sub(Num("0"), e)

desugar : Neg(el, e2) —-> Not (Eg(el, e2))
desugar : Gt(el, e2) -> Lt(e2, el)

desugar : Not(e) -> If(e, False(), True())
desugar : And(el, e2) -> If(el, e2, False())
desugar : Or(el, e2) —-> If(el, True(), e2)

desugar : Fun([x | xsQ@[_|_11, e) —-> Fun([x], Fun(xs, e))

desugar : Num (i) -> Num(7])
where <explode-string; filter(not(?44)); implode-string> i => 9

7.4 Static Semantics

foobar:

module statics/calc
imports signatures/-—
rules

init © (s) := new s.

[[ Program(stats) *~ (s) 1] :=
new s', s' ———> s,
Stats[[ stats ~ (s') 11.

Stats[[ [1 ™~ (s) 11.

Stats[[ [ stat | stats ] ~ (s) 1] :=
Stat[[ stat ~ (s, s_nxt) 11,
Stats[[ stats ~ (s_nxt) 1].

Stat[[ Bind(x, e) *~ (s, s") 1] :=
s' == s_nxt,
new s_nxt, s_nxt —--—-> s,
{x} <- s_nxt, {x} : ty_gen,
ty_gen genOf ty,
[[ e ™ (s) = ty 11].

Stat[[ Exp(e) "~ (s, s_nxt) ]] :=
s == s_nxt,
[[ e~ (s) = ty 11.
rules // numbers

[[ Num(x) ~ (s) : NumT() 1].

[[ Pow(el, e2) ~ (s) : NumT() ]] :=
[[ el ~ (s) : NumT() 11,

(continues on next page)
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[[ e2 ~ (s) =« NumT() 1].

[[ Mul(el, e2) ~ (s) : NumT() ]] :=
[[ el » (s) : NumT() 11,
[[ e2 7~ (s) =« NumT() 1].

[[ Add(el, e2) ~ (s) : NumT() ]] :=
[[ el » (s) : NumT() 11,
[[ e2 7~ (s) =« NumT() 1].

[[ Sub(el, e2) ~ (s) : NumT() ]] :=
[[ el ~ (s) : NumT() 11,
[[ e2 7~ (s) =« NumT() 1].

[[ Div(el, e2) ~ (s) : NumT() ]] :=
[[ el ~ (s) = NumT() 11,
[[ e2 ~ (s) =« NumT() ]171.

[[ Eg(el, e2) ~ (s) : BoolT () 11 =

[[ el ~ (s) : NumT() 11,
[[ e2 ~ (s) « NumT() 11].
[[ Lt(el, e2) ~ (s) : BoolT () 11 :=
[[ el ~» (s) ¢ NumT() 11,
[[ e2 ~ (s)  NumT() 1].

rules // booleans

[[ True() N (s) : BoolT() 17.
[[ False() ~ (s) : BoolT() 11].

[[ If(el, e2, e3) "~ (s) : ty2 1] :=
[[ el » (s) = BoolT() 11,

[[ e2 ~ (s) : ty2 11,
[[ e3 7~ (s) : ty3 11,
ty2 == ty3 | error $[branches should have same type] @ e2.

rules // variables and functions

[[ Var(x) ~ (s) : ty ]] :=
{x} -> s, {x} |->d, d : ty_gen, ty instOf ty_gen.

[[ Let(x, el, e2) ~ (s) : ty2 1] :=
new s', {x} <- s', {x} : ty, s' -P-> s,
[[ el ~» (s) =ty 11,
[[ e2 ~ (s") = ty2 11.

[[ Fun([x], e) 7~ (s) : FunT(tyl, ty2) ]] :=
new s', {x} <- s', {x} : tyl, s' -P-> s,
[[ e~ (s") « ty2 ]].

[[ App(el, e2) ~ (s) : ty2 ]] :=
[[ el » (s) : FunT(tyl, tv2) 11,
[[ e2 7~ (s) : tyl 11.

7.5 Dynamic Semantics

run-time values:

7.5. Dynamic Semantics 27




Spoofax Documentation, Release 2.5.16

module dynamics/eval

imports src-gen/ds-signatures/Calc-sig dynamics/bigdecimal

signature
sorts Value
sort aliases
Env = Map (ID, Value)
constructors
NumV : BigDecimal -> Value
BoolV : Bool —> Value
ClosV : ID = Exp % Env —-> Value
variables
v : Value
components
E : Env

evaluation of program:

signature
arrows
Program —-init-> Value
rules
Program(e) -—-init-> v
where E {} |- e —> v

evaluation of expressions:

signature
arrows
Exp --> Value
rules // numbers

Num(n) —--> NumV (parseB(n))

Pow (NumV (i), NumV(j)) --> NumV (powB (i,
Mul (NumV (i), NumV(j)) —-—> NumV (mulB(i,
Div (NumV (i), NumV(j)) --> NumV(divB (i,
Sub (NumV (i), NumV(j)) —--> NumV (subB (i,
Add (NumV (i), NumV(j)) ——> NumV(addB(i,

—_ — — — —

Lt (NumV (i), NumV(7)
Eg(NumV (i), NumV(j)

—-—> BoolV (1tB (i,
—-—> BoolV(egB (i, 7))

N

signature
arrows
ift (Value, Exp, Exp) --> Value
rules // booleans

False() ——> BoolV (false)
True () —-> BoolV(true)
If(vl, e2, e3) —-—> ift(vl, e2, e3)

ift (RBoolV (true), e2, ) ——> e2
ift (RoolV (false), _, e3) ——> e3

rules // variables and functions

(continues on next page)
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E |- Var(x) —-—> E[x]
E |- Fun([x], e) ——> ClosV(x, e, E)
E |- Let(x, vl, e2) —-—> v
where £ {x |-—> vl, E} |- e2 ——> v
App (ClosV(x, e, E), v_arg) —-—> v
where E {x |-—> v_arg, E} |- e ——> v
signature
arrows
List (Stat) —--> Value
Stat —--> (Value * Env)
rules // top-level statements
[stat] List (Stat) ——> v
where stat ——> (v, _)
[stat | stats@[_|_11] List (Stat) --
where stat -—> (_, E); E |- stats ——
E |- Bind(x, v) ——> (v, {x |-—> v, E
E |- Exp(v) ——> (v, E)

> v
> v

b

7.5.1 Native Operators

BigDecimal library

declaration:

module dynamics/bigdecimal
signature
native datatypes
"java.math.BigDecimal"
native operators

as BigDecim

parseB String —-> BigDecimal

addB BigDecimal x BigDecimal ->
powB BigDecimal % BigDecimal ->
subB BigDecimal x= BigDecimal ->
mulB BigDecimal x BigDecimal ->
divB BigDecimal % BigDecimal ->
1tB BigDecimal x BigDecimal —->
egB BigDecimal = BigDecimal ->

al { }

BigDecimal
BigDecimal
BigDecimal
BigDecimal
BigDecimal
Bool

Bool

7.5.2 Java Implementation

7.6 Editor Services

7.6.1 Main.esv

main:

7.6. Editor

Services
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module Main
imports Syntax Analysis
language
extensions : calc
provider : target/metaborg/stratego.ctree

//provider : target/metaborg/stratego. jar
provider : target/metaborg/stratego-javastrat.jar

7.6.2 Syntax.esv

syntax configuration:

module Syntax
imports

libspoofax/color/default
completion/colorer/Calc—cc—esv

language

table : target/metaborg/sdf-new.tbl
start symbols : Program

line comment : "//"

block comment : "/x" x "x/"

fences N N R D B A
menus

menu: "Syntax" (openeditor)

action: "Format" = editor—-format (source)
action: "Show parsed AST" = debug-show-aterm (source)
views

outline view: editor-outline (source)
expand to level: 3

7.6.3 Transformation.esv

transformation configuration:

module Transformation
menus

menu: "Desugar" (openeditor)

(continues on next page)
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action: "Desugar" = desugar-pp (source)
action: "Desugar (AST)" = desugar—-aterm (source)

7.6.4 Analysis.esv

analysis configuration:

module Analysis
imports

nabl2/Menus
nabl2/References

language

observer : editor-analyze (constraint)

7.7 Testing

7.8 Exercises

In the previous sections you have seen all aspects of language definition with Spoofax. Before going out on your own
and designing / implementing your own language using Spoofax, it is probably a good idea to first experiment a bit
with working language implementation to get a better working understanding of the workbench. A good way to do
that is to take the existing Calc project and extend / adapt it in various ways, perhaps in the direction of your own ideas
for a language. This section provides some ideas for extending the Calc language. Fork the project from github and
make a branch. Let us know by sending us a link to your fork or by submitting a pull request for a branch and we’ll
add your version to the list.

For many of these exercises you will need to dive deeper into the documentation of Spoofax.

7.8.1 Alternative Syntax

Experiment with designing an alternative notation for parts of the language. Here are some ideas:

* Introduce a keyword such as de £ to introduce a (top-level) variable declaration

* Currently, Calc function expressions use lambda notation \ __._. Try out alternatives such as Scala’s _ =>
_ notation or Javascripts function (_){ _ } notation. Can you do this without changing the abstract
syntax?

7.8.2 Type Annotations

Calc relies on type inference; programmers do not declare the types of variables or return types of functions. That is
fine for a calculator language; the types are often obvious from context. However, it is good programming practice to
document the types of functions and variables. Extend Calc with optional type annotations for variable declarations.
When present the inferred types should correspond to the type annotations, otherwise an error should be displayed.

example:
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max : Num -> Num -> Num = \ x y . if (x > y) x else y

7.8.3 Type Aliases

When type expressions become more complicated it can be useful to assign them a name

example:

type foo = Num —> Num

7.8.4 Rich Arithmetic

The dynamic semantics of numbers is based on the BigDecimal Java library. Enrich the language to make better use
of the library.

7.8.5 If-Then

Extend the language with an if-then statement if{el) e2, i.e. without else branch. There are some challenges:

* The combination of the if{el) e2 else e3 expression with the if{el) e2 expression leads to the dangling else
disambiguation problem. That is, how should the expression if(el) if(e2) e3 else e4 be parsed? Does the else
belong to the inner or to the outer if? The usual convention is that the else belongs to the closest if. Can you
express this in SDF3?

¢ Calc is a functional language. That is, the if-else form can be used as an expression that (always) yields a value.
The if form only yields a value if the condition evaluates to true. Define a desugaring that transform the if form
to the if-else form by producing a default value for the missing else branch. The challenge is that the default
value depends on the type of then branch.

7.8.6 Nullary Functions

Calc does not support n-ary functions x y z. ..., which are desugared to curried unary functions. However, nullary
functions are not supported. Adapt the language definition to support nullary functions.

7.8.7 State

Variables in Calc are immutable. Add mutable variables to the language.
This requires threading a store through evaluation.

7.8.8 Recursion

Calc functions are currently not recursive since there is no way for a function to refer to itself. Extend the language
with a letrec binding construct that allows recursive bindings.

7.8.9 Lazy Evaluation

create your own control constructs

instead of eagerly evaluating expressions, only evaluate an expression when it is required fora computation
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7.8.10 Lists and Tuples

Extend the language with

7.8.11 Algebraic Data Types

Extend the language with algebraic data types

7.8.12 Units

7.8.13 Exceptions

Calculations may go wrong. For example, division by zero does not work. Extend the language with defined exceptions
(possibly raised by native operators) and a try-catch form to handle exceptions.

7.8.14 Multiplicities

7.8.15 Translation to Java Bytecode
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CHAPTER 8

Abstract Syntax with ATerms

programs are represented as abstract syntax trees

in memory representation

different tools use different internal representations and data structures to represent trees
common interface

term format to provide a textual notation for ASTs

exchange between tools

persistent format

8.1 Annotated Terms

Terms in Stratego are terms in the Annotated Term Format, or ATerms for short. The ATerm format provides a set of
constructs for representing trees, comparable to XML or algebraic data types in functional programming languages.
For example, the expression 4 + £ (5 % x) might be represented in a term as:

Plus (Int("4"), Call("f", [Mul(Int("5"), Var("x"))1))

ATerms are constructed from the following elements:
Integer An integer constant, that is a list of decimal digits, is an ATerm.
Examples: 1, 12343.

String A string constant, that is a list of characters between double quotes is an ATerm. Special characters such
as double quotes and newlines should be escaped using a backslash. The backslash character itself should be
escaped as well.

Examples: "foobar", "string with quotes\"", "escaped escape character\\ and a
newline\n".
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Constructor application A constructor is an identifier, that is an alphanumeric string starting with a letter, or a double
quoted string.

A constructor application ¢ (t1, ..., tn) creates a term by applying a constructor to a list of zero or more
terms. For example, the term P1lus (Int ("4"),Var ("x")) uses the constructors P1lus, Int, and Var to
create a nested term from the strings "4" and "x".

When a constructor application has no subterms (a “nullary constructor”) the parentheses can be omitted. How-
ever, this syntax is discouraged because this notation conflicts with variable names in some parts of the language,
leading to confusing failures when you meant a variable but accidentally matched agains a constructor.

List A list is a term of the form [t1, ..., tn], thatis a list of zero or more terms between square brackets. While
all applications of a specific constructor typically have the same number of subterms, lists can have a variable
number of subterms. The elements of a list are typically of the same type, while the subterms of a constructor
application can vary in type.

Example: The second argument of the call to "£" in the term Call ("£", [Int ("5"),Var("x")]) isa
list of expressions.

Tuple A tuple (t1, ..., tn) isa constructor application without a constructor.
Example: (Var ("x"), Type("int"))

Annotation The elements defined above are used to create the structural part of terms. Optionally, a term can be
annotated with a list terms. These annotations typically carry additional semantic information about the term.
An annotated term has the form t {t1, ..., tn}.

Example: Lt (Var ("n"),Int ("1")) {Type ("bool") }. The contents of annotations is up to the appli-
cation.

8.1.1 Exchanging Terms

The term format described above is used in Stratego programs to denote terms, but is also used to exchange terms
between programs. Thus, the internal format and the external format exactly coincide. Of course, internally a Stratego
program uses a data-structure in memory with pointers rather than manipulating a textual representation of terms. But
this is completely hidden from the Stratego programmer. There are a few facts that are useful to be aware of, though.

When writing a term to a file in order to exchange it with another tool there are several representations to choose from.
The textual format described above is the canonical _meaning_ of terms, but does not preserve maximal sharing.
Therefore, there is also a _Binary ATerm Format (BAF)_ that preserves sharing in terms. The program _baffle_ can
be used to convert between the textual and binary representations.

8.1.2 Inspecting Terms

> TODO: Does pp-aterm still exist?

As a Stratego programmer you will be looking a lot at raw ATerms. Stratego pioneers would do this by opening an
ATerm file in _emacs_ and trying to get a sense of the structure by parenthesis highlighting and inserting newlines
here and there. These days your life is much more pleasant through the tool pp-aterm, which adds layout to a term to
make it readable. For example, parsing the following program:

let function fact(n : int) : int =

if n < 1 then 1 else (n * fact(n - 1))
in printint (fact (10))
end

produces the following ATerm (say in file fac.trm):
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Let ([FunDecs ([FunDec ("fact", [FArg("n", Tp(Tid("int"))) 1, Tp(Tid("int")),
If(Lt(Var("n"),Int("1")),Int("1"),Segq([Times (Var ("n"),Call (Var("fact"),
[Minus (Var ("n"),Int ("1"))1))1))) 1)1, [Call(Var ("printint"), [Call (Var (
"fact™), [Int ("10")1)1) 1)

By pretty-printing the term using pp-aterm as
> TODO: Is this syntax still correct?
$ pp-aterm -i fac.trm -o fac-pp.trm —max-term-size 20

we get a much more readable term:

Let (
[ FunDecs (
[ FunDec (
"fact"
, [FArg("n", Tp(Tid("int")))]
, Tp(Tid("int"))
, IE(
Lt (Var("n"), Int("1"))
, Int("1™M)
, Seq([ Times (Var("n"), Call(Var("fact"), [Minus(Var("n"), Int("1"))]))
1)
)

)
]
, [ Call(Var("printint"), [Call(Var("fact"), [Int("10")]1)])
]

8.2 Signatures

The ATerm format does not restrict terms
describing terms schemas with signatures

8.2.1 Stratego Signatures

Sort a type of terms

Constructor declaration name and types of arguments:

S1 x ... x= Sn —> SO

To use terms in Stratego programs, their constructors should be declared in a signature. A signature declares a number
of sorts and a number of constructors for these sorts. For each constructor, a signature declares the number and types
of its arguments. For example, the following signature declares some typical constructors for constructing abstract
syntax trees of expressions in a programming language:

module Expressions—-sig
imports Common
signature

(continues on next page)
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sorts Exp

constructors

Var
Int
Plus
Mul
Call

ID -> Exp

INT —-> Exp

Exp * Exp -> Exp

Exp * Exp —> Exp

ID  List (Exp) > Exp

Currently, the Stratego compiler only checks the arity of constructor applications against the signature. Still, it is
considered good style to also declare the types of constructors in a sensible manner for the purpose of documentation.

Also, a later version of the language may introduce type checking.

8.2.2 SDF3 Syntax Definitions

signature derived from syntax definition

for example:

module Expre

imports Common

sorts Exp

context-free
Exp.Var =
Exp.Int =
Exp.Plus =
Exp.Mul =
Exp.Cal =

context-free

syntax

<<ID>>

<<KINT>>

<<Exp> + <Exp>> {left}
<<Exp> * <BExp>> {left}
<<KID>(<{Exp ", "}x>)>
priorities

Exp.Mul > Exp.Plus

8.3 Term Rewriting

8.4 Term API

programming with terms in Java
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CHAPTER 9

Syntax Definition with SDF3

The definition of a textual (programming) language starts with its syntax. A grammar describes the well-formed
sentences of a language. When written in the grammar language of a parser generator, such a grammar does not just
provide such a description as documentation, but serves to generate an implementation of a parser that recognizes
sentences in the language and constructs a parse tree or abstract syntax tree for each valid text in the language.

Syntax Definition Formalism 3 (SDF3) goes much further than the typical grammar languages. It covers all syntactic
concerns of language definitions, including the following features: support for the full class of context-free grammars
by means of generalized LR parsing; integration of lexical and context-free syntax through scannerless parsing; safe
and complete disambiguation using priority and associativity declarations; an automatic mapping from parse trees to
abstract syntax trees through integrated constructor declarations; automatic generation of formatters based on template
productions; and syntactic completion proposals in editors.

9.1 SDF3 Overview

The SDF family of Syntax Definition Formalisms provides support for declarative definition of the syntax of program-
ming languages and domain-specific languages. The key principle underlying the design of SDF is declarative syntax
definition, so that the user does not need to understand underlying parsing algorithm.

SDF has evolved into SDF3 to serve the needs of modern language workbenches and at the same time improve various
issues of its predecessor, SDF2. With SDF3, it is possible to modularly describe a language’s syntax, generating a
parser, a pretty printer, and basic editor features such as syntactic code completion and syntax highlighting. SDF3
also supports safe operator precedence and associativity disambiguation by means of priority declarations, and lexical
ambiguities by means of reject rules and follow restrictions.

The screenshot below from Spoofax illustrates an excerpt of a grammar written in SDF3, a program of that language
being edited, its pretty-printed version and its abstract syntax tree.

To list the main improvements of SDF3 with respect to SDF2:

» SDF3 incorporates constructors into the syntax definition, providing a direct correspondence between abstract
syntax trees and grammar rules.

» Grammar rules follow the productive form, improving readability and consistency with main-stream grammar
formalisms.
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e

& Example.sdf3 2 =M . : 5 tes
1module Example 1if(BExpr] x = @; |
2 Z els 4= True $Expr > $Expr
3 imports = Var
4 o= Gt
5 Common = INT
6 <= Minus
7 context-free start-symbols
3
9 Start
16
11 context-free syntax # Example.pp.tes &3
12 1if({$Expr)
13 Start = Stmt 2 x=0;
14 Stmt.If < Jelse
15 if(<Expr>) 4 X = -x;
16 <Stmt>
17 else
18 <Stmt>>
19 Expr.True "true"
20 Expr.Var ID
21  Expr.Gt = [[Expr] > [Expr]] {right}
22 Stmt.Assign = <<ID> = <Expr>;> @ Example.aterm &3 ==
23 Expr.INT = INT 1If(
24  Expr.Minus = <-<Expr>> 72 Expr-Plhdr()
25 3, Assign("x", INT("@"))
26 context-free priorities 4, Assign("x", Minus(Var("x")))
27 Expr.Minus > Expr.Gt )
28
29 lexical syntax
38
31 ID = "true" {reject}
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e Grammar rules can be used next to template productions, which considers the whitespace surrounding symbols
when deriving a pretty-printer.

* Finally, grammar rules can be identified by its sort and constructor, and do not need to be duplicated in the
priorities section.

SDF3 is in constant evolution, and this documentation provides an up-to-date overview of its current features.

Even though the primary goal of SDF3 is syntax definition, it is used as input to generate many artifacts that are used
in Spoofax. The figure below illustrates the artifacts produced when compiling an SDF3 module.

:

Signatures

:

Pretty-
printer
SDF3
Madule 1 E
Syntactic
Completion

:

SDF3
Mormalized

The most important of the artifacts generated from SDF3 is a parse table, which is used by the Scannerless Generalized
LR parser to parse programs, producing an abstract syntax tree (AST). Note that SGLR supports ambiguous grammars,
outputing a parse forest as result. SDF3 disambiguation mechanisms operate at parse table generation time, at parse
time, and after parsing. Ideally, a single tree is produced at the end. The whole process of parsing a source program is
described in the figure below.

In the remainder of this documentation we present the elements of an SDF3 definition.

9.2 SDF3 Reference Manual

9.2.1 Modules

An SDF3 specification consists of a number of module declarations. Each module may import other modules and
define sections that include sort, start symbols, syntax, restrictions, priorities, and template options.
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Parse Table
Generator

Parse Table

Source
Program

Disambiguator

Parse Forest Parse Tree”

Imports

Modules may import other modules for reuse or separation of concerns. A module may extend the definition of a
non-terminal in another module. A module may compose the definition of a language by importing the parts of the
language. The structure of a module is as follows:

module <ModuleName>

<ImportSection>x

<Section>=*

The module keyword is followed by the module name, then a series of imports can be made, followed by sections
that contain the actual definition of the syntax. An import section is structured as follows:

imports <ModuleName>x

Note that SDF3 does not support parameterized modules.

9.2.2 Symbols

The building block of SDF3 productions is a symbol. SDF3 symbols can be compared to terminals and non-terminals
in other grammar formalisms. The elementary symbols are literals, sorts and character classes.

Intrinsically, only character classes are real terminal symbols. All other symbols represent non-terminals. SDF3
also support symbols that capture BNF-like notation such as lists and optionals. Note that these symbols are also
non-terminals, and are just shorthands for common structures present in context-free grammars.
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Character classes

Character classes occur only in lexical syntax and are enclosed by [ and ]. A character class consists of a list of
zero or more characters (which stand for themselves) such as [x] to represent the character x, or character ranges,
as an abbreviation for all the characters in the range such as [0-9] representing 0, 1, ..., 9. A valid range consists
of [cl-c2], where the character c2 has a higher ASCII code than c1. Note that nested character classes can also
be concatenated within the same character class symbol, for example [c1c2-c3c4-c5] includes the characters c1
and the ranges c2—-c3, c4-c5. In this case, the nested character classes do not need to be ordered, as SDF3 orders
them when performing a normalization step.

Escaped Characters: SDF3 uses a backslash (\) as a escape for the quoting of special characters. One should use \ c
whenever c is not a digit or a letter in a character class.

Arbitrary Unicode code points can be included in a character class by writing an escaped integer, which is particularly
useful for representing characters outside the printable ASCII range. The integer can be a binary, octal, decimal, or
hexadecimal number, for example: \0b101010, \052, \42, and \ 0x2A all represent the code point 42, or the ' '
character.

Additionally, special ASCII characters are represented by:
e \t : horizontal tabulation
* \n : newline character
e \v : vertical tabulation
e \f : form feed
e \r : carriage return
Character Class Operators: SDF3 provides the following operators for character classes:
* (complement) ~ : Accepts all the characters that are not in the original class.
* (difference) / : Accepts all the characters in the first class unless they are in a second class.
* (union) \/ : Accepts all the characters in either character classes.
* (intersection) /\ : Accepts all the characters that are accepted by both character classes.

Note that the first operator is unary and the other ones are left associative binary operators. Furthermore, such operators
are not applicable to other symbols in general.

Literals

A literal symbol defines a fixed length word. This usually corresponds to a terminal symbol in ordinary context-free
grammars, for example "true" or "+". Literals must always be quoted and consist of (possibly escaped) ASCII
characters.

As literals are also regular non-terminals, SDF3 automatically generates productions for them in terms of terminal
symbols.

"definition" = [d][e][£][1]([n][1]1[t])[1i][o]n]

Note that the production above defines a case-sensitive implementation of the defined literal. Case-insensitive literals
are defined using single-quoted strings as in 'true' or 'else'. SDF3 generates a different production for case-
insensitive literals as

'definition' = [dD][eE][fF][1T][nN][1iT][tT][11] [00] [nN]
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The literal above accepts case-insensitive inputs such as definition, DEFINITION, DeFiNiTiOn or
defINITION.

Sorts

A sort correspond to a plain non-terminal, for example, Statement or Exp. Sort names start with a capital letter and
may be follow by letters, digits, hyphens, or underscores. Note that unlike SDF2, SDF3 does not support parameterized
sorts (yet!).

Sorts must be declared before they can be used. Context-free sorts are declared in a context-free sorts block:

context—-free sorts
Statement
Exp

Lexical sorts must be declared in a lexical sorts block:

lexical sorts
INT
STRING

Optionals

SDF3 provides a shorthand for describing zero or exactly one occurrence of a sort by appending the sort with ?. For
example, the sort Extends? can be parsed as Extends or without consuming any input. Internally, SDF3 generates
the following productions after normalizing the grammar:

Exte ome = Extends

Note that using ? adds the constructors None and Some to the final abstract syntax tree.

Lists

Lists symbols as the name says, indicate that a symbol should occur several times. In this way, it is also possible to
construct flat structures to represent them. SDF3 provides support for two types of lists, with and without separators.
Furthermore, it is also possible to indicate whether a list can be empty (*) or should have at least one element (+).
For example, a list Statement « indicates zero or more Statement, whereas a list with separator {ID ", "} +
indicates one or more ID separated by , . Note that SDF3 only supports literal symbols as separators.

Again, SDF3 generates the following productions to represent lists, when normalizing the grammar

Statement* =

nent+ Statement

{(ID ", "}x =

{ID ","}x = {ID ", "}+

{ID ","}+ = {ID ","}+ "," {ID ", "}
{(ID ","}+ = {ID ", "}

When parsing a context-free list, SDF3 produces a flattened list as an AST node such as [Statement, ...,
Statement] or [ID, ..., ID].Note thatbecause the separator is a literal, it does not appear in the AST.
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Alternative

Alternative symbols express the choice between two symbols, for example, ID | INT. That is, the symbol ID |
INT can be parsed as either ID or INT. For that reason, SDF3 normalizes alternatives by generating the following
productions:

ID | INT = ID
ID | INT = INT

Note that SDF3 only allow alternative symbols to occur in lexical syntax. Furthermore, note that the alternative

operator is right associative and binds stronger than any operator. Thatis, ID "," | ID "; " expresses ID (", "
| ID) ";".Toexpress (ID ",") | (ID ";"),wecan useasequence symbol.
Sequence

A sequence operator allows grouping of two or more symbols. Sequences are useful when combined with other
symbols such, lists or optionals, for example ("e" [0-9]+) 2. Like alternative symbols, sequences can only occur
in lexical syntax. A sequence symbol is normalized as:

(nen [O (;)]+) = "gn [O A]+

Labeled symbols

SDF3 supports decorating symbols with labels, such as myList: {elem:Stmt ";"}«. The labels have no seman-
tics but can be used by other tools that use SDF3 grammars as input.

LAYOUT

The LAYOUT symbol is a reserved sort name. It is used to indicate the whitespace that can appear in between context-
free symbols. The user must define the symbol LAYOUT such as:

LAYOUT = [\ \t\n]

Note that the production above should be defined in the lexical syntax.

9.2.3 Syntax

As seen before, a SDF3 module may constitute of zero or more sections. All sections contribute to the final gram-
mar that defines a language. Sections can define production rules, priorities, restrictions, or simply specify some
characteristics of the syntax definition.

Sort declarations

Sorts are declared by listing their name in the appropriate sorts section, which have the following forms. For context-
free sorts:

context—-free sorts

<Sort>x*

For lexical sorts:
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lexical sorts

<Sort>x*

SDF3 also supports kernel sorts:

sorts

<Sort>x*

Note: Kernel sorts should be suffixed with ~CF or ~LEX, depending on whether they are context-free
sorts or lexical sorts. When a sort in a sorts block does not have a suffix, it is treated as a context-free
sort.

Writing a sort in these sections only indicates that a sort has been declared, even if it does not have any explicit
production visible.

Start symbols

The lexical or context-free start symbols sections explicitly define the symbols which will serve as start symbols when
parsing terms. If no start symbols are defined it is not possible to recognize terms. This has the effect that input
sentences corresponding to these symbols can be parsed. So, if we want to recognize boolean terms we have to define
explicitly the sort Boolean as a start symbol in the module Booleans. Any symbol and also lists, optionals, etc.,
can serve as a start-symbol. A definition of lexical start symbols looks like

lexical start-symbols

<Symbol>x*

while context-free start symbols are defined as:

context-free start-symbols

<Symbol>x*

SDF3 also supports kernel start-symbols:

start-symbols

<Symbol>x*

In contrast to lexical and kernel start-symbols, context-free start symbols can be surrounded by optional layout. A
lexical start-symbol should have been defined by a production in the lexical syntax; a context-free symbol should have
been defined in the context-free syntax. Both symbols can also be defined in kernel syntax using the suffix ~-LEX or
-CF.

Lexical syntax

The lexical syntax usually describes the low level structure of programs (often referred to as lexical tokens.) However,
in SDF3 the token concept is not really relevant, since only character classes are terminals. The lexical syntax sections
in SDF3 are simply a convenient notation for the low level syntax of a language. The LAYOUT symbol should also be
defined in a lexical syntax section. A lexical syntax consists of a list of productions.

Lexical syntax is described as follows:
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lexical syntax

<Production>=*

An example of a production in lexical syntax:

lexical syntax

Context-free syntax

The context-free syntax describes the more high-level syntactic structure of sentences in a language. A context-free
syntax contains a list of productions. Elements of the right-hand side of a context-free production are pre-processed in
a normalization step before parser generation that adds the LAYOUT ? symbol between any two symbols. Context-free
syntax has the form:

context-free syntax

An example production rule:

context—-free syntax

Block.Block = "{" Statementx "}"

SDF3 automatically allows for layout to be present between the symbols of a rule. This means that a fragment such
as:

{

will still be recognized as a block (assuming that the newline and line-feed characters are defined as layout).

Kernel syntax

The rules from context-free and lexical syntax are translated into kernel syntax by the SDF3 normalizer. When writing
kernel syntax, one has more control over the layout between symbols of a production.

As part of normalization, among other things, SDF3 renames each symbol in the lexical syntax to include the suffix
-LEX and each symbol in the context-free syntax to include the suffix —~CF. For example, the two productions above
written in kernel syntax look like

syntax

Block—-CF.Block = "{" LAYOUT?-CF
BinaryConst—-LEX = [0-1]+

Statement *x—CF LAYOUT?-CF "}"

Literals and character-classes are lexical by definition, thus they do not need any suffix. Note that each symbol in kernel
syntax is uniquely identified by its full name including —CF and —LEX. That is, two symbols named B1ock~CF and
Block are different, if both occur in kernel syntax. However, Block—CF is the same symbol as Bl ock if the latter
appears in a context-free syntax section.
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As mentioned before, layout can only occur in between symbols if explicitly specified. For example, the production

syntax

Block-CF.Block = "{" Statementx-CF LAYOUT?-CEF "}"

does not allow layout to occur in between the opening bracket and the list of statements. This means that a fragment
such as:

would not be recognized as a block.

Productions

The basic building block of syntax sections is the production. The left-hand side of a regular production rule can be
either just a symbol or a symbol followed by . and a constructor name. The right-hand side consists of zero or more
symbols. Both sides are separated by =:

<Symbol> = <Symbol>x*
<Symbol>.<Constructor> =

I

A production is read as the definition. The symbol on the left-hand side is defined by the right-hand side of the
production.

Productions are used to describe lexical as well as context-free syntax. Productions may also occur in priority sections,
but might also be referred to by its <Symbol>.<Constructor>. All productions with the same symbol together
define the alternatives for that symbol.

Attributes

The definition of lexical and context-free productions may be followed by attributes that define additional (syntactic
or semantic) properties of that production. The attributes are written between curly brackets after the right-hand side
of a production. If a production has more than one attribute they are separated by commas. Attributes have thus the
following form:

= <Symbol>x { <Attributel>, <Attribu
sort>.<Constructor> = <Symbol>x { <Attributel>, <Attribute

The following syntax-related attributes exist:

* bracket is an important attribute in combination with priorities. For example, the sdf2parenthesize tool uses
the bracket attribute to find productions to add to a parse tree before pretty printing (when the tree violates
priority constraints). Note that most of these tools demand the production with a bracket attribute to have
the shape: X = " (" X ")" {bracket} with any kind of bracket syntax but the X being the same symbol
on the left-hand side and the right-hand side. The connection with priorities and associativity is that when a
non-terminal is disambiguated using either of them, a production rule with the bracket attribute is probably
also needed.

e left, right, non—-assoc, assoc are disambiguation constructs used to define the associativity of produc-
tions. See associativity.

e prefer and avoid are deprecated disambiguation constructs to define preference of one derivation over
others. See preferences.
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e reject is a disambiguation construct that implements language difference. It is used for keyword reservation.
See rejections.

9.2.4 Templates

Templates are a major change in SDF3 when comparing to SDF2. They are essential when aiming to generate a
nice pretty printer or generate proper syntactic code completion templates. When generating such artifacts, a general
production simply introduces a whitespace in between symbols.

For example, when writing a grammar rule

Statement.If = "if" " (" Exp ")" Exp "else" Exp

and pretty printing a valid program, we would get the text in a single line separated by spaces, as:

[ NON
& Test.tes % = B @ Test.pp.tes 3 =]
1if(x > @) x = 0; 1if (x>0 ) x=0 ; else x = - x ;

2else x = -x;|

Furthermore, code completion would consider the same indentation when inserting code snippets.

However, when using template productions such as

Statement.If = <
if (<Exp>)
<Exp>

else

<Exp>>

We would get the following program.
Again, code completion would also consider this indentation for proposals.

That is, in template productions, the surrounding layout is used to nicely pretty print programs and its code completion
suggestions.

Template Productions

Template productions are an alternative way of defining productions. Similarly, they consist of a left-hand side and a
right-hand side separated by =. The left-hand side is the same as for productive rules. The right-hand side is a template
delimited by < and >. The template can contain zero or more symbols:
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® 0
® Test.tes 23 = O & Test.pp.tes 22 =0
1if(x > @) x = 0; 1if(x > @)
2else x = -x;| 2 x=0;
Jelse
4 X = -X;
<Sort> = < <Symbol>x >
<Sort>.<Constructor> = < <Symbol>x >
Alternatively, square brackets can be used to delimit a template:
= [ <Symbol>x ]
Constructor> = [ <Symbol>x ]
The symbols in a template can either be placeholders or literal strings. It is worth noting that:
¢ placeholders need to be enclosed within the same delimiters (either <. ..>or [...]) as the template ;

* literal strings need not not be enclosed within quotation marks;

* literal strings are tokenized on space characters (whitespace, tab);

* additionally, literal strings are tokenized on boundaries between characters from the set given by the tokenize

option, see the tokenize template option;

* placeholders translate literally. If a separator containing any layout characters is given, the placeholder maps to

a list with separator that strips the layout.

An example of a template rule:

Exp.Addition = < <Exp> + <Exp> >

Here, the + symbol is a literal string and <Exp> is a placeholder for sort Exp.

Placeholders are of the form:
* <Sort?>: optional placeholder
e <Sort«*>: repetition (0...n)
e <Sort+>: repetition (1...n)

* <{Sort ", "}«>:repetition with separator

Case-insensitive Literals

As we showed before, SDF3 allows defining case-insensitive literals as single-quoted strings in regular productions.

For example:
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Exp.If = "if" "(" Exp ")" Exp 'else' Exp

accepts case-insensitive keywords for 1 f and else suchas if, IF, If, else, ELSE or ELsE. However, to generate
case-insensitive literals from template productions, it is necessary to add annotate these productions as case-insensitive.
For example, a template production:

accepts the same input as the regular production mentioned before.

Moreover, lexical symbols can also be annotated as case-insensitive to parse as such. The constructed abstract syntax
tree contains lower-case symbols, but the original term is preserved via origin-tracking. For example:

ID = [a-zA-z][a—-zA-720-9]* {case—-insensitive}

can parse foo, Foo, FOo, £0o, £00, £00 or FOO. Whichever option generates a node "foo" in the abstract syntax
tree. By consulting the origin information on this node, it is possible to know which term was used as input to the
parser.

Template options

Template options are options that are applied to the current file. A template options section is structured as follows:

template options

<TemplateOptionx>

Multiple template option sections are not supported. If multiple template option sections are specified, the last one is
used.

There are three kinds of template options.

keyword Convenient way for setting up lexical follow restrictions for keywords. See the section on follow restrictions
for more information. The structure of the keyword option is as follows:

/word —/— <Pattern>

This will add a follow restriction on the pattern for each keyword in the language. Keywords are automatically
detected, any terminal that ends with an alphanumeric character is considered a keyword.

Multiple keyword options are not supported. If multiple keyword options are specified, the last one is used.

Note that this only sets up follow restrictions, rejection of keywords as identifiers still needs to be written
manually.

tokenize Specifies which characters may have layout around them. The structure of a tokenize option is as follows:

tokenize : "<Character*>"

Consider the following grammar specification:
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template options
tokenize : " ("
context-free syntax

Exp.Call = <<ID>();>

Because layout is allowed around the ( and ) characters, there may be layout between () and ; in the template
rule. If no tokenize option is specified, it defaults to the default value of ().

Multiple tokenize options are not supported. If multiple tokenize options are specified, the last one is used.

reject Convenient way for setting up reject rules for keywords. See the section on rejections for more information.
The structure of the reject option is as follows:

Symbol = keyword {attrs}

where Symbol is the symbol to generate the rules for. Note that attrs can be include any attribute, but by
using re ject, reject rules such as ID = "true" {reject} are generated for all keywords that appear in
the templates.

Multiple reject template options are not supported. If multiple reject template options are specified, the last one
is used.

9.2.5 Disambiguation

As we showed before, the semantics of SDF3 can be seen as two-staged. First, the grammar generates all possible
derivations. Second, the disambiguation constructs remove a number of derivations that are not valid. Note that SDF3
actually performs some disambiguation when generating the parse table or during parsing.

Rejections

Rejections filter derivations. The semantics of a rejection is that the set of valid derivations for the left-hand side of
the production will not contain the construction described on the right-hand side. In other words, the language defined
by the sort on the left-hand side has become smaller, removing all the constructions generated by the rule on the
right-hand side. Disambiguation by re ject occurs at parse time (mostly).

A rule can be marked as rejected by using the attribute { re ject} after the rule:

’<:,;ort> = ... {reject}

The {reject} attribute works well for lexical rejections, especially keyword reservation in the form of productions
like:

’L; = "keyword" {reject}

Preferences

The preferences mechanism is another disambiguation filter that provides a post parse filter to parse forests. The at-
tributes prefer and avoid are the only disambiguation constructs that compare alternative derivations after parsing.
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Warning: prefer and avoid are deprecated and will be removed in a future version of Spoofax.

The following definition assumes that derivations are represented using parse forests with “packaged ambiguity
nodes”. This means that whenever in a derivation there is a choice for several sub-derivations, at that point a spe-
cial choice node (ambiguity constructor) is placed with all alternatives as children. We assume here that the ambiguity
constructor is always placed at the location where a choice is needed, and not higher (i.e. a minimal parse forest
representation). The preference mechanism compares the top nodes of each alternative:

e All alternative derivations that have avoid at the top node will be removed, but only if other alternatives
derivations are there that do not have avoid at the top node.

* If there are derivations that have prefer at the top node, all other derivations that do not have prefer at the
top node will be removed.

The preference attribute can be used to handle the case when two productions can parse the same input. Here is an
example:

<<KExpr> <Exprx>>
<<ID> <Expr>> ({prefer}

Priorities

Priorities are one of SDF3’s most often used disambiguation constructs. A priority section defines the relative priorities
between productions. Priorities are a powerful disambiguation construct because it occurs at parse generation time.
The idea behind the semantics of priorities is that productions with a higher priority “bind stronger” than productions
with a lower priority. The essence of the priority disambiguation construct is that certain parse trees are removed from
the ‘forest’ (the set of all possible parse trees that can be derived from a segment of code). The basic priority syntax
looks like this:

context—-free priorities

<ProductionRef> > <Produc

Where <ProductionRef> can either be <Sort>.<Cons> or the entire production itself.

Several priorities in a priority grammar are separated by commas. If more productions have the same priority they
may be grouped between curly braces on each side of the > sign.

context—-free priorities

{<ProductionRef
>

By default, the priority relation is automatically transitively closed (i.e. if A > B and B > C then A > C). To specify a
non-transitive priority relation it is necessary to include a dot before the > sign (. >).

SDF3 provides safe disambiguation, meaning that priority relations only remove ambiguous derivations. Furthermore,
SDF3 also allows tree filtering by means of indexed priorities such as:

context—-free priorities

<ProductionRef> <idx> > <ProductionRef>
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where the symbol at position idx (starting with 0) in the first production should not derive the second production.

An example defining priorities for the addition, subtraction and multiplication operators is listed below. Because
addition and subtraction have the same priority, the are grouped together between brackets.

context—-free priorities

{Exp.Times
{Exp.Plus Exp.Minus}

Associativity

Like with priorities, the essence of the associativity attribute is that certain parse trees are removed from the ‘forest’.

* The left associativity attribute on a production P filters all occurrences of P as a direct child of P in the right-
most argument. This implies that 1eft is only effective on productions that are recursive on the right (as in A
B C —> C)

e The right associativity attribute on a production P filters all occurrences of P as a direct child of P in the
left-most argument. This implies that right is only effective on productions that are recursive on the left ( as
inC A B —> C).

* The non-assoc associativity attribute on a production P filters all occurrences of P as a direct child of P in
any argument. This implement that non—assoc is only effective if a production is indeed recursive (asin A C
B —> O).

¢ The assoc attribute means the same as 1left

Associativity declarations occur in two places in SDF3. The first is as production attributes. The second is as associa-
tivity declarations in priority groups.

An example on how to mention associativity as a production attribute is given below:

Exp.Plus = <<Exp> + <Exp>> {left}

In priority groups, the associativity has the same semantics as the associativity attributes, except that the filter refers
to more nested productions instead of a recursive nesting of one production. The group associativity attribute works
pairwise and commutative on all combinations of productions in the group. If there is only one element in the group
the attribute is reflexive, otherwise it is not reflexive.

context—-free priorities

{left: Exp.Times} >
{left: Exp.Plus Exp.Minus}

Restrictions

The notion of restrictions enables the formulation of lexical disambiguation strategies. Examples are “shift before
reduce” and “longest match”. A restriction filters applications of productions for certain non-terminals if the following
character (lookahead) is in a certain class. The result is that specific symbols may not be followed by a character from
a given character class. A lookahead may consist of more than one character class (multiple lookahead). Restrictions
come in two flavors:

* lexical restrictions that apply to lexical non-terminals
* context-free restrictions that apply to context-free non-terminals.

The general form of a restriction is:
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<Symbol>+ -/- <Lookaheads>

The semantics of a restriction is to remove all derivations that produce a certain <Symbol>. The condition for this
removal is that the derivation tree for that symbol is followed immediately by something that matches the lookahead
declaration. Note that to be able to check this condition, one must look past derivations that produce the empty
language, until the characters to the right of the filtered symbol are found. Also, for finding multiple lookahead
matches, one must ignore nullable sub-trees that may occur in the middle of the matched lookahead.

In case of lexical restrictions <Symbo1l> may be either a literal or sort. In case of context-free restrictions only a sort
or symbol is allowed. The restriction operator —/— should be read as may not be followed by. Before the restriction
operator —/— a list of symbols is given for which the restriction holds.

As an example, the following restriction rule implements the “longest match” policy: an identifier can not be followed
by an alpha-numeric character.

Layout-sensitive parsing

SDF3 supports definition of layout sensitive syntax by means of layout constraints. While we haven’t covered this
feature in this documentation, the paper /S2/ describes the concepts.

Layout Declarations

In the paper [S2], the authors describe layout constraints in terms of restrictions involving the position of the subtree
involved in the constraint (0, 1, ...), token selectors (first, left, last and right), and position selectors as
lines and columns (1ine and col). This mechanism allows writing layout constraints to express alignment, offside
and indentation rules, but writing such constraints is rather cumbersome and error prone. Alternatively, one may
write layout constraints using layout declarations, which are more declarative specifications and abstract over lines,
columns and token selectors as the original layout constraints from /S2/. Note: if you want to use layout declarations,
you should specify the jsglr-version: layout-sensitive parameter for SDF3, see JSGLR configuration.

* tree selectors

To specify which trees should be subject to a layout constraint, one may use: tree positions, SDF3 labeled non-
terminals, or unique literals that occurs in the production. For example:

context—-free syntax

tmt.IfElse = "if" Exp "then" Stmts "else" else:Stmts {layout (
indent "if" 3,
gn 3 else &&
align "if" "else"

In the layout constraint for the production above, e 1 se refers to the tree for the labeled non-terminal else: Stmts,
"if" refers to the tree corresponding to the "if" literal and the number 3 correspond to the tree at position 3 in the
parse tree (starting at 0, ignoring trees for LAYOUT ?).

* align

The layout constraint layout (align x y1, ..., yn) specifies that the trees indicated by the tree selectors
v 1 should be aligned with the tree indicated by the tree selector x, i.e., all these trees should start in the same column.
For example, if we consider the production above, the following program is correct according to the align constraints:

if x < 0 then
x =0

(continues on next page)
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(continued from previous page)

Whereas, the following program is incorrect because neither the if and else keyword align (align "if" "else"),
nor the statements in the branches (align 3 else):

* align-list

The constraint align-list can be used to indicate that all subtrees within a list should be aligned. That is, a constraint
layout (align—-1ist x), where x is a tree selector for a list subtree, can be used to enforce such constraint. For
example, consider the following production and its layout constraint:

context-free syntax

Stmt.If = "if" Exp "then" then:Stmtx {layout (
align-list then
)}

This constraint indicates that statements inside the list should be aligned. Therefore, the following program is correct
according to this constraint:

if x < 0 then
x =0

o= 4

= 2

And the following program is invalid, as the second statement is misaligned:

if x < 0 then

o offside

The offside rule is very common in layout-sensitive languages. It states that all lines after the first one should be
further to the right compared to the first line. For a description of how the offside rule can be modelled with layout
constraints, refer to [S2]. An example of a declarative specification of the offside rule can be seen in the production
below:

context-free syntax

Stmt.Assign = <<ID> = <Exp>> {layout (offside 3)}

The layout constraint specifies that when the expression in the statement spams multiple lines, all following lines
should be indented with respect to the column where the expression started. For example, the following program is
valid according to this constraint:
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However, the following program is not valid, as the second line of the expression starts at the same column as the first
line:

x =4 % 10
ceeet 2

Note that if the expression is written on a single line, the constraint is also verified. That is, the following program
successfully parses:

x =4 x 10 + 2

It is also possible to use the offside relation on different trees. For example, consider the constraint in the following
production:

context-free syntax

Stmt.If = "if" Exp "then" then:Stmtx {layout (
offside "if" then

This constraint states that all lines (except the first) of the statements in the then branch should be indented with
respect to the if literal. Thus, the following program is invalid according to this layout constraint, because the

statement x = 2 should be indented with relation to the topmost if.
if x < 0 then

--if vy < 0 then

x = 2

In general, an offside constraint involving more than a single tree is combined with indent constraint to enforce that
the column of the first and all subsequent lines should be indented.

¢ indent

An indent constraint indicates that the column of the first line of a certain tree should be further to the right with respect
to another tree. For example, consider the following production:

context-free syntax

Stmt.If = "if" Exp "then" then:Stmtx {layout (
indent "if" then

)}

This constraint indicates that the first line of the list of statements should be indented with respect to the if literal.
Thus, according to this constraint the following program is valid:

if x < 0 then
% = 2

Note that if the list of statements in the then branch spams multiple lines, the constraint does not apply to its subsequent
lines. For example, consider the following program:

if x < 0 then
x =2 + 10
* 4

y =3

This program is still valid, since the column of the first line of the first assignment is indented with respect to the
if literal. To indicate that the first and all subsequent lines should be indented, an offside constraint should also be
included.
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context—-free syntax

Stmt.If = "if" Exp "then" then:Stmtx {layout (
indent "if" then &&
le "if" then

With this constraint, the remainder of the expression = 4 should also be further to the right compared to the “if” literal.
The following program is correct according to these two constraints, since the second line of the first assignment and
the second assignment are also indented with respect to the 1 £ literal:

if x < 0 then
cex =2 + 10

S
[

Finally, all these layout declarations can be ignored by the parser and used only when generating the pretty-printer. To
do that, prefix the constraint with pp- writing, for example, pp-offside or pp-align.

Todo: Part of this documentation is not yet written.

9.3 SDF3 Examples

Todo: This part part of the documentation is not yet written.

9.4 SDF3 Configuration

When using SDF3 inside Spoofax, it is possible to specify different configuration options that. They allow using
the new parser generator, specifying the shape of completion placeholders, or disable SDF altogether. These options
should be specified in the metaborg. yaml file.

For example, to disable SDF for the current project, use:

language:
sdf:
enabled: false

This configuration should be present when defining language components for a language that has SDF enabled.

SDF3 allows generating placeholders for code completion. The default “shape” of placeholders is [ [Symbol]].
However, it is possible to tweak this shape using the configuration below (the configuration for suffix is optional):

language:
sdf:
placeholder:
prefix: "S$"
suffix: "S$"

Currently, the path to the parse table is specified in the Syntax.esv file, commonly as table: target/
metaborg/sdf.tbl. When the ESV file does not contain this entry, it is also possible to specify the path to
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the parse table in the metaborg.yaml file. This is useful when testing an external parse table, or using a parse
table different from the one being generated in the project. In the example below, the table is loaded from the path
tables/sdf.tbl. The same can be applied to the parse table used for code completion.

language:
sdf:
parse-table: "tables/sdf.tbl"
completion-parse-table: "tables/sdf-completions.tbl"

In a Spoofax project, it is also possible to use SDF2 instead of SDF3. This enables SDF2 tools such as the SDF2
parenthesizer, signature generator, etc. For example:

language:
sdf:
version: sdf2

By default SDF3 compilation works by generating SDF?2 files, and depending on the SDF2 toolchain. However, a new
(and experimental) parse table generator can be selected by writing:

language:
sdf:
sdf2table: java

This configuration disables the SDF2 generation, and may cause problems when defining grammars to use concrete
syntax, since this feature is not supported yet by SDF3. However, the java parse table generator supports Unicode,
whereas SDF2 generation does not. Furthermore, dynamic can be used instead of java, to enable lazy parse table
generation, where the parse table is generated while the program is parsed.

A namespaced grammar can be generated automatically from an SDF3 grammar. This namespacing is done by adding
the language name to all module names and sort names. The generated grammar is put in src—gen/syntax. The
configuration to enable this is:

language:
sdf:
generate—namespaced: true

Note that namespacing doesn’t not handle imports of grammar files from other projects very well.

9.4.1 JSGLR version

An experimental new version of the SGLR parser implementation is available: JSGLR2. It supports parsing, imploding
and syntax highlighting. Error reporting, recovery and completions are currently not supported. It can be enabled with:

language:
sdf:
jsglr-version: v2

There are some extensions of JSGLR2 available. To use them, change the jsglr-version by replacing v2 with
one of the following:

data-dependent Data-dependent JSGLR?2 solves deep priority conflicts using data-dependent pars-
ing, which does not require duplicating the grammar productions.

incremental Incremental JISGLR2 reuses previous parse results to speed up parsing.
layout-sensitive Layout-sensitive JSGLR2 is documented in the reference manual of SDF3.

recovery JSGLR2 with recovery tries to recover from parse errors. This extension is experimental.
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recovery-incremental Incremental JSGLR2 with recovery. This extension is experimental.

9.4.2 JSGLR2 logging

Logging is available for JSGLR2. It can be enabled with:

language:
sdf:
jsglr2-logging: all

Since logging all parsing events is quite verbose, several other scopes are available in addition to the a1l option:
none Log nothing (default).

minimal Only log the start and end of a parse, including a measurement of total parse time (including
imploding and tokenization).

parsing Log all standard parsing events (such as stack and parse forest operations, action execution,
etc.) but no variant-specific events (e.g. related to recovery).

recovery Log the recovery iterations and the recovery productions that are applied.

Warning: Whenever changing any of these configurations, clean the project before rebuilding.

9.5 Migrating SDF2 grammars to SDF3 grammars

The conversion of SDF2 (.sdf) or template language (.tmpl) files into SDF3 can be done (semi) automatically.

For SDF?2 files, it is possible to apply the Spoofax builder Lift to SDF3 to get a SDF3 file that corresponds to the SDF2
grammar. Another way of doing that is to apply the same builder to a definition (.def) file (in the include directory),
that contains all SDF2 modules of your language. The result is a list of SDF3 files corresponding to all modules of
your grammar. All SDF3 files are generated in the src-gen/sdf3-syntax directory.

For template language files with deprecated constructors, you can also apply the Lift to SDF3 builder, to convert the
grammar into a SDF3 grammar in the src-gen/formatted directory.

Lift to SDF3 has two different versions: it can lift productions into templates or it can lift it into productive productions.
In the case of wanting to have productive productions out of templates, the Extract productions builder can be used.

9.6 SDF3 Bibliography

SDEF3 is the successor of SDF2, which is itself the successor of SDF.
e SDF [S3]
SDF2 [S7]

* Disambiguation filters /S4]

* Scannerless generalized-LR parsing [S6/
» Template productions [S9] [S8]

* Layout sensitive syntax [S2]

* Syntactic completions /S7]
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 Safe and complete disambiguation
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Static Semantics Definition with NaBL2

Programs that are syntactically well-formed are not necessarily valid programs. Programming languages typically im-
pose additional context-sensitive requirements on programs that cannot be captured in a syntax definition. Languages
use names to identify reusable units that can be invoked at multiple parts in a program. In addition, statically typed
languages require that expressions are consistently typed. The NaBL2 ‘Name Binding Language’ supports the spec-
ification of name binding and type checking rules of a language. NaBL2 uses a constraint-based approach, and uses
scope graphs for name resolution.

10.1 Introduction

10.1.1 Name Resolution with Scope Graphs
10.2 Language Reference

This section gives a systematic overview of the NaBL2 language.

10.2.1 Lexical matters
Identifiers

Most identifiers in NaBL2 fall into one of two categories, which we will refer to as:

* Lowercase identifiers, that start with a lowercase character, and must match the regular expression
[a—z] [a—2zA-Z0-9\_] *.

» Uppercase identifiers, that start with an uppercase character, and must match the regular expression
[A-Z] [a-zA-Z0-9\_] .
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Comments

Comments in NaBL2 follow the C-style:
e // ... single line ... forsingle-line comments
e /% ... multiple lines ... =/ formulti-line comments

Multi-line comments can be nested, and run until the end of the file when the closing * / is omitted.

10.2.2 Terms and patterns

term = ctor—-id " (" {term ","}x ")"
| AL (" {term "’ "}* ") n
| A\l [ll {term n "}* Il] n
r
| mw [" {term ", "}* n | n term Il] n
| namespace-id? "{" term ("@" var-id)? "}"
pattern ctor-id " (" {pattern ","}x ")"

‘ n (" {pattern vl, vl}* lv) "

‘ ll[ll {pattern "l"}* IIJ"

‘ n [" {pattern ll, "}* n ‘ " pattern "J "
\

\

non

var—-id

10.2.3 Modules

module module-id

sectionx

NaBL2 specifications are organized in modules. A module is identified by a module identifier. Module identifiers con-
sist of one or more names seperated by slashes, as in {name “/”}+. The names must match the regular expression
[a—zA-Z20-9\_] [a-zA-Z0-9\_\.\-]*.

Every module is defined in its own file, with the extensions .nabl2. The module name and the file paths must
coincide.

Example. An empty module analysis/main, definedinafile .../analysis/main.nabl?2.

module analysis/main

// work on this

Modules consist of sections for imports, signatures, and rule definitions. The rest of this section describes imports,
and subsequents sections deal with signatures and rules.

Imports

imports

module-refx

A module can import definitions from other modules be importing the other module. Imports are specified in an
imports section, which lists the modules being imported. A module reference can be:
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* A module identifier, which imports a single module with that name.

* A wildcard, which imports all modules with a given prefix. A wildcard is like a module identifier, but with a
dash as the last part, as in {name “/”}+ “/-™.

A wildcard import does not work recursively. For example, analysis/— would imports analysis/functions,
and analysis/classes,butnot analysis/lets/recursive

Example. A main module importing several submodules.

module main
imports
builtins

functions/—
- s/ —

10.2.4 Signatures

signature

signaturex*

Signatures contain definitions and parameters used in the specification. In the rest of this section, signatures for terms,
name binding, functions and relations, and constraint rules are described.

Terms

Terms in NaBL2 are multi-sorted, and are defined in the sorts and constructors signatures.

Sorts

sorts

sort—-idx

Available since version 2.3.0
The sorts signature lists the sorts that are available. Sort are identified by uppercase identifiers.

Example. Module declaring a single sort Type.

module example
signature

sorts Type
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Constructors

constructors

ctor-defx

Constructors are defined in a constructors signature, and identified by uppercase identifiers. Constructor defini-
tions are written as follows:

* Nullary constructors are defined using ctor—-id “:” sort-id.
* N-ary constructors are defined using ctor-id “:” {sort-ref “x”}+ “->" sort-id.

Sort references can refer to sorts defined in the signature, or to several builtin sorts. One can refer to the following
SOrts:

 User-defined sorts using its sort—id.
e Tuples using ™ (* {sort-ref “x"}x “)”.
e Listsusing “1ist (“ sort-ref “)”.

* Generic terms using the “term” keyword. The term sort contains all possible terms, and can be seen as a
supertype of all other sorts.

e Strings using the “string” keyword.

* Scopes using the “scope” keyword.

* Occurrences using the “occurrence” keyword.

* Sort variables are written using lowercase identifiers.

For example, a module specifying the types for a language with numbers, functions, and records identified by scopes,
might look like this:

module example

signature
sorts Type
constructors
NumT : Type
FunT : Type » Type —> Type
RecT : scope —> =
Name binding

Two signatures are relevant for name binding. One describes namespaces, that are used for occurrences, and one
describes the parameters for name resolution.

Namespaces

namespaces

namespace—-defx
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Namespaces are defined in the name spaces signature. Namespaces are identified by uppercase identifiers. A names-
pace definition has the following form: namespace—-id (“:” sort-ref)? properties?. The optional
“:” sort-ref indicates the sort used for the types of occurrences in this namespace.

Other properties of occurrences in this namespace, are specified as a block of the form “{“ { (prop-id “:”
sort-ref) “,”}x “}”. Properties are identified by lowercase identifiers, and t ype is a reserved property key-
word that cannot be used.

The following example defines three namespaces: 1) for modules, without a type or properties, 2) for classes, which
has a property to record the body of the class, and 3) for variables, which has a type property, of sort Type. For
completeness the sort declaration for Type is shown as well.

module example
signature
sorts Type

namespaces

Module

{ b
Typ

Name resolution

name resolution
labels
label-idx
order
{label-order ", "}«
well-formedness
label-regexp

Name resolution parameters are specified in a name-resolution signature. Note that this block can only be
specified once per project.

Edge labels are specified using the 1abels keyword, followed by a list of uppercase label identifiers. The label "D"
is reserved and signifies a declaration in the same scope.

The specificity order on labels is specified using the order keyword, and a comma-separated list of label-ref
“<” label-ref pairs. Label references refer to a label identifier, or the special label D.

Finally, the well-formedness predicate for paths is specified as a regular expression over edge labels, after the
well-formedness keyword. The regular expression has the following syntax:

* A literal label using its 1abel-id.

* Empty sequence using “e”.

» Concatenation with regexp regexp.

e Optional (zero or one) with regexp “7?”.

¢ Closure (zero or more) with regexp “«*”.

* Non-empty (one or more) with regexp “+”.
* Logical or with regexp “|” regexp.

* Logical and with regexp “&” regexp.
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* Empty language using “0”, i.e., this will not match on anything.
* Parenthesis, written as ™ (' regexp “)”,can be used to group complex expressions.

The following example shows the default parameters, that are used if no parameters are specified:

name resolution
labels
P T

order
D < P,
D < I,
I <P

well-formedness

Px Tx

Functions and relations

Functions

functions

( function—-id (":" sort-ref "->" sort-ref )?
("{" {function-case ","}*x "}")? )«

function-case = pattern "->" term

Functions available at constraint time are defined in a functions signature. A function is identified by a name,
followed by a type and the function cases. The cases are rewrite rules from the match in the left, to the term on the
right. The function cases need to be linear, which all the variables mentioned in the right-hand side term have to be
bound in the left-hand side pattern.

The type is currently not checked, but can be used to document to sorts of the elements in the function.

Example. A module that defines the 1e ft and right projection functions for pairs.

module example
signature
functions
left : (Type » Type) —-> Type {
(%, y) —> x
}
right : (Type » Type) -> Type {
(2, v) —> v
}
Relations
relations

(continues on next page)
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(continued from previous page)

( relation-option* relation-id
(":" sort-ref "«" sort-ref)?
("{" {variance-pattern ","}x "}")? )%

relation-option = "reflexive" | "irreflexive"

| "symmetric" | "anti-symmetric"

| "transitive" | "anti-transitive"
variance-pattern ctor—-id " (" {variance ","}x ")"

| "[" variance "]"
| A\l (ll {Varlance ll, Il}* ll) n

n_n

variance

"+"relation-id?
| "-"relation-id?

The relations that are available are defined in a relations signature. A relation is identified by a name, possibly
preceded by properties of the relation, and followed by an optional type and special cases for specific constructors.

The properties that are specificied are enforced at runtime. The positive properties (reflexive, symmetric, and
transitive) ensure that all pairs that were not explicitly added to the relation are inferred. The negative properties
(irreflexive, anti-symmetric, and anti-transitive) are checked when adding a pair to the relation,
and result in an error in the program if violated. The positive and negative properties are mutually exclusive. For
example, it is not allowed to specify both reflexive and irreflexive at the same time.

The type specified for the relation is currently not checked, but can be used to document the sorts of the elements in
the relation.

Variance patterns are used to specify general cases for certain constructors. This can be used, for example, to add
support for lists, that are checked pair-wise.

Example. Module below defines a reflexive, transitive, anti-symmetric subtype relation sub, with the common vari-
ance on function types, and covariant type lists.

module example

signature
relations
reflexive, transitive, anti-symmetric sub : Type x Type {
FunT (-sub, +sub),
[+sub]
}
Rules

constraint generator

rule-defx

The type signatures for constraint generation rules are defined in a constraint generator signature. Rule sig-
natures describe the sort being matched, the sorts of any parameters, and optionally the sort of the type. A rule signa-
ture is written as rule-id? “[[“ sort-ref “*” “ (™ {sort-ref “,"}*x M)” (“:” sort-ref)?
“11”. Rules are identified by uppercase identifiers.
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The following example shows a module that defines a default rule for expressions, and rules for recursive and parallel
bindings. The rule for expressions has one scope parameter, and expressions are assigned a type of sort Type. The
bind rules are named, and match on the same AST sort Bind. They take two scope parameters, and do not assign any
type to the bind construct.

module example
signature

constraint generator

[[ Expr ~ (scope) : Type ]]
~ (scope, scope) 1]
[[ Bind ~ (scope, scope) ]]

BindPar[[ Bind

BindRec

NaBL2 supports higher-order rules. In those cases, the rule-id is extended with a list of parameters, written as
rule-id “(“ {rule-id “,"}*x M) ".

For example, the rule that applies some rule, given as a parameter X, to the elements of a list has signature Map1 (X) [ [
a ~ (b) 11.Note that we use variables a and b for the AST and parameter sort respectively, since the map rule is
polymorphic.

10.2.5 Rules

rules

rulex

The rules section of a module defines syntax-directed constraint generation rules.

Init rule
init * ( {parameter ","}x ) (":" type)? := {clause ","}+
init © ( {parameter ","}x ) (":" type)?

Constraint generation starts by applying the default rule to the top-level constructor. The init rule, which must be
specified exactly once, provides the initial values to the parameters of the default rule.

Init rules come in two variants. The first variant outputs rule clauses. These can create new scopes, or defined
constraints on top-level declarations. If the rule has no clauses, the rule can be closed without a clause definition. For
example, init ~ () . isshorthand for init ~ () := true.

In the example module below, the default rule takes one scope parameter. The init rule creates a new scope, which will
be used as the initial value for constraint generation.

module example

rules

init ©~ (s) := new s.
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Generation rules

rule-def? [[ pattern "~ ( {parameter ","}x ) (":" type)? ]] := {clause ","}+
rule-def? [[ pattern ~ ( {parameter ","}* ) (":" type)? 1]
rule-def = rule-id (" (" {rule-id ","}x ")")?

Constraint generation rules are defined for the different syntactic constructs in the object language. Rules can accept a
number of parameters and an optional type. The parameters are often used to pass around scopes, but can be used for
other parameters as well. The rule clause consists of a comma-separated list of constraints.

Rules can be named to distinguish different versions of a rule for the same syntactic construct. Named rules can also
accept rule parameters, which makes it possible to write higher-order rules. For example, the Map (X) [ [ list (a)
~ (b) 11 rule accepts as argument the rule that will be applied to the elements in the list. Note that only a single
rule with a certain name can be defined per AST pattern.

Rules are distinguished by name and arity, so Map1 is different from Map1 (X) . There is no overloading based on the
number of parameters, or the presence or absence of a type.

All variables in the rule’s clauses that are not bound in the pattern, the parameters, the type, or a new directive, are
automatically inferred to be unification variables.

The rule form without clauses is equal to a rule that simply return true. For example, [[ Int (_) " (s)
IntT() ]1.isshorthandfor [[ Int(_) ~ (s) : IntT() ]] := true..

Recursive calls

clause = rule_ref n [ [ll Var nAm A\l (ll {var ll’ n } * ll) A\l (ll : n term) ? IIJ ] n
rule-ref = rule-id (" (" {rule-ref ","}x ")")?
| "default"

Recursive calls are used to invoke constraint generation for subterms of the current term. Recursive calls can only be
made on parts of the program AST, therefore the term argument needs to be a variable that is bound in the current
match pattern.

If no rule name is specified, the default rule will be called. Rules that are applied are selected based on the name and
the term argument. To pass the default rule as an argument to a higher-order rule, the default keyword is used.

There is no overloading on the number of parameters or the presence or absence of a type. Calling a rule with the
wrong number of parameters will result in errors during constraint collection.

Delegating to other rules is only supported if the delegate has the same parameters and type as the rule that is delegating.

Example. A module defining and calling different rules.

module example

rules
[[ Int() ~ (s) IntT () 1]
Mapl[[ [xIxs] ©~ (s) [tyltys] 1] :=
[[ x ~ (s) : ty 11, // call default rule on head
Mapl[[ xs ~ (s) : tys 1]. // recurse on tail
Mapl (X) [[ [xlxs] ~ (s) [tyltys] 1] :=

(continues on next page)

10.2. Language Reference 4




Spoofax Documentation, Release 2.5.16

(continued from previous page)

X[[ = ~ (s) : ty 11, // call rule X on head
Mapl(X) [[ s *~ (s) : tys 1]. // recurse on tail, passing on X

The rule Map1 could also be defined in terms of Map1 (X) as follows:

module example
rules

Mapl[[ xs oty :
Mapl (default) [[ xs ~ (s) : tys ]11].

10.2.6 Constraints

This section gives an overview of the different constraints that can be used in clauses of constraint rules.

Base constraints & error messages

clause = "true"
| "false" message?

message = "|" message-kind message-content message-position?

message—-kind = "error" | "warning" | "note"
message-content "\"" chars "\""

"S[" (chars | "[" term "]")x "]"
"Q" var-id

message-position

The two basic constraints are true and false. The constraint true is always satisfied, while false is never
satisfied.

The message argument to a constraint specifies the error message that is displayed if the constraint is not satisfied.
The severity of the error can be specified to be error, warning or note. The message itself can either be a simple
string, or an interpolated string that can match terms and variables used in the rule. By default the error will appear
on the match term of the rule, but using the @t syntax the location can be changed to t. The variable t needs to be
bound in the AST pattern of the rule.

Example. Some constraints with different ways of specifying error messages.

false | error Qt] // generic error on whole term
false | note "Simple note" // specific note on whole term
false | warning $[Consider [t2]] @tl // formatted warning on first subterm

Term equality

clause = term "==" term message-?
| term "!=" term message?
Equality of terms is specified used equality and inequality constraints. An equality constraint t1 == t2 specifies

that the two terms need to be equal. If the terms contain variables, the solver infers values for them using unificiation.
If unification leads to any conflicts, an error will be reported.
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Inequality is specified with a constraint of the form t1 != t2. Inequality constraints cannot always be solved if both
sides contain variables. The inequality between two variables depends on the values that will be inferred for them.
Only after a value is assigned, will the inequality be tested. If the constraint cannot be solved, because some variables
have remained free, an error is reported as well.

Example. A few constraints for term (in)equality.

ty ==

Y 11

FunT (tyl, ty2) | error $[Expected function type, but got [ty
)

ty != NilT(

Name binding

Name binding is concerned with constraints for building a scope graph, constraints for resolving references and ac-
cessing properties of declarations, and name sets that talk about sets of declarations or references in the scope graph.

Occurrences

occurrence = namespace-id? "{" term position? "}"

position = "@" var-id

References and declarations in the scope graph are not simply names, but have a richer representation called an
occurrence. An occurrence consists of the name, the namespace, and a position.

The name can be any term, although usually it is a term from the AST. Names are not restricted to strings, and can
contain terms with subterms if necessary. However, it is required that the name contains only literals, or variables that
are bound in the match pattern.

Namespaces allow us to separate different kinds of names, so that type names do not resolve to variables or vice versa.
If there is only one namespace in a language, it can be omitted and the default namespace will be used.

The position is necessary to differentiate different occurrences of the same name in the program, and is the connection
between the AST and the scope graph. The position can usually be omitted, in which case the position of the name is
taken if it is an AST term, or the position of the match term, if the name is a literal.

Example. Several of occurrences, with explicit and implicit compontents.

Var{x} //
{v} //

variable x, x must be bound in match

no namespace, y must be bound in match

Type{a} // type a, a must e bound in match
Var{"this" @c} // this variable with explicit position
Var{This ()} // this variable using a constructor instead of a string
Type{"Object"} // literal type occurrence
Scope graph
clause = occurrence "<-" scope

| occurrence "->" scope

| scope "-"label-id"->" scope

| occurrence "="label-id"=>" scope

| occurrence "<="label-id"=" scope

| "new" var—-idx
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Scope graph constraints construct a scope graph. Names in the graph are represented by occurrences. Scopes in the
graph are abstract, but can be created using the new directive. Rules usually receive scope parameters that allows them
to extend and connect to the surrounding scope graph.

The following scope graph constraints are available:

* Declarations are introduced with d <— s. The arrow points from the scope to the declaration, which indicates
that the occurrence is reachable from scope s.

» References are introduced with r —-> s. The arrow points from the reference to the scope, indicating that the
reference should be resolved in scope s. Note that a reference in the scope graph is not automatically required
to resolve to a declaration. To check that, a resolution constraint needs to be specified.

e A direct edge from one scope to another is written as s1 —1-> s2. This indicates that the scope s2 is
reachable from s1. If the label is omitted, as in s1 —--> s2, the label P is used implicitly.

* An associated scope, written as d =1=> s, exports the declarations visible in s via the declaration d. If the
label is omitted, as in d ===> s, the label I is used implicitly.

* Declarations from an associated scope can be imported from reference r with an import edge, written as r
<=1= s. Given that the reference r resolves to a declaration d, and d has an associated scope edge labeled 1
to a scope s ', the declarations visible in s' will become visible in s. Similarly to the associated scope edge,
if the label on an import edge is omitted, as in r <=== s, the label I is used implicitly. Note that the import
edge does not specify where the imported reference has to be resolved. Make sure that the reference itself is
also added to the graph with a reference edge.

* Scopes need to be explicitly created. This is done with the the new s constraint, which creates a new scope
and binds it to the variable s.

A few restrictions apply to the scope graph. An occurrence can only be a reference in one scope. Similarly, an
occurrence can only be a declaration in one scope. However, it is possible to use an occurrence as both a declaration
and a reference.

It is important to note that all scope graph constraints define a scope graph. This means that the scopes or occurrences
generally should not contain constraint variables. The exception is the target scope in a direct edge, or the reference in
an import edge. This allows modeling type-dependent name resolution.

Example. Rules that build a scope graph.

[[ Module (x, imps,defs) ~ (s) ]] :=
Mod{x} <- s, // module declaration

new ms, // new scope for the module
Mod{x} ===> ms, // associate module scope with the declaration
Map2[[ imps ~ (ms, s) 11, // recurse on imports
Mapl[[ defs ~ (ms) 11. // recurse on statements
[[ Import(x) ~ (ms, s) 1] :=
Mod{x} -> s, // module reference
Mod{x} <=== ms. // import in the module scope
[[ Typebef(x, ) 7~ (s) 11 :=
Type{x} <- s. // type declaration

// type reference

// variable declaration

// recurse on type annotation

(continues on next page)
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Var{x} —-> s. // variable reference

Name resolution

clause = occurrence "|->" occurrence message?
| occurrence "?="label-id"=>" scope message?
| occurrence"."prop-id ":=" term priority? message?
| occurrence ":" type priority? message?

priority = "!"x

The following constraints are available to resolve references to declarations, and specify properties of declarations:

* Resolution of a reference occurrence r to a declaration occurrence d is written as r | —> d. Resolution con-
straints can infer the declaration given a reference, however not the other way around. A resolution constraint
requires that a reference resolves to exactly one declaration, or else it will fail.

* A lookup of the associated scope s of a declaration d is done with d ?=1=> s, where 1 is the edge label. If
the label is omitted, as in d ?===> s, the label T is used implicitly.

* A property p of a declaration d is specified with d.p := t. If multiple constraints for the same property of the
same declaration exist, their values will be unified. Priorities can be used to guide where errors will be reported.
If two constraints for the same property of the same declaration are in conflict, the error will more likely be
reported on the constraint with the least priority annotations.

* A special form exists for the t ype property, which is preferably writtenas d : t.

Example. Rules that include resolution constraints and declaration types.

// type declaration
// semantics type of the type declaration

[[ TypeRef(x) ~ (s) ty 11 :=

Type{x} -> s. // type reference

Type{x} |-> d, // resolve reference

d : ty. // semantic type of the resolved declaration
[[ VarDef(x, t) ~ (s) 1] :=

Var{x} <- s, // variable declaration

[[ &~ (s) « ty 171, // recurse on type annotation

Var{x} : ty !. // type of the variable declaration
[[ VarRef(x) »~ (s) : ty 1] :=

Var{x} -> s, // variable reference

Var{x} |-> d, // resolve variable reference

d : ty. // type of resolved declaration
Name sets
name—-set = "D (" scope ")" ("/"namespace-id)?

| "R(" scope ")"("/"namespace-id)?

(continues on next page)
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| "V(" scope ")"("/"namespace-id)?
| "W(" scope ")"("/"namespace-id)?
set-proj = "name"
message-position = "@NAMES"

Name sets are set expressions (see Sets) that are based on the scope graph. They can be used in set constraints to test
for properties such as duplicate names, shadowing, or complete coverage.

The expression D (s) represents the set of all declarations in scope s, and similarly R (s) refers to all references in
scope s. The set of all visible declarations in s is represented by V (s) , and the set of all reachable declarations in s
is represented by W (s) . The difference between visible and reachable declarations is that de former takes the label
order into account to do shadowing, while the latter only considers path well-formedness but does not shadow.

All the name sets can also be restricted to declarations or references in a particular namespace by appending a forward-
slash and the namespace. For example, all variable declarations in scope s would be represented by D (s) /Var.

Name sets support the name set projection that makes it possible to compare occurrences by name only, ignoring the
namespace and position.

When using set constraints on name sets, there are some options to relate the error messages to the elements in the
set, instead of the term where the constraint was created. First, the position in the message can be set to @NAMES.
This makes error messages appear on the names in the set. For example, distinct/name D (s)/Var | error
@NAMES will report errors on all the names that are duplicate. If you want to refer to the name in the error message, use
the NAME keyword. For example, in the message error $[Duplicate name [NAME]] @NAMES,the keyword
will be replaced by the correct name.

Sets
clause = "distinct" ("/"set-proj)? set-expr message?
| set—expr "subseteqg" ("/"set-proj)? set-expr message?
| set-expr "seteqg" ("/"set-proj)? set-expr message?
set—-expr "o"

| "(" set-expr "union" set-expr ")"

| "(" set-expr "isect" ("/"set-proj)? set-expr ")"
|

|

"(" set-expr "minus" ("/"set-proj)? set-expr ")"
name-set

Set constraints are used to test for distinct elements in a set, or subset relations between sets. Set expressions allow the
usual set operations such as union and intersection.

The constraint distinct S check whether any elements in the set S appears multiple times. Note that this works
because the sets behave like multisets, so every element has a count associated with it as well. If the set S supports
projections, it is possible to test whether the set contains any duplicates after projection. Which projections are
available depends on the sets involved. For example, when working with sets of occurrences (see Name sets), the
name projection can be used.

Constraints S1 subseteqg S2 and S1 seteqg S2 test whether S1 is a subset of S2, or if the sets are equal,
respectively. Both constraints also support projections, written as S1 subseteqg/proj S2and S1 seteq/proj
S2.

The basic set expressions that are supported are 0 for the empty set, (S1 union S2) for set union, (S1 isect
S2) for intersection, and (S1 minus S2) for set difference. Set intersection and difference can also be performed
under projection, written as (S1 isect/proj S2) and (S1 minus/proj S2). This means the comparison
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to check if elements from the two sets match is done after projecting the elements. However, the resulting set will still
contain the original elements, not the projections.For example, this can be used to compute sets of occurrences where
a comparison by name is necessary.

Example. Set constraints over name sets.

distinct/name D{(s)/Var // variable names in s must be unique

Functions and relations

clause = term "<"relation-id?"!" term message?
| term "<"relation-id?"?" term message?
| term "is" function-ref "of" term message?
function-ref = function-id
| relation—-id".lub"
| relation-id".glb"
Symbolic
clause = "?-" term

| "1-" term

10.3 Stratego API

The Stratego API to NaBL?2 allows the customization of certain parts of the analysis process, and access to analysis
result during after analysis.

The full definition of the API can be found in the nabl2/api module.

10.3.1 Setup

Using the Stratego API requires a dependency on the NaBL?2 runtime, and an import of nab12/api.

Example. A Stratego module importing the NaBL2 API.

module example
imports

nabl2/api

10.3.2 Customizing analysis

Several aspects of the analysis process can be customized by implementing hooks in Stratego.
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Custom pretty-printing

By default the object language terms that are mentioned in error messages are printed as generic terms. This may
lead to error messages like Expected number, but got FunT (IntT(), Int()). By implementing the
nabl2-prettyprint-hook, the term might be pretty-printed, resulting in a message like Expected number,
but got 'int -> int'. Care needs to be taken though, because the terms might contain constraint vari-
ables, that are not part of the object language and would break pretty-printing. This can be fixed by injecting the
nabl2-prettyprint—-term strategy into the object language pretty-printing rule.

Example. A module that implements the pretty-printing hooks to format types from the object language. This assumes
that types are defined in an SDF3 file using the sort Type.

module example
imports
nabl2/api

rules

nabl2-
prettyprint-YOURLANG-Type = r

prettyprint-hook

Custom analysis

Analysis in NaBL2 proceeds in three phases. An initial phase is used to create initial scopes and parameters. A second
phase is used to collected, and partially solve, constraints per compilation unit. A final phase solves constraints. The
constraints in the final phase are those of all compilation units combined, if multi-file analysis is enabled.

It is possible to run custom code after each of these phases, by implementing
nabl2-custom-analysis-init-hook, nabl2-custom-analysis-unit-hook, and
nabl2-custom-analysis—-final-hook(|a).

The initial hook receives a tuple of a resource string and AST node as its argument. The result type of the initial hook
is free.

The unit hook receives a tuple of a resource string, and AST node, and the initial result if the initial hook was imple-
mented. If the initial hook is not implemented, an empty tuple () is passed as the initial result. The result type of the
unit hook is free.

The final hook receives a tuple of a resource string, the result if the initial hook, and a list of results of the unit hook.
The initial result will again be () if the initial hook is not implemented. The unit results might be an empty list if the
unit hook is not implemented. The final hook also receives an term argument for the analysis result, that can be passed
to the strategies to access the analysis result. The final hook should return a tuple of errors, warnings, notes, and a
custom result. Messages should be tuples (origin-term, message) of the origin term from the AST, and the
message to report.

Custom analysis hooks are advised to use the strategies nabl2-custom-analysis-info-msg (|msg) and
nabl2-custom-analysis—info (|msg) to report to the user. The first version just logs the message term,
while the second version also logs the current term. If formatting the info messages is expensive, the strategy
nabl2-is-custom-analysis-info-enabled to check if logging is actually enabled. The advantage of us-
ing these logging strategies is that they are influenced by the logging settings in the project configuration.

Example. A Stratego module that shows how to set up custom analysis strategies.

module example

(continues on next page)
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imports
nabl2/api
rules

nabl2-custom-analysis—init-hook:
(resource, ast) -> custom-initial-result
with nabl2-custom-analysis—-info-msg(|"Custom initial analysis step");
custom—-initial-result :=

nabl2-custom-analysis—-unit-hook:
(resource, ast, custom-initial-result) -> custom-unit-result
with <nabl2-custom-analysis-info (|"Custom unit analysis step")> resource;
custom-unit-result :=

nabl2-custom-analysis—-final-hook (]a):

(resource, custom—-initial-result, custom-unit-results) —-> (errors, warnings,
—notes, custom-final-result)
with nabl2-custom-analysis—info-msg(|"Custom final analysis step");
custom-final-result := ... ;
errors = ...
warnings := ... ;
notes =

10.3.3 Querying analysis

The analysis API gives access to the result of analysis. The analysis result is available during the final custom analysis
step, or in post-analysis transformations.

The API defines several strategies to get an analysis term by resource name or from an AST node. This analysis term
can then be passed to the querying strategies that give access to the scope graph, name resolution, etc.

Getting the analysis result

VEZ:
* Get analysis for the given AST node
*
* @type node:Term —-> Analysis
*/

nabl2-get-ast—-analysis

J ko
* Get analysis for the given resource
*
* @type filename:String -> Analysis
*/

nabl2-get-resource-analysis

VEz:
* Test i1f analysis has errors
*
* Fails if there are no errors, succeeds otherwise.

*

(continues on next page)
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* @type Analysis —> _
*/

nabl2-analysis—-has—-errors

There are two ways to get the result of analysis. The first is calling nabl2-get—ast—-analysis on a node if
the analyzed AST. The second is to call nabl2-get-resource—analysis with a resource name. The resulting
term can be passed as a term argument to the different query strategies.

To check if analysis was successful, the strategy nabl2-analysis—has—errors can be used. This strategy will
succeed if any errors were encountered, and fail otherwise.

Example. Builder that only runs if analysis has no errors.

module example

imports
nabl2/api
rules
example-builder:
(., _, ast -> (output-file, result)
where analysis is> $[[project—-path]/[path]l];
<not (nabl2-analysis—has-errors s
with output-file := ... ;

AST properties

J ok k
* @param a : Analysis
* @type node:Term —> Term
*/

nabl2-get—-ast-params (]|a)

VS

* @param a : Analysis

* @type node:Term —> Type
*/

nabl2-get-ast-type(|a)

AST nodes are associated with the parameters and (optionally) the type mentioned in the rule that was applied to the
node. For example, ifarulelike [[ e ~ (s) : ty ]] wasapplied to an expression in the AST, it is possible to
query the analysis for the scope s and the type ty. The strategy nabl2—-get-ast—-params (|a) expects an AST
node, and returns a tuple with the parameters. Similary nabl2-get-ast-type (|a) expects an AST node and
returns the type. If no type was specified, for example in arule suchas [[ e ~ (sl1, s2) 11, the call will fail.
The term argument a should be an analysis result.

Nodes in the AST are indexed to make the connection between the AST and the analysis result. The following
strategies can be used to preserve or manipulate AST indices. Note that this has no effect on the result of analysis, so
whether such manipulation is sound is up to the user.

J ko

* Get AST index. Fails 1f term has no index.

(continues on next page)
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*
* @type Term —-> TermIndex
*/

nabl2-get-ast-index

VEE:
* Set AST index on a term. Throws an exception of the index argument
* 1s not a valid index.

*

* @param index : Termindex

* @type Term -> Term

*/
nabl2-set—-ast—-index (| index)
VEE:

* Copy AST index from one term to another. Fails if the source has no

* index.

*

* @param from : Termindex

* @type Term -> Term

*/

nabl2-copy-ast—-index (| from)

J ok *
* Execute a strategy and copy the index of the input term to the output
* term. If the original term has no index, the result of applying s 1is
* returned unchanged. Thus, failure behaviour of s 1s preserved.
*
* @type Term —-> Term
*/

nabl2-preserve-ast-index (s)

Ve
* Erase AST indices from a term, preserving other annotations and
* attachments.
*
* @type Term —-> Term
*/

nabl2-erase—-ast-indices

Scope graph & name resolution
The strategies concerning scope graphs and name resolution are organized in three groups. The first group are strategies

to create and query occurrences in the scope graph. The second group gives access to the structure of the scope graph.
The third group exposes the result of name resolution, as well as types and properties that are set on declarations.

Working with occurrences

J ko

* Make an occurrence in the default namespace

* NaBL2 equivalent: {node}

(continues on next page)
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* @type node:Term —> Occurrence
*/

nabl2-mk-occurrence

/%
* Make an occurrence in the specified namespace
*
* NaBL2 equivalent: ns{node}

*

* @param ns : String
* @type node:Term —-> Occurrence
*/

nabl2-mk-occurrence (|ns)

Ve
* Make an occurrence in the specified namespace,
*
* NaBLZ2 equivalent: ns{node (@t}

*

* @param ns : String

* @param t : Term

* @type node:Term —> Occurrence
*/

nabl2-mk-occurrence(|ns,t)

VEx:
* Get namespace of an occurrence
*
* @type Occurrence -> ns:String
*/

nabl2-get-occurrence—-ns

VEE:
* Get name of an occurrence
*
* @type Occurrence —-> Term
*/

nabl2-get-occurrence—-name

using an origin term

Querying the scope graph

J ok k
* Get all declarations in the scope graph
*
* @param a : Analysis
* @type _ —-> List (Occurrences)
*/
nabl2-get—-all-decls(]a)

J ko

*

Get all references in the scope graph

* @param a : Analysis
@type _ —> List (Occurrences)

*

(continues on next page)
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*/
nabl2-get-all-refs(|a)

VS
* Get all scopes 1in the scope graph
*
* @param a : Analysis
* @type _ —> List (Scope)
*/
nabl2-get—-all-scopes(]a)

J ko
* Get the scope of a reference
*
* @param a : Analysis
* @type ref:0Occurrence —> Scope
*/

nabl2-get-ref-scope(]|a)

/%
* Get the scope of a declaration
*
* @param a : Analysis
* @type decl:Occurrence —> Scope
*/

nabl2-get-decl-scope (]a)

J ok k
* Get declarations in a scope
*
* @param a : Analysis
* @type Scope —-> List (Occurrence)
*/
nabl2-get-scope-decls(]|a)

Ve
* Get references in a scope
*
* @param a : Analysis
@type Scope —-> List (ref:0Occurrence)

*

*/
nabl2-get-scope-refs(|a)

J ko
* Get direct edges from a scope
*
* @param a : Analysis
* @type Scope -> List ((Label,Scope))
* @type (Scope,Label) —-> List (Scope)
*/

nabl2-get-direct-edges(|a)

J ko
*
*
* @param a : Analysis

* @type Scope -> List ((Label,Scope))

Get inverse direct edges from a scope

(continues on next page)
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* @type (Scope,Label) -> List (Scope)
*/
nabl2-get-direct-edges—-inv (|a)

/%

* Get Import edges from a scope

* @param a : Analysis
* @type Scope —-> List ((Label,ref:0Occurrence))
* @type (Scope,Label) -> List (ref:0Occurrence)
*/

nabl2-get—-import—-edges (|a)

/%

* Get inverse Import edges from a reference

* @param a : Analysis
* @type ref:0ccurrence —> List ((Label, Scope))
* @type (ref:Occurrence,Label) —-> List (Scope)
*/

nabl2-get—-import—-edges—-inv(|a)

J ko
* Get associated scopes of a declaration
*
* @param a : Analysis
* @type decl:Occurrence —> List ((Label,Scope))
* @type (decl:Occurrence,Label) -> List (Scope)
*/

nabl2-get—-assoc-edges (]a)

Ve
* Get associated declarations of a scope
*
* @param a : Analysis
* @type Scope —-> List ((Label,decl:Occurrence))
* @type (Scope,Label) -> List (decl:0Occurrence)
*/

nabl2-get—-assoc—edges—-inv (|a)

Querying name resolution

/%
* @param a : Analysis
* @type decl:0Occurrence —> Type
*/
nabl2-get-type(|a)
/%
* @param a : Analysis

* @param prop : String
* @type decl:Occurrence —> Term
*/

nabl2-get-property (la,prop)

(continues on next page)
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VE
* @param a : Analysis
* @type ref:0Occurrence —> (decl:0Occurrence, Path)
*/

nabl2-get-resolved—-name (|a)

VE
* @param a : Analysis
* @type ref:0Occurrence —> List ((decl:Occurrence, Path))
*/

nabl2-get-resolved—-names (]|a)

J x*

* Get visible declarations in scope
*
* @param a : Analysis
* @type Scope —> List (Occurrence)
*/

nabl2-get-visible-decls(]|a)

J ok k
* Get reachable declarations 1in scope

*

* @param a : Analysis
* @type Scope —-> List (Occurrence)
*/

nabl2-get-reachable-decls (|a)

10.4 Configuration

We will show you how to prepare your project for use with NaBL?2, and write your first small specification.

10.4.1 Prepare your project

You can start using NaBL2 by creating a new project, or by modifying an existing project. See below for the steps for
your case.

Start a new project

If you have not done this already, install Spoofax Eclipse, by following the installation instructions.

Create a new project by selecting New > Project... from the menu. Selecting Spoofax > Spoofax
language project from the list, and click Next. After filling in a project name, an identifier, name etc will
be automatically suggested. To use NaBL2 in the project, select NaBL2 as the analysis type. Click Finish to create
the project.

Convert an existing project

If you have an existing project, and you want to start using NaBL2, there are a few changes you need to make.

First of all, make sure the metaborg. yaml file contains at least the following dependencies.
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#

dependencies:
compile:
- org.metaborg:org.metaborg.meta.nabl2.lang:${metaborgVersion}
source:
- org.metaborg:org.metaborg.meta.nabl2.shared:${metaborgVersion}
- org.metaborg:org.metaborg.meta.nabl2.runtime: ${metaborgVersion}

We will set things up, such that analysis rules will be grouped together in the directory t rans/analysis. Create a
file trans/analysis/main. str that contains the following.

module analysis/main
imports
nabl2shared

nabl2runtime
analysis/—

Add the following lines to your main trans/LANGUAGE. str.

module LANGUAGE
imports

analysis/main
rules

editor—-analyze = analyze (desugar-pre,desugar—-post)

If your language does not have a desugaring step, use analyze (id, 1d) instead.

Finally, we will add reference resolution and menus to access the result of analysis, by adding the following lines to
editor/Main.esv.

module Main
imports

nabl2/References
nabl2/Menus

You can now continue to the example specification here, or directly to the language reference.

10.4.2 Runtime settings
Multi-file analysis
By default, files are analyzed independently of each other. Files can also be analyzed in the project context. This

allows cross-file references, imports, et cetera. This is called multifile mode, and is configured the ESV files of a
language definition. To enable multi-file mode, add the (multifile) option to the observer:

observer = editor-analyze (multifile)
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Logging
The log output of NaBL2 analysis can be controlled by setting the runtime.nabl2.debug option in a projects
metaborg.yaml.
The following debug flags are recognized:
* analysis enables summary output about the analysis; number of files analyzed and overal runtime.
* files enables output about individual files; which files are being analyed.
* collection enables output about constraint collection; a trace of the rules are applied during collection.
* timing enables output about the runtimes of different parts of the analysis.
e all enables all possible output.

For example, to enable summary output about the analysis, add the following to a projects metaborg.yaml:

runtime:
nabl2:
debug: analysis

10.4.3 Inspecting analysis results
You can debug your specification by inspecting the result of analysis, and by logging a trace of the rules that get
applied during constraint generation.

The result of analysis can be inspected, by selecting elements from the Spoofax > NaBL2 Analysis the menu.
For multifile projects, use the Project results, or the File results for singlefile projects.

10.5 Examples

10.6 Bibliography

Relevant papers.

10.7 NaBL

This is the NaBL reference manual. In Spoofax, name binding is specified in NaBL. NaBL stands for Name Binding
Language and the acronym is pronounced ‘enable’. Name binding is specified in terms of:

* namespaces

* binding instances (name declarations)
¢ bound instances (name references)

* scopes

* imports
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10.7.1 Namespaces

A namespace is a collection of names and is not necessarily connected to a specific language concept. Different
concepts can contribute names to a single namespace. For example, in Java, classes and interfaces contribute to the
same namespace, as do variables and parameters. Namespaces are declared in the name spaces section of a language
definition:

namespaces

Module Entity Property Function Variable

Note: Some languages such as C# provide namespaces as a language concept to scope the names of declarations
such as classes. It is important to distinguish these namespaces as a language concept from NaBL namespaces as a
language definition concept. The two are not related.

10.7.2 Name Binding Rules
Name bindings are specified in name binding rules. Each rule consists of a term pattern (a term that may contain

variables and wildcards _) and a list of name binding clauses about the language construct matched by the pattern.
There are four different kinds of clauses for definition sites, use sites, scopes, and imports.

Definition Sites

The following rules declare definition sites for module and entity names:

rules

Module (m, _): defines non-unique Module m
Entity (e, _): defines unique Entity e

The patterns in these rules match module and entity declarations, binding variables m and e to module and entity
names, respectively. These variables are then used in the clauses on the right-hand sides. In the first rule, the clause
specifies any term matched by Module (m, _) to define a name m in the Module namespace. Similarly, the second
rule specifies any term matched by Entity (e, _) to define a name e in the Ent ity namespace.

Consider the following example module:

module shopping

entity Item {

name : String

The parser turns this into an abstract syntax tree, represented as a term:

Module (
"shopping"
, [ Entity(
n Itemﬂ
, [ Property("name", EntityType ("String")) ]

)
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The patterns in name binding rules match subterms of this term, indicating definition and use sites. The whole term
is a definition site of the module name shopping. The first name binding rule specifies this binding. Its pattern
matches the term and binds m to "shopping". Similarly, the subterm Entity ("Item", ...) is a definition
site of the entity name Item. The pattern of the second name binding rule matches this term and binds e to "Item".

While entity declarations are unique definition sites, module declarations are non—unique definition sites. That is,
multiple module declarations can share the same name. This allows language users to spread the content of a module
over several files, similar to Java packages. Definition sites are by default unique, so the unique keyword is only
optional and can be omitted. For example, the following rules declare unique definition sites for property and variable
names:

_): defines Pr
defines Variable
_) : defines Variable

operty p

Note: Spoofax distinguishes the name of a namespace from the sort and the constructor of a program element: in the
last rule above, the sort of the program element is St at ement, its constructor is Declare, and it defines a name in
the Variable namespace. By distinguishing these three things, it becomes easy to add or exclude program elements
from a namespace. For example, return statements are also of syntactic sort Statement, but they do not correspond
to any namespace. On the other hand, function parameters also define names in the Variable namespace, even
though (in contrast to variable declarations) they do not belong to the syntactic sort Statement.

Use Sites

Use sites refer to definition sites of names. They can be declared similarly to definition sites. The following rule
declares use sites for entity names:

Type (t): refers to Entity t

Use sites might refer to different names from different namespaces. For example, a variable might refer either to a
Variable or a Property. This can be specified by exclusive resolution options:

Ar () @
refers to Variable x
otherwise refers to Property x

The otherwise keyword signals ordered alternatives: only if the reference cannot be resolved to a variable, Spoofax
will try to resolve it to a property. As a consequence, variable declarations shadow property definitions. If this is not
intended, constraints can be defined to report corresponding errors.

Scopes

Scopes restrict the visibility of definition sites. For example, an entity declaration scopes property declarations that
are not visible from outside the entity.

entity Customer {

name String // Customer.name

entity Prod

ring // Product.name
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In this example, the two name properties both reside in the Property namespace, but can still be distinguished: if
name is referred in a function inside Customer, it refers the one in Customer, not the one in Product.

Simple Scopes

Scopes can be specified in scope clauses. They can be nested and name resolution typically looks for definition sites
from inner to outer scopes. In the running example, modules scope entities, entities scope properties and functions,
and functions scope local variables.

Module (m, _):

defines Module m

scopes Entity
Entity (e, _):

defines Entity e

scopes Property, Function
Function(f, _):

defines Function f

scopes Variable

As these examples illustrate, scopes are often also definition sites. However, this is not a requirement. For example, a
block statement has no name, but scopes variables:

Block(_): scopes Variable

Definition Sites with Limited Scope

Many definitions are visible in their enclosing scope: entities are visible in the enclosing module, properties and
functions are visible in the enclosing entity, and parameters are visible in the enclosing function. However, this does
not hold for variables declared inside a function. Their visibility is limited to statements after the declaration. The
following rule restricts the visibility to the subsequent scope:

Declare (v, _):
defines Variable v in subsequent scope

Similarly, the iterator variable in a for loop is only visible in its condition, the update, and the loop’s body, but not in
the initializing expression. This can be declared as follows:

For(v, t, init,
defines Variable v

Scoped References

Typically, use sites refer to names which are declared in its surrounding scopes. But a use site might also refer to
definition sites which reside outside its own scope. For example, a property name in an expression might refer to a
property in another entity:

entity Customer {

name : String

(continues on next page)
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(continued from previous page)

function getCustomerName () : String {

return customer

.name;

Here, name in customer . name refers to the property in entity Cust omer. The following name binding rule is a
first attempt to specify this:

PropAccess (exp, p):

refers to Property p in Entity e

But this rule does not specify which entity e is the right one. Interaction with the type system is required in this case:

PropAccess (exp, p):
refers to Pr
where exp has type EntityType (e)

operty p in Entity e

This rule extracts e from the type of the expression exp. We will later discuss interactions with the type system in
more detail.

Imports

Many languages offer import facilities to include definitions from another scope into the current scope. For example,
a module can import other modules, making entities from the imported modules available in the importing module:

module order
import banking

entity Customer ({

String

account: BankAccount

Here, BankAccount is not declared in the scope of module order. However, module banking declares an entity
BankAccount which is imported into module order. The type of property account should refer to this entity.
This can be specified by the following name binding rule:

Import (m) :
imports Entity from Module m

This rule has two effects. First, Import (m) declares use sites for module names. Second, entities declared in these
modules become visible in the current scope.

10.7.3 Interaction with Type System

We can associate names with type information. This type information is specified at definition sites, and accessed at
use sites. The following name binding rules involve type information at definition sites:

Property(p, t):

defines Property p of type t
Param(p, t):

defines Variable p of type t
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These rules match property and parameter declarations, binding their name to p and their type to t. Spoofax remem-
bers t as type information about the property or parameter name p. In this example, the type is explicitly declared in
property and parameter declarations. But the type of a definition site is not always explicitly declared but needs to be
inferred by the type system. For example, variable declarations might come with an initial expression, but without an
explicit type.

var x = 42;

The type of x is the type of its initial expression 42. To make the type of x explicit, the type of the initial expression
needs to be inferred by the type system. The following name binding rule makes this connection between name binding
and type system:

Declare (v, e):
defines Variable v
of type t
in subsequent scope
where e has type €

Note: The predecessor of NaBL2, the NaBL/TS name binding and type analysis meta-language is deprecated.
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Static Semantics Definition with Statix

Programs that are syntactically well-formed are not necessarily valid programs. Programming languages typically im-
pose additional context-sensitive requirements on programs that cannot be captured in a syntax definition. Languages
use names to identify reusable units that can be invoked at multiple parts in a program. In addition, statically typed
languages require that expressions are consistently typed. The Statix language supports the specification of name
binding and type checking rules of a language. The rules of the static semantics are written as logic rules, and solved
using a constraint-based approach, and uses scope graphs for name resolution.

11.1 Getting Started

Note: Generate a language project that uses Statix by following this guide and selecting Statix for Analysis
type.

The best way to get started on Statix is to use the the lectures from the TU Delft compiler construction course. These
lectures explain the concepts that are used in Statix, and discuss scope graph patterns and Statix rules for several
language features. In particular, these are the relevant lectures:

* Type Checking and Type Constraints introduces type checking concepts and the basics of Statix specifications.

* Name Binding and Name Resolution introduces scope graphs in depth, discusses many name binding patterns
in terms of scope graphs and queries, and shows example Statix rules for many of these patterns.

¢ Constraint Semantics and Constraint Resolution Discusses in the semantics of Statix and some of the algorithms
that are used in its implementation.

The lecture pages also link to other presentations and tutorials on Statix and scope graphs.

Example  projects using  Statix can be found in  this  reposity. The  ‘STL-
Crec<https://github.com/metaborg/nabl/tree/master/statix.integrationtest/lang.stlcrec>‘_ project is
the simplest, and shows a simply-typed lambda calculus extended with structural records. The
‘Units<https://github.com/metaborg/nabl/tree/master/statix.integrationtest/lang.units>¢_ project
contains definitions for a language that supports various module and package features. The

‘FGJ<https://github.com/metaborg/nabl/tree/master/statix.integrationtest/lang.fgj>‘_ project shows a more
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advanced specification for Featherweight Generic Java, showing scopes as types, complex scope graph patterns, and
lazy-substitution-based generics.

11.2 Debugging

This section describes several techniques that can be used to debug your Statix specification if it does not work as you
expect.

Note: The single most useful thing you can do when debugging is to make the problem as small as possible! All
the techniques you can use for debugging are more effective when the problem is as small as possible. Try to find the
smallest example program and Statix specification that still exhibits your problem, and focus on those.

There are three main categories of problems you may encounter:

1. Errors reported in your Statix files. These may come from syntax errors, unresolved names for modules or
predicates, type errors, or problems with illegal scope extension. When these errors are unexpected and not
mentioned in Some Common Problems, follow the steps in Basic Checklist and Creating Minimal Examples. If
that does not help out, please follow the steps in Getting Help and Reporting Issues.

2. Unexpected behavior when running Statix on files of your language. This is the most common kind of prob-
lems. All debugging techniques after the Basic Checklist are focused on finding and debugging problems in
the definitions in your specification. Note that it is useless to try to solve problems of this kind when your
specification still has errors!

3. Analysis fails altogether. This usually results in Analysis failed errors at the top of files or on the project
in the Package Explorer. Check the Console and Error Log for reported Java exceptions that can be included in
a bug report.

11.2.1 Basic Checklist

These are some basic things that should always be checked when you encounter a problem:

e See if the disappears after a clean build (run Project > Clean... and than Project > Build
Project on your project). If the problem disappears after a clean build, but then consistently reappears after
subsequent editing or building, it should be reported as a potential bug.

* Are there errors on any Statix files? The behavior of running Statix on your language files is undefined when
the specification itself has errors. Check the Package Explorer as well as the Problems and Console
views to make sure none of the Statix files have errors on them. Fix such errors before debugging any other
issues!

* Check for errors in the Package Explorer and in open editors, as well as in the Console, Problems,
and Error Log views.

* See whether the section on Some Common Problems or the remainder of the documentation answers your ques-
tion already.

11.2.2 Checking AST Traversal

Ensure that your Statix rules are applied to the AST nodes. It is easy to forget to apply a predicate to a subterm,
especially for bigger languages. If you are not sure if the rules are applied to a certain AST node, add a forced note
(e.g. try { false } | note "text™")tothat AST node as follows:
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extendsOk (s_lex, Extends(m), s_mod) :— {s_mod'}
try { false } | note "extendsOK applied",
resolveMod(s_lex, m) == s_mod',
s mod —EXT-> s_mod'.

Build your project and check if the note appears where you expect it. If it does not appear, find the places where those
AST nodes may appear and ensure the predicate is applied.

11.2.3 Checking Reference Resolution

Setting ref attributes on references allows you to check reference resolution interactively in example programs of
your language. The following rule shows how to do that using @x.ref := x':

resolveVar (s, x) = - {x"}
query typeOfDecl

filter P» and { x' :— x' == x }

min $ < P and true

in s [—-> [(., (x', T))1,
@x.ref := x'

This requires that x and x ' are both names from the AST. Now write some example programs and check if references
resolve to the definitions you expect, by Ctrl + Click / Cmd + Right Click on the reference.

Note that statix/References must be included in one of your ESV files for this to work. This is by default the
case for generated projects that use Statix.

11.2.4 Interpreting Error Messages

Statix can be configured to contain a trace as part of the error messages for failing constraints, which can be a great
help for debugging. Two parameters control message formatting. The first, nessage-trace-length controls
whether a trace is included in the message, and how long it will be. A value of 0 means no trace (if no custom message
is provided, the failing constraint itself is still shown), —1 means the full trace. The default is set to 0, as showing
traces is mostly helpful for debugging when writing the spec and it slows down message formatting. The second,
message-term-depth controls the depth up to which terms in messages are formatted. A value of —1 means full
terms. The default is set to 3, which is usually enough to understand the terms involved, without choking up Eclipse
or the console with large error messages. It is not recommended to set both settings to —1, because then every message
will contain the full AST.

The configuration settings are part of the metaborg. yaml file of the project containing the language files (not the
project containing the specification!), and look as follows:

runtime:
statix:
message-trace-length: 5 # default: 0, full trace: -1
message-term-depth: 3 # -1 = max

A typical error message including a trace may look as follows:

[(?g.unit-wld61-10, (?g.unit-x'-11, ?gq.unit-T-5))] == []
> query filter ((Label ("units/name-resolution/interface!EXT"))* Label ("units/name-
—resolution/default—-impl!var")) and { (?x',_) :— ?x' == "qg" } min irrefl trans anti-
—sym { <edge>Label ("units/name-resolution/default-impl!var") < <edge>Label ("units/
—name-resolution/interface!EXT"); } and { _, _ :- true } in #p.unit-s_mod_4-4 |-> [(?
—g.unit-wld61-10, (?g.unit-x'-11, ?q.unit-T-5)) ]

(continues on next page)
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(continued from previous page)

> units/name-resolution/interface!resolveVar (#g.unit-s_mod_2-4,
—QDefRef (OModInModRef (ModRef ("P"),"B"),"q"), ?g.unit-T-5)

> units/statics!typeOfExpr (#g.unit-s_mod_2-4, VarRef (QDefRef (QModInModRef (ModRef (...),
~"B"),"g")), ?g.unit-T-5)

> units/statics!defOk (#g.unit-s_mod_2-4, VarDef ("e",VarRef (QDefRef (QModInModRef (...,
—...),"q"))), #g.unit-s_mod_2-4)

> ... trace truncated

As this looks daunting at first, we break it down. At the top is the constraint that failed; in this case an equality
constraint. Below that are several lines prefixed with > that show where the constraint above it originated. We see
that the equality originated from a query, which itself originated from one of the rules of resolveVar, which was
applied in one of the rules of t ypeOfExpr etc. As these traces can get very long, they are truncated to five entries.

Now we explain some more details of what we can see here:

* Errors may contain unification variables of the form ?F ILENAME-VARNAME-NUM or ?VARNAME-NUM. These
are instantiations of the meta-variables in the specification. The variable name VARNAME corresponds to the
name of the meta-variable that was instantiated, and can be helpful in reasoning about the origin of a unification
variable. When the name corresponds to a functional predicate name, it is a return value from that predicate. The
file name is the file that was being checked when the unification variable was created. Due to Statix’s operation,
this can sometimes be the project root instead of the actual file.

e Scope values are shown as #FILENAME-VARNAME-NUM or #VARNAME-NUM. (Rarely they appear in the
exploded form Scope ("FILENAME", "VARNAME-NUM")).

* Predicate names are prefixed with the name of the module they are defined in. For example, de £Ok is defined
inunits/statics and therefore appears as units/statics!defOk in the trace. Note that the predicate
name is prefixed with the Statix module that defines the predicate. (The rules for the predicate may be defined
in other modules.)

* The trace shows which predicates were applied, and to which arguments. It does not show which predicate rule
was chosen! This can often be deduced from the line above it in the trace, but if unsure, use a forced note (see
Inspecting Variables) to check your expectation.

* Error messages are fully instantiated with the final result. This means that variables that appear in error messages
are free in the final result of this Statix execution. Therefore, we do not have to consider the order of execution
or the moment when the error message was generated when interpreting error messages!

The section on Some Common Problems contains tips on how to deal with many error messages.

11.2.5 Inspecting Variables

Inspecting the values assigned to meta-variables can be very helpful to debug a specification. Variables cannot be
automatically inspected, but we can show their values by forcing a note in the rule where the variable appears. The
following rule shows how to do this for the intermediate type T of the assigned variable:

stmtOk (s, Assign(x, e)) :— {T U}
T == resolveVar(s, x),
try { false | note $[assignee has type [T]],
U == typeOfExp(s, e),
subtype (U, T).
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11.2.6 Inspecting the Scope Graph

Inspecting the scope graph that is constructed by Statix can be very helpful in debugging problems with scoping and
name resolution queries. After type checking, view the scope graph of a file using the Spoofax > Statix >
Show scope graph menu. Note that in multi-file mode, the scope graph is always the graph of the whole project.
Therefore, creating a small example project with only a few files can be very helpful (see also Creating Minimal
Examples).

Here is an example of such a scope graph:

scope graph
#g.unit-s_mod_2-4 {
relations {
units/name-resolution/default—-impl!var : ("e", UNIT())
}
edges {
units/name-resolution/interface!LEX : #s_1-1
}
}
#p.unit-s_mod_4-4 {
relations {

units/name-resolution/default—-impl!var : ("b", UNIT())
}
edges {

units/name-resolution/interface!LEX : #p.unit-s_mod_2-6

}

}

#p.unit-s_mod_2-6 {
relations {

units/name-resolution/default—impl!mod : ("B", #p.unit-s_mod_4-4)
}
edges {
units/name-resolution/interface!LEX : #s_1-1
}
}
#s_1-1 {
relations {
units/name-resolution/default—-impl!mod : ("E", #g.unit-s_mod_2-4)

("P", #p.unit-s_mod_2-6)

The scope graph is presented as a list of scopes, with the relation entries and outgoing edges from that scope. Re-
member that the names of the scopes match the names of the meta-variables in the specification! For example, #p.
unit-s_mod_4-4 originated from a meta-variable s_mod. Paying attention to this is very helpful in figuring out
the structure of the graph.

Some useful questions you can ask yourself when inspecting the scope graph for debugging:

* Does the graph have the structure I expect from the current example program? Are all the scopes that I expect
there, and are all the scopes that are there expected? Do all scopes have the expected relations in them? Do the
have the expected outgoing edges?

* When you are debugging a certain query, consider the scope in which the query starts, and execute the query in
the given graph. Are the necessary edges present? Does the regular expression allow those edges to be traversed?
Are you querying the correct relation, and is the filter predicate correct for the data you want to match?

When considering these questions, it can be helpful to use the ideas from Inspecting Variables to verify the scope a
query is executed in, or to show the scope that is created for a definition, and match those with what you see in the
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scope graph.

11.2.7 Creating Minimal Examples

Creating a minimal example is one of the most useful things you can do when debugging. It helps you to get to the
core of the problem, but it also benefits all of the other techniques we have discussed so far. Having a smaller example
makes it easier to inspect the scope graph, makes it easier to inspect variables as there are fewer, and reduced the
number of error messages to review.

An example is a file, or set of files, in your langauge, where Statix does not behave as you expect. A minimal
example is usually created by starting from a big example that exhibits the problem. Try to eliminate files and simplify
the example program while keeping the unexpected behavior. The smaller the program and the fewer rules in your
specification are used for this program, the easier it is to debug.

11.2.8 Testing Predicates

Sometimes creating a minimal example program in your language is not enough to fix a problem. In such cases writing
Statix tests is a great way to test your definitions in even more detail. In a Statix test you can specify a constraint and
evaluate it to see how it behaves. For example, if you suspect a bug in the definition of the subt ype predicate, you
could test it as follows:

// file: debug.stxtest
resolve {T}
T == typeOfExp (Int ("42")),
subtype (T, LONG())
imports
statics

The .stxtest file starts with resolve and a constraint, which can be anything that can appear in a rule body.
After that, the test may specify imports, signature and rules sections like a regular Statix module. A test
is executed using the Spoofax > Evaluate > Evaluate Test menu. Evaluation outputs a . stxresult
file, which looks as follows:

substitution
T |=> INT()

analysis
scope graph

errors
* INT () == LONG()
> statics!subtype (INT (), LONG())
> ... trace truncated ...

warnings

notes

The test result shows the value of top-level variables from the resolve block (in this case T), the scope graph that
was constructed (in this case empty), and any messages that were generated (in this case one error).

These tests are a great way to verify that the predicate definitions work as you expect. Apply your predicates to
different arguments to check their behavior. Even more complicated mechanisms such as queries can be debugged
this way. Simply construct a scope graph in the resolve block (using new, edges, and declarations), and execute
your querying predicate on the scopes you have created. As a starting point, you can take the AST of your example
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program (using the Spoofax > Syntax > Show parse AST menu), and use that as an argument to your top-
level predicate.

Creating a self-contained Statix test is a good way to isolate a problem. Instead of importing all your definitions,
copy the relevant definitions to the test (in a rules section), and try to create the smallest set of rules and predicate
arguments that still exhibit the problem you are debugging. A self-contained test is also very helpful when asking
others for help, as it is much easier to review and run than having to setup and build a complete language project.

11.2.9 Some Common Problems

* Predicates fail with amb (. . .) terms as arguments. These terms indicate parsing ambiguities, which should be
fixed in the grammar (SDF?3) files.

* Errors in your specification appear at incorrect places (e.g. sort or constructor declarations). In such cases,
the declaration is referenced from an invalid position anywhere in your specification, but due to the non-
deterministic order of constraint solving the error appears at the observed position. The best approach to solve
these issues is to comment away all usages, until the error disappears. Then, in the last commented position, the
declaration is used incorrectly.

* One or both of the fileOk (...) or projectOk (.. .) predicates fail immediately, for example with the
€rror messages:
statics!fileOk (#s_1-1,Test ([Prog("A.mod",Decls(...)),Prog("B.mod",Decls(...)),
—Prog ("C.mod",Decls(...))])) (no origin information)
statics!projectOk (#s_1-1) (no origin information)

In such cases, you have probably renamed the top-level file, or moved the declarations of these predicates to
another file that is imported. Assuming the predicates are now defined in the module statics/mylang as
follows:

// file: trans/statics/mylang.stx
module statics/mylang
imports statics/mylang/program

rules

pr

ileOk : scope x Start
gramOk (s, p).

fileOk (s, p) :— pro

If this module is the top-level module of your specification, then you have to change the call to
stx-editor—analyzein trans/analysis.str such that the first term argument (which specifies the
module to use, by default "statics™") is the new module name (in this case statics/mylang).

On the otherhand, if you kept statics as the top-level module and have it import the module statcs/
mylang, then you have to change the call to st x—-editor—-analyzeintrans/analysis. str such that
the second and third term argument (which specify the predicates to apply to projects and files, respectively) are
qualified by the module name (in this case "statics/mylang!projectOk" and ""statics/mylang!
f1i1leOk, respectively).

* Files of your language are only analyzed by Statix after they are opened in an editor in Eclipse. There are several
reasons why this may be hapening:

— The project containing the files is not a Spoofax project. A spoofax project must contain a metaborg.yaml.
If it is a Maven project, the packaging must be one of spoofax-{language,test,project}.
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— The project containing the files does not have a dependency on your language. Spoofax only analyzes
files of your language if the metaborg.yaml configuration contains a compile dependency on the language
definition. This should look similar to the following:

dependencies:
compile:

— org.example:your—language:1l.0-SNAPSHOT

— The language is missing. If a language dependency is missing, this is reported with errors on the console.
Make sure your language definition project is open in Eclipse and that is is successfully built.

— Eclipse is not configured to automatically build files. This can be enabled by selecting Project > Build
automatically from the Eclipse menu.

— The project in Eclipse did not get the Spoofax nature. Imported Maven projects with one of the spoofax-
* packagings normally get the Spofoax nature automatically, but sometimes this doesn’t work correctly.
Non-Maven projects always have to be assigned the Spoofax nature manually. This can be done with
Spoofax > Add Spoofax nature in the context-menu of the project containing the files.

¢ A lot of errors are reported. It happens that a single problem in the type checked program leads to the failure
of other constraints (cascading errors). For example, an unresolved name might lead to errors about subtype
checks that cannot be solved, import edges that cannot be created, etc. Here are some tips to help you find the
root cause of the probem:

— Differentiate between failed and unsolved constraints. The cause of a problem is usually found best by
looking at the failed constraints. For example, an unresolved name might result in an error on the equality
constraint between the expected and actual query result. Errors on unsolved constraints are marked as
_Unsolved_. Unsolved errors are often the result of uninstantiated logical variables.

Predicates remain unsolved if the uninstantiated variable prevents the selection of an applicable rule for
the predicate. For example, an unsolved error subtype (INT (), ?T-1) is caused by the free variable
?T-1 which prevents selecting the appropriate rule of the subt ype predicate.

Queries remain unsolved if the query scope is not instantiated, or if variables used in the matching predi-
cate (such as the name to resolve) remained free. For example, an unsolved error query filter (e
Label ("typeOfDecl")) and { (?x',_) :— ?x' == ?x-5 } min irrefl trans
anti-sym { <edge>Label ("typeOfDecl") < <edge>Label ("P"); } and { _, _
:— true } in ?2s-3 |-> [(?wld0-1, (?x'-2,?T-4))] cannot be resolved because the
scope variable ?s-3 is free, and the free variable ?x—-5 would prevent matching declarations. Use of the
variables ?x ' -2 and ?T-4 might cause more unsolved constraints, since these also remain free when the
query cannot be solved.

Edge and declaration assertions remain unsolved if the scopes are not instantiated. For example, the edge
assertion #s_2-1 —Label ("P")-> ?s'-5 cannot be solved because the variable for the target scope
?s ' -5 is not instantiated. Unsolved edge constraints in particular can lead to lots of cascading errors, as
they block all queries going through the source scope of the edge.

— If it is not immediately clear which error is the root of a problem, it helps to figure out the free variable
dependencies between reported errors. Consider the following small example of three reported errors:

subtype (?T-5, LONG)
#s_3-1 —-Label ("P")-> ?s'-6

query filter ((Label ("P"))x Label ("typeOfDecl")) and { (?x',_) :— ?x' == "v" }
— min irrefl trans anti-sym { <edge>Label ("typeOfDecl") < <edge>Label ("P"); }
— and { _, _ :— true } in #s_3-1 |-> [(?wld4-1, (?x'-2,?T-5))]

For each of these we can see which variables are necessary for the constraint to be solved, and which
they might instantiate when solved. The subtype predicate is blocked on the variable ?T-5. The edge
assertion is blocked on the scope variable ?s'-6. The query does not seem blocked on a variable (both
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the scope and the filter predicate are instantiated), but would instantiate the variables ?x'-2 and ?T-5
when solved.

We can conclude that the subtype constraint depends on solving the query, so we focus our attention
on the query. Now we realize that we query in the scope of the unsolved edge assertion. So, the query
depends on the edge assertion, and our task is to figure out why the scope variable in the edge target is not
instantiated.

11.2.10 Getting Help and Reporting Issues

If the techniques above did not help to solve your problem, you can ask us for help or report the issue you found. To
make this process as smooth as possible, we ask you to follow the following template when asking a Statix related
question:

1. Single sentence description of the issue.
2. Spoofax version. See About Eclipse; Installation Details; Features, and search for Spoofax.

3. Statix configuration: single-file or multi-file mode. Multi-file mode is enabled when the observer setting in
in your ESV looks like observer: editor-analyze (constraint) (multifile).

4. Steps to reproduce. Best is to include a small, self-contained test (see Testing Predicates above) so that others
can easily run the test and reproduce the issue! If that is not possible, provide a (link to) a project, including
an example file, that shows the problem. Keep the project and the example as small as possible, and be specific
about the relevant parts of your program and of your specification.

5. Description of the observed behavior. Also mention if the problem occurs consistently, or only sometimes? If
only sometimes, does it occur always/never after a clean build, or does it occur always/never after editing and/or
building without cleaning?

6. Description of the expected behavior.

7. Extra information that you think is relevant to the problem. For example, things you have tried already, pointers
to the part of the rules you think are relevant to the problem etc. If you tried other examples that show some
light on the issue, this is a good place to put those. Again, it is best if these also come as self-contained tests!

Example. An example bug report described using the format above:

Issue:
Spoofax version: 2.6.0.20210208-173259-master
Statix setup: multi-file

Steps to reproduce:
Execute the test in "~ examplel.stxtest .

Observed behavior:

Sometimes an error is reported that the " “query’ ~ failed.

The problem does not occur consistently. On some runs, the error appears, but not on,
—others. This

does not seem related to cleaning or building the project.

Expected behavior:

The test is executed and no errors are reported. Scope "~ “sl'° 1is reachable from
—~ "s2°", so the
query return a single result, and "~ “ps != [] " should therefore hold.

Extra information:
The test in "~ “example2.stxtest ™  1is very similar. The only difference is that the

—predicate (continues on next page)
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(continued from previous page)

" “nonempty’ " has an extra rule for the singleton list. The predicate is semantically
—~the same, as

the extra rule fails, Jjust as the general rule would do on the singleton list.
—However, this

example never gives the unexpected error.

The bug report is accompanied by two self-contained tests. One illustrates the problem, while the other shows a very
similar variant that does not exhibit the problem.

// examplel.stxtest

resolve {sl s2}
new sl, new s2, s2 —-I-> sl,
reachable(sl, s2)

signature
name-resolution
labels
T
rules
reachable : scope * scope
reachable(sl, s2) : {ps}
query () filter I«
and { sl1' :— sl1' == sl }
min and true
in s2 |-> ps,

nonempty (ps) .

nonempty : list ((path x scope))
nonempty (ps) :— ps != [].

// examplel.stxtest
resolve {sl s2}
new sl, new s2, s2 —-I-> sl,

reachable (sl, s2)

signature
name-resolution
labels
T
rules
reachable : scope x scope
reachable(sl, s2) :— {ps}
query () filter I«
and { sl1' :— sl1' == sl }
min and true
in s2 |-> ps,

nonempty (ps) .

nonempty : list ((path  scope))
nonempty (ps) :— ps != [].
nonempty ([_]) :— false.
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11.3 Language Reference

This section gives a systematic overview of the Statix language. Statix specifications are organized in modules, con-
sisting of signatures and predicate rules.

Warning: This section is currently incomplete. The information that is there is up-to-date, but many constructs
are not yet documented.

11.3.1 Lexical matters

Identifiers

id = [A-Za-z] [a-zA-Z0-9\_]~*
lc—id = [a—-z] [a-zA-Z0-9\_]+*
uc—-id = [A-Z][a-2zA-Z0-9\_]~*

Most identifiers in Statix fall into one of the following categories:
* Identifiers, that start with a character, and must match the regular expression [A-Za-z] [a—zA-Z0-9\_] *.

* Lowercase identifiers, that start with a lowercase character, and must match the regular expression
[a—z] [a—zA-Z0-9\_] *.

» Uppercase identifiers, that start with an uppercase character, and must match the regular expression
[A-Z] [a—zA-Z0-9\_] *.

Comments

Comments in Statix follow the C-style:
e // ... single line ... for single-line comments
e /% ... multiple lines ... =/ for multi-line comments

Multi-line comments can be nested, and run until the end of the file when the closing * / is omitted.

11.3.2 Terms

term = uc—-id " (" {term ","}x ")"
| A\l (" {term "’ "}* ") n
| " [ll {term ll, ll}* Il] n
| " [" {term ", "}* " | n term Il] n
| numeral
| string
| id
| A\l "

numeral = "-"? [1-9][0-9]%

String = ll\llll ([/\\"\\]Ill\\ll [nrt\\])* "\'lll
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11.3.3 Modules and Tests

Statix specifications are organized in named modules and test files. Modules and test files can import named modules
to extend and use the predicates from the imported modules.

Modules

module module-id

section*

Statix specifications are organized in modules. A module is identified by a module identifier. Module identifiers consist
of one or more names separated by slashes, as in {name “/”}+. The names must match the regular expression
[a—zA-Z0-9\_] [a—2zA-Z0-9\_\.\—-]~.

Every module is defined in its own file, with the extensions . st x. The module name and the last components of the
file path must coincide.

Example. An empty module analysis/main, definedinafile .../analysis/main.stx.

module analysis/main

// work on this

Modules consist of sections for imports, signatures, and rule definitions. The rest of this section describes imports,
and subsequents sections deal with signatures and rules.

Imports

imports

module-ref*

A module can import definitions from other modules be importing the other module. Imports are specified in an
imports section, which lists the modules being imported.

Imports make predicates defined in the imported module visible. The importing module can use the imported predi-
cates, and extend the predicates with new rules. Imports are not transitive, and locally defined elements (e.g., sorts or
predicates) shadow imported elements of the same kind and the same name.

Example. A main module importing several submodules.

module main
imports
signatures/MyLanguage-sig

types

Tests
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resolve constraint

section*

Apart from named modules, stand-alone test can be defined in . st xtest files. All sections that are allowed in named
modules are allowed in tests as well. This means tests can have signatures, rules, and import named modules.

Example. A test using the predicate concat imported from a named module.

resolve {xs} concat ([1,2,31, [4,5,6], xs)

imports

Statix tests can be executed in Eclipse with the Spoofax > Evaluate > Evaluate Test menu action. The
test output contains the values of top-level variables in the test constraint (i.e., xs in this example), as well as any
errors from failed constraints.

11.3.4 Signatures

signatures
signaturex
Terms
Sorts
signature = ...
| "sorts" sort-decl=
sort-decl = uc-id
| uc—1id "=" sort
sort = "string"
| "int n
| "list" A\l (" Sort 'l) n
| "(ll {Sort ll*" }* ll)"
| "scope"
| "occurrence"
| "pathll
| "label"
| "astId"
| uc-id

Statix uses algebraic data types to validate term well-formedness. First, Statix has several built-in scalar data types,
such as int, string and scope. In addition, Statix also has two built-in composite data types: tuples and lists.
Next to the built-in sorts, custom syntactic categories can be defined by adding a name to a sorts subsection of the
signatures section.

Example. Declaration of a custom sort Exp and a sort alias for identifiers.
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signature
sorts

Exp

ID = string
Constructors
signature = ...

| "constructors" cons-declx*

cons—decl = uc-id ":" uc-id

| uc—id ":" {sort "x"}x "->" uc-id

In order to construct or match actual data terms, constructors for these terms need to be declared. Constructors
without arguments are declared by stating the constructor name and its sort, separated by a colon. For constructors
with arguments, the argument sorts are separated by an asterisk, followed by an arrow operator and the target sort.

Example. Declaration of various constructors for the Exp sort.

signature

sorts
ID = string
Exp

constructors
True : EXp
Var : ID —> Exp
Plus : Exp * Exp -> Exp

The example above states three constructors for the Exp sort. The True constructor has no arguments, the Var
constructor has a single name as argument, while the P1us constructor takes two subexpressions as arguments.

Name binding

Relations

signature =
| "relations" rel-decl=x

rel-decl = uc-id ":" {sort "x"}=x
| uc_id ":" {SOrt "*"}* "_>" Sort

In Statix, relations associate data with a scope. All used relations and the type of their data must be declared in the
relations section. Each relation declaration consist of the name of the relation and the arguments it accepts.

Relation declarations come in two flavors. There is a predicative variant and a functional variant. The functional
variant has the last two arguments separated with a —>, which indicates that the relation is intended to map the first
terms to the last term (as in the regular notion of functions).

Apart from intended semantics, the difference between the variants has to do with the formulation of the predicates
of queries. Please refer to the Queries section for more information on querying relations. Otherwise, both ways of
declaring relations are equivalent. In fact, during compilation, the functional variant is normalized to the predicate
variant.

Example. Declaration of a predicative relation this and a functional relation var.
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signature
sorts
TYPE
ID = string

relations
this : TYPE
var : ID —-> TYPE

Namespaces

Warning: Usage of namespaces is strongly discouraged and will be removed or revised in a future version of
Statix.

Name resolution

Warning: Usage of namespaces is strongly discouraged and will be removed or revised in a future version of
Statix.

11.3.5 Predicates and Rules

rules

rule-defx

Predicates and their rules make up the main part of a Statix specification.

Predicate rules

lc-id : {sort " x "}«

rule-name? lc-id(<{term ", "}x>).
rule-name? lc-id(<{term ", "}*x>) :- constraint.

rule-name = "[" id "]"

Predicates are defined with the sorts of their arguments. Rules define the meaning of the predicate for different cases
of the arguments. Rule patterns can be non-linear, i.e., variables can appear multiple times, in which case the terms in
those positions must be equal.

Committed choice rule selection

Statix has a committed-choice semantics. This means that once a rule is selected, the solver does never backtrack on
that choice. That is different from logic languages like Prolog, where rules are optimistically selected and the solver
backtracks when the rule does not work out.

Committed choice evaluation has consequences for inference during constraint solving. If a predicate has multiple
rules, a rule is only selected once the constraint arguments are sufficiently instantiated.
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Rule order

The order in which the rules of a predicate apply is determined by the patterns it matches on, not by the order in which
the rules appear in the specification. Most specific rules apply before more general rules. The parameter patterns are
considered from left to right when determining this order. It is an error to have rules with overlapping patterns, where
neither is more general than the other. These rules are marked with an error.

Example. An or predicate that computes a logical or, with its last argument the result.

In the example above, the rules are considered in the order they are presented above. Beware that changing the rule
order would not change the specifications behaviour. The last rule is the most general, and therefore comes last, as
it matches any arguments. The first rule is more specific than the second because of the left-to-right nature of the
ordering.

Non-linear patterns

Non-linear patterns are patterns in which at least one pattern variable occurs multiple times. Such patterns only match
on terms that have equal subterms at the positions where such a variable occurs.

Example. An xor predicate that computes a logical exclusive or, with its last argument the result.

XOY B [ » Bool % E |
xor (B, B, Db) b == Fal ()
xor(_, _, b) - b == True /()

In the example above, the first rule for xor has a non-linear pattern, because the variable B occurs both at the first and
at the second position. In this way, the first rule only matches on equal input terms (either True (), True(), b
orFalse (), False(), b).

Regarding the ordering of rules by specificity, it holds that an occurrence of a variable that is seen earlier is regarded
as more specific than a free variable. Therefore, the first rule of xor takes precedence over the second rule. Bound
variables are as specific as concrete constructors.

Ordering rules with non-linear patterns

Careful attention to rule order needs to be paid when non-linear patterns and concrete constructor patterns are mixed.
For example, consider a subtype predicate with rules for record types and equal types:

subtype: TYPE x TYPE

subtype (REC (s_recl), REC(s_rec2)) :— /+ omitted x/.
subtype (T, T).

In this example, equal record types match on both rules. Because of the left to right nature of the rule application, the
first rule will be chosen, because for the first argument, the REC constructor is regarded as more specific than the (at
that position free) T variable.
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If that behavior is not desired, an explicit rule for the intersection of the domains of the pair of rules in question needs
to be added. This rule is more specific than both of the other rules, and is therefore selected for any matching input.
For example, consider this augmented subt ype predicate with an additional rule for equal record types:

subtype: TYPE % TYPE

subtype (REC
subtype (REC (s
subtype (T, T).

rec2)) :— /x omitted x/.

\
[
D
)
Py
~
9|
=
0|
|
=

In this example, we added a rule that declares that a record type is a subtype of itself. This rule ensures that equal
record types are regarded as subtypes without verifying additional constraints. So, while it seems that the first and the
third rules are equivalent, and the first one superfluous, this is not the case because the rule ordering will choose the
second rule when the behavior of the third rule is desired.

Functional rules

lc—id : {sort " * "}* —> sort
rule-name? lc—-id(<{term ", "}*x>) = term.
rule-name? lc-id(<{term ", "}*>) = term :- constraint.

Predicates can be defined in functional style as well. Functional predicates can be understood in terms of regular
predicates. For example, the or predicate can be written in functional style as follows:

or : Bool * Bool —-> Bool

or (True (), _) = True().
or(. ., True()) = True().
or(_, ) = False().

This form is equivalent to the definition given above, however its use in the specification is slightly different. Function
predicates are used in term positions, where they behave as a term of the output type.

Example. Rule for a functional predicate to type check expressions. The functional predicate t ypeOfExp is used in
two term positions: as the result of a fucntional rule, and in an equality constraint.

typeOfExp : scope * Exp —> TYPE

Every specification with functional predicates is normalized to a form with only regular predicates. To show the
normal form of a specification in Eclipse, use the Spoofax > Syntax > Format normalized AST menu
action.

Mapping rules
11.3.6 Constraints

Base constraints
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Term equality
Name binding
Scope graph
Queries

Occurrences

Arithmetic

11.4 Stratego API

The Stratego API to Statix ...

Warning: This section has not yet been written.

11.5 Signature Generator

It is quite cumbersome to write Statix signatures. Thankfully, the sdf3.ext .statix project can generate these
signatures for you.

11.5.1 Well-Formed SDF3 Requirements

For the generator to work correctly, your SDF3 must be well formed. In particular, you must:
* explicitly declare each sort exactly once in your project
e declare lexical sortsina lexical sorts block
* declare context-free sorts in a context-free sorts block
* for every use of a sort: either have a local declaration of a sort, or an import of a file that declares the sort
* not declare sorts that are not used in any rules
* not use any implicitly declared sorts

* not use complex injections, such as Pair = Expr Expr. However, list injections without terminal syntax,
such as List = Elemx, are allowed.

e constructors must start with an upper-case letter
* notuse sdf2table: c

The generator generates strategies and signatures for each explicit declaration of a sort in SDF3, which is why each
sort must be declared exactly once. SDF3 does not generate Stratego signatures for placeholders for sorts that have no
corresponding rules, causing errors in the generated Statix injection explication strategies. Complex injections are not
supported across Spoofax. Optional sorts cannot be represented in Statix.
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11.5.2 Applying the Generator in Spoofax 2

In your language project’s metaborg.yaml file, change your compile dependencies to include org.
metaborg:sdf3.ext.statix. For example:

dependencies:
compile:
- org.metaborg:org.metaborg.meta.lang.esv:${metaborgVersion}
- org.metaborg:org.metaborg.meta.lang.template:${metaborgVersion}
- org.metaborg:sdf3.ext.statix:${metaborgVersion}

Note: Clean the project and restart Eclipse when changing the metaborg. yaml file.
Once you clean your project, the extension automatically generates the following:
* Statix signatures declarations (in src—gen/statix/signatures/)

* Stratego strategies for explicating and removing injections (in src-gen/injections/)

11.5.3 Using the Generated Injection strategies

The generator generates strategies for explicating and removing injections. This is unfortunately needed since
Statix does not support injections directly. To use these strategies, import injections/- and call the
explicate—-injections-MyLang-Start and implicate-injections-MyLang-Start strategies for
the analysis pre-processing and post-processing respectively, where My Lang is the name of your language and Start
is your language’s start symbol (as specified in Syntax.esv). For example, in trans/analysis.str:

module analysis
imports
libspoofax/sdf/pp

statixruntime

statix/api

injections/—

libspoofax/term/origin

rules

editor—analyze = stx-editor-analyze (pre—-analyze, post—-analyze|"static-semantics",
—"programOk")
ore

analyze = ori

rack—forced (explicate-injections-MyLang-Start)

post—-analyze = origin-track-forced(implicate-injections-MyLang-Start)

11.5.4 Using the Generated Signatures

Using the generated Statix signatures is quite simple: just import them into your Statix specification. Each SDF3
file gets an associated Statix file with the signatures. For example, if your syntax is defined across two files named
MyLang.sdf3 and Common . sdf 3, then in Statix you should add the following imports:

imports
signatures/MyLang-sig

signatures/Common-sig
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Because Statix does not support injections, you have to use explicit constructor names for injections. For example, the
following SDF3 syntax:

context-free sorts
Stmt VarName

lexical sorts

Y
1D

context-free syntax
Stmt .V = <var <VarName>;>
ard = < >

lexical syntax
ID = [a-zA-7Z] [a-zA-Z0-9\_]x

lexical restrictions

ID —-/- [a-zA-Z0-9\_]

would approximately produce the following signatures:

module signatures/Test-sig

imports

signature
sorts
Stmt
VarName
ID = string
constructors
Stmt-Plhdr : Stmt

"Name—-Plhdr : VarName

signature
constructors
Var VarName -> Stmt

VarName

ID —> VarName

Now, in Statix if you just want to capture the term of sort VarName in the VarDec1 constructor, this would suffice:

’Tar?ec\(x)

But if you want to match the term only if it has the sort ID, then you have to use the explicit injection constructor
name ID2VarName:

’Var?ec\(TDZVafNaﬂe(x))

In this example, ID is a lexical sort, so it is an alias for st ring in the Statix specification.

11.5.5 Troubleshooting

Calls non-existing

Build fails with errors such as this:
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[ strj | error ] *x** ("is-MyLang-MySort-or-inj",0,0) calls non-existing ("is-MyLang-—
—~ID-or-inj",0,0)
[ strj | error ] xxx ("explicate-injections-MyLang-MySort",0,0) calls non-existing (

—"explicate-injections-MyLang-ID",0,0)

[ strj | error ] *x** ("implicate-injections-MyLang-MySort",0,0) calls non-existing (
—"implicate-injections-MyLang-ID",0,0)

Executing strj failed: {}

Failing builder was required by "Generate sources".

BUILD FAILED

To solve this, ensure you have declared ID (in this example) asa lexical sort in your syntax, and make sure that
the syntax file with rules for My Sort that reference ID import the syntax file that declares ID.

Transformation failed unexpectedly

Clean or build fails with an error such as this:

ERROR: Optional sorts are not supported by Statix: Opt (Sort ("MySort"))
Transformation failed unexpectedly for eclipse:///mylang/syntax/mysyntax.sdf3
org.metaborg.core.transform.TransformException: Invoking Stratego strategy generate-
—statix failed at term:

CfSignature ("MySort", Some ("MyCons"), [ Param(Opt (Sort ("MySort")), "mySort") 1)
Stratego trace:

generate_statix_0_0

generate_statix_abstract_0_0

geninj_generate_statix_0_0

geninj_module_to_sig_0_0

with_1_1

flatfilter_ 1 0

filter_1_0

with_1_1 <==

map_1_0

geninj_symbol_to_stxsig_0_0
Internal error: 'with' clause failed unexpectedly in 'geninj-sig-to-stxsig'

Note the first line with ERROR, it tells you that something is not supported. In this case, the use of optional sorts such
as My Sort ? is not supported by Statix and the Statix signature generator.

To solve this, rewrite a syntax rule with an optional sort such as:

Stmt.VarDecl = <KLType?> <ID> = <Exp>>

Into a rule with an explicit sort:

Stmt .VarDecl

<<Type-OPT> <ID> = <Exp>>
<>

Note that the —~OPT suffix has no special meaning. You can name the sort differently, such as Opt ionalType.

Constructor MySort-Plhdr/0 not declared

Build fails with an error such as this:
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[ strj | error ] in rule explicate-injections-MyLang-MySort (0|0): constructor MySort-—
—Plhdr/0 not declared

- MySort—-Plhdr ()

Executing strj failed: {}

BUILD FAILED

You have declared a sort for which you don’t have any syntax rules. Remove the sort from the context—free
sorts or sorts block.

No pp entry found, cannot rewrite to box

Clean fails with an error such as this:

[ identity crisis | error ] No pp entry found for: (1, ["declSortLex"])
- [ identity crisis | error ] Cannot rewrite to box:
- declSortLex ("MySort")

You are using the old sdf2table: c. Change thisin metaborg.yaml into sdf2table: Java.

SPT analysis tests calling Stratego strategies fail

An SPT test can run an arbitrary Stratego strategy on an analyzed AST and compare the results with the expected AST.
If the origin of the is not tracked properly, the root constructor of the resulting analyzed AST will be missing and the
comparison will fail.

To fix this, ensure the pre-analyze and post-analyze strategies in analysis.str call
origin-track-forced:

imports libspoofax/term/origin

rules
p

post—analyze = ori

-MyLang-Start)
-MyLang-Start)

analyze =

11.6 Rename Refactoring

Spoofax provides an automated Rename refactoring as an editor service for every language developed with it that has
the static semantics defined with Statix or NaBL2. The renaming algorithm is implemented as a Stratego strategy and
can be imported from the statixruntime library. When called, the strategy needs to be parameterized with the
layout-preserving pretty-printing strategy construct-textual-change, the editor-analyze strategy and
an indicator strategy for multi-file mode.

When creating a new Spoofax language project, such a strategy is automatically generated and placed in the
analysis module. But it can also easily be added to existing projects, for example with a module like this:

module renaming
imports
statixruntime

statix/runtime/renaming

o))

(continues on next page)
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(continued from previous page)

analysis

rules
rename-menu-action = rename-action ct-textual-change,

id)

The renaming is triggered from an entry in the Spoofax menu. For new projects this is automatically created. To add
it to an existing project a menu like the following can be implemented in ESV:

module Refactoring

menus
menu: "Refactoring”

action: "Rename" = rename-menu-action

For the renaming to work correctly in all cases, terms that represent a declaration of a program entity, such as a function
or a variable, need to set the dec1 property on the name of the entity. This is an example when declaring a type:

declareType (scope, name, T) :—
scope —> Type{name} with typeOfDecl T,
@name.decl := nc
typeOfDecl of

e{name} in scope |-> [(_, (., T))].

11.6.1 Renaming in NaBL2

There also exists a version of the Rename refactoring that works with languages using NaBL2. It can be added with a
Stratego module like this:

module renaming

imports
nabl2/runtime
joje)

analysis

rules

rename-menu—-action = nabl2 st ruct-textual-change,

editor—-analyze, id)

11.7 NaBL2 Migration Guide

11.7.1 Terms
All sorts and constructors must be explicitly defined in Statix in sorts and constructors signatures. Sorts in
Statix are mostly similar to terms in NaBL2. Notable differences:

¢ There is no catch-all sort term in Statix.

¢ There are not sort variables in Statix.

e List sorts in Statix are written as 1ist (X) for some sort X.
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Statix signatures for language syntax can be generated from SDF3 definitions with the signature generator.

Signature
11.7.2 Name Resolution

Name resolution in NaBL2 heavily relies on occurrences and their unique identity. In Statix, the notion of a stand-
alone reference is replaced by the notion of a query. Therefore, the use of occurrences is now discouraged in favour of
regular terms, relations, and and predicates for the different namespaces.

signature

namespaces
Var

name resolution
labels P
well-formedness Px
order D < P

rules

[[ Def(x, T) ~ (s) 1] :=

signature

relations
var : string * TYPE

name-resolution

labels P
rules
declareVar : scope * string x TYPE
2, 1)
in s
resolveVar : scope x string —> TYPE
resolveVar (s, x) =T :-
{=x"}
query var
filter Px and { x' :— x' == x}
min $ < P and true
in s [-> [(, (%, T))1,
@x.ref := x'

(continues on next page)
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(continued from previous page)

typeOfExp : scope * Exp —> TYPE

typeOfExp (s

T == resolveVar

Things to note:

* Each namespace gets its own relation, and set of predicates to declare and resolve in that namespace
(declareXXX and resolveXXX).

* The regular expression and order on labels is not global anymore, but part of the query in the resolveXXX
rules.

* Ifadeclaration should have a type associated with it, it is now part of the relation. The fact that it appears after the
arrow —> indicates that each declaration has a single type. As a result, declareXXX combines the constraints
XXX{...} <= s, XXX{...} : T.Similarly, resolveXXX combines the constraints XXX{...} —->
s, XXX{...} |->d, 4 : T.

* The end-of-path label, called D in NaBL2, now has a special symbol $, instead of the reserved name.

11.7.3 Functions

NaBL2 functions can be translated to Statix predicates in a straight-forward manner. Note that if the function was used
overloaded,it is necessary to defined different predicates for the different argument types.

signature
functions
plusType : (Type x Type) —-> Type {
(IntTy () , IntTy () )y —> IntTy (),
(StrTy () A ) —> StrTy (),
(ListTy(a), a ) —> ListTy(a),
(ListTy(a), ListTy(a)) —-> ListTy(a)
}
plusType Type * Type —> Type

= IntTy ().
= StrTy ().
= ListTy(a).
= ListTy(a).

11.7.4 Relations

Relations as they exist in NaBL2 are not supported in Statix.

An example of a subtyping relation in NaB12 would translate as follows:
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signature

relations
reflexive, transitive, anti-symmetric sub : Type » Type {
FunT (-sub, +sub),
ListT (+sub)

e constraints ...,
x) <sub! ClassT (superX).

[[ Def(x, T, e) ~ (s) 1] :=
[[ e ™~ (s) : T" 11,
Tl <sub? T2.

rules
subType : TYPE % TYPE
subType (FunT (T1, T2), FunT(Ul, U2)) :-

subType (U1, T1),

subType (T2, T1).

subType (ListT(T), ListT(U)) :-
subType (T, U).

s2 in the scope graph

In this case implementing the subType rule for ClassT requires changing the encoding of class types. Instead of
using names, we use the class scope to identify the class type. This pattern is know as _Scopes as Types_. Subtyping
between class scopes can be checked by checking if one scope is reachable from the other.

Rules

NaBL2 constraint generation rules must be translated to Statix predicates and corresponding rules. Predicates in Statix
are explcitly typed, and a predicate has to be defined for each sort for which constraint generation rules are defined.

Here are some example rules for expressions in NaBL2:

[[ Let(binds, body) ~ (s) : T 1] :=
s_rec -P-> s,

s & (s) 11,

[[ body ~ (s) :+ T 17.

new s_re

Var{x} <- s_let,
Var{x} : T.

In Statix these would be encoded as:
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typeOfExp : scope x Exp —-> TYPE
typeOfExp (s, e@Let (binds, body)) =T :-
{s_rec}
c -P—> s,
binds, s_let),

body),

bindOk : scope x Bind % scope
bindsOk maps bindOk (x, list (x))

bindOk (s, Bind(x, e), s_let)

declareVar (x, typeOfExp (s, e), s_let).

11.8 Migrating to the Concurrent Solver

11.8.1 Enabling the Concurrent Solver

In order to enable the concurrent solver, either one of the following approaches can be taken.

For a Language

To enable the concurrent solver for a language, set the language.statix.concurrent property in the
metaborg.yaml file to t rue. This ensures that the concurrent solver is used for all sources in the language.

Example

id: org.example:mylang:0.1.0-SNAPSHOT
name: mylang
language:
statix:
concurrent: true

For an Example Project

To enable the concurrent solver for a particular project only, set the runtime.statix.concurrent property in
the metaborg.yaml file to a list that contains all names of the languages for which you want to use the concurrent
solver. The name of the language should correspond to the name property in the metaborg. yaml of the language
definition project.

Example

id: org.example:mylang.example:0.1.0-SNAPSHOT
runtime:
statix:
concurrent:
- mylang
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Warning: Please be aware that changes in the metaborg. yaml file may require a restart of Eclipse.

Note: The concurrent solver can only be used in multifile mode.

11.8.2 Indirect Type Declaration

Type checking with the concurrent solver might result in deadlock when type-checkers have mutual dependencies
on their declarations. This problem can be solved by adding an intermediate declaration that splits the part of the
declaration data that is filtered on (usually the declaration name), and the part that is processed further by the querying
unit (usually the fype). This pattern is best explained with an example.

Example. Suppose you have the following specification to model type declarations.

signature
relations
type : ID —-> TYPE

scope x ID * TYPE
scope * ID —> TYPE

resolveType(s, x) = T :—
query type
filter P Ix and { x' :— x' == x }
in s |—> [(, (., T)N].

This specification needs to be changed in the following:

signature
relations
type : ID —> scope
typeOf : TYPE
rules

declareType : scope x 1D x TYPE
resolveType : scope x ID —-> TYPE

declareType (s, x, T)
'type[x, withType(T)] in s.

resolveType (s, x) = typeOf (T)

query type
filter P I+ and { x' :— x' == x }
in s |—> [(., (., T)].
rules
withType : TYPE —-> scope
typeOf : scope —> TYPE
withType (T) = s

(continues on next page)
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(continued from previous page)

new s, !typeOf[T] in s.

typeOf(s) = T :—

query typeOf filter e in s |[-> [(_, T)].

We now discuss the changes one-by-one. First, the signature of relation t ype is be changed to ID -> scope. In
this scope, we store the type using the newly introduced typeOf relation. This relation only carries a single TYPE
term. In this way, the original term is still indirectly present in the outer declaration.

The withType and typeOf rules allow to convert between these representations. The withType rule creates a
scope with a typeOf declaration that contains the type. In the adapted declareType rule, this constraint is used
to convert the T argument to the representation that the t ype relation accepts. Likewise, the t ypeOf rule queries the
typeOf declaration to extract the type from a scope. This rule is used in the resolveType rule to convert back to
the term representation of a type.

Performing this change should resolve potential deadlocks when executing your specifications. Because the signatures
of the rules in the original specification did not change, and the new specification should have identical semantics, the
remainder of the specification should not be affected.

11.8.3 Using new Solver Features

The concurrent solver also comes with some new features that were not present in the traditional solver. This sections
explains these features, and shows how to use them.

Grouping

Warning: Not yet written

Libraries

Warning: Not yet written
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cHAPTER 12

Data Flow Analysis Definition with FlowSpec

Programs that are syntactically well-formed are not necessarily valid programs. Programming languages typically
impose additional context-sensitive requirements on programs that cannot be captured in a syntax definition. Lan-
guages use data and control flow to check certain extra properties that fall outside of names and type systems. The
FlowSpec ‘Flow Analysis Specification Language’ supports the specification of rules to define the static control flow
of a language, and data flow analysis over that control flow. FlowSpec supports flow-sensitive intra-procedural data
flow analysis.

12.1 Introduction

FlowSpec is a domain-specific meta-language for the specification of static control-flow and data-flow analysis over
that control flow. We briefly explain these basic concepts.

12.1.1 Control Flow Graphs

Control-flow represents the execution order of a program. Depending on the input given to the program, or other
things the program may observe of its execution environment (e.g. network communication, or a source of noise
used to generate pseudo-random numbers), a program may execute a different trace of instructions. Since in general
programs may not terminate at all, and humans are not very adapt at reasoning about possible infinities, we use a finite
representation of possibly infinite program traces using control-flow graphs.

Control-flow graphs are similarly finite as program text and are usually very similar, giving rise to a visual represen-
tation of the program. Loops in the program are represented as cycles in the control-flow graph, conditional code is
represented by a split in control-flow which is merged again automatically after the conditional code.

12.1.2 Data Flow Analysis over Control Flow Graphs

Data-flow analysis propagates information either forward or backward along the control-flow graph. This can be
information that approximates the data that is handled by the program, or the way in which the program interacts with
memory, or something else altogether.
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Examples of data-flow analysis include constant analysis which checks when variables that are used in the program are
guaranteed to have the same value regardless of the execution circumstances of the program, or live variables analysis
which identifies if values in variables are actually observable by the program.

12.2 Language Reference

This section gives a systematic overview of the FlowSpec language.

12.2.1 Lexical matters

Identifiers

Most identifiers in FlowSpec fall into one of two categories, which we will refer to as:

* Lowercase identifiers, that start with a lowercase character, and must match the regular expression
[a—z] [a—=zA-Z0-9] *.

» Uppercase identifiers, that start with an uppercase character, and must match the regular expression
[A-Z] [a—2zA-Z0-9] *.

Comments

Comments in FlowSpec follow C-style comments:
e // ... single line ... forsingle-line comments
e /% ... multiple lines ... =/ for multi-line comments

Multi-line comments can be nested, and run until the end of the file when the closing */ is omitted.

12.2.2 Terms and patterns

Terms can be constructed terms from either the abstract syntax tree or a user-defined algebraic data type. Tuples are
built-in, as are sets and maps. The latter two have special construction and comprehension syntax.

ctor-id n(u {term u’n}* ")"
"(" {term ll,"}* ll)ll

term =
|
mw "w n mw " n
[ "{" {term ","}x "}
|
|
|

ll{" term "l" {term ","}* ll}ll
"{" { (term n |7>|| term) ll, ll}* ll}"
"{" term "|_>vl term lvl" { (term "‘_>" term) ","}* "}H

Pattern matching is done with patterns for constructed terms and tuples. Parts can also be bound to a variable or
ignored with a wildcard.

pattern = ctor-id “(”’ {pattern *,’}* ¢)”

‘6(’7 {pattem GL’”}* ‘5)’7
var-id “@” pattern

T3]

var-id
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12.2.3 Modules

module module-id

section*

FlowSpec specifications are organized in modules. A module has a name. This name consists of one
or more names separated by slashes {name “/”}+. The names must match the regular expression
[a—zA-Z20-9\_] [a-zA-Z0-9\_\.\-]=*.

Every module is defined in its own file, with the extension . £1o. The module name and the file paths must match.

Example. An empty module analysis/flow/control, definedinafile .../analysis/flow/control.
flo.
module analysis/flow/contro

// TODO: add control-flow rules

Modules consist of sections for imports, control-flow rules, data-flow properties and rules, lattices and functions.

Imports

imports
module—-ref«*
external

module-ref*

A module can import definitions from other modules by importing the other module. Imports are specified in an
imports section, which lists the modules being imported. A module reference can be:

¢ A module identifier, which imports a single module with that name.

¢ A wildcard, which imports all modules with a given prefix. A wildcard is like a module identifier, but with a
dash as the last part, as in {name “/”}+ “/-".

A wildcard import does not work recursively. For example, analysis/— would imports analysis/functions,
and analysis/classes, butnot analysis/lets/recursive.

External imports allow you to import module of for example Stratego, to import the signatures of the abstract syntax
you wish to match on.

Example. A main module importing several submodules.

module liveness
imports
control
external
signatures/—
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12.2.4 Control Flow

control-flow rules

control-flow-rulex

The first step of analysis in FlowSpec is to define the control-flow through a program. This connection is established
with rules that match patterns of abstract syntax and providing the control-flow of that pattern.

Rules

A normal control-flow rule maps an abstract syntax pattern to a list of control-flow edges.

patternx = {cfg-edges ","}+

These edges can start from the special ent ry and exit control-flow nodes that are provided to connect the pattern to
the wider control-flow graph. Subtrees matched in the abstract syntax pattern are usually used directly at one side of
an edge to connect their corresponding sub-control-flow graph. They can also be inserted as direct control-flow nodes
using the node keyword. This is rarely used. More likely, you may want to insert the whole matched pattern as a
node. The this keyword can be used for that.

cfg-edges = {cfg-edge-end "->"}+
cfg-edge—-end = "entry"

| "exit"

| variable

| "node" wvariable
| "this"

A common case exists where you merely wish to register a pattern as a control-flow graph node. Rather than write out
[pattern] = entry -> this —-> exit,youcan write node [pattern] for this.

Example. Module that defines control-flow for some expressions

module control
control-flow rules

node Int ()
Add(l, r) = entry -> 1 -> r -> this -> exit

Root rules

A root of the control-flow defines the start and end nodes of a control-flow graph. You can have multiple control-
flow graphs in the same AST, but not nested ones. Each control-flow graph has a unique start and end node. A
root control-flow rule introduces the start and end node. In other control-flow rules these nodes can be referred
to for abrupt termination.

"start"

cfg-edge—-end =
\
‘ Hend"

Example. Module that defines control-flow for a procedure, and the return statement that goes straight to the end of
the procedure.
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module contro
control-flow rules

root Procedure(args, _, body) = start -> args —-> b

Return(_) = entry —> this -> end

12.2.5 Data Flow

Data-flow analysis in FlowSpec is based on named properties. Data-flow properties are defined in a property definition
section, their rules are defined in a property rules section. Properties have an associated lattices, whose operations take
care of merging data at merge points in the control-flow.

properties

property-definitionx

property rules

property-rulex

Definitions

A property definition consists only of the property name, with a lowercase start and otherwise camelcase for multiple
words. The lattice looks like a type expression but uses a lattice name. This lattice instance is used internally for the
data-flow computation.

property-definition = name ":" lattice

Rules

A property rule consists of the name of the property, a pattern within round brackets and an expression after the equals
sign. The pattern matches a control-flow graph node by its originating AST and another control-flow graph node
before or after it by name. The expression describes the effect of the matched control-flow graph node, in terms of a
change to the value from the adjacent control-flow graph node matched. All rules of a property need to propagate the
information in the same way, either forward or backward.

Each property needs to have at least one rule with the start or end pattern. This is pattern matches the extremal node
of a control-flow graph and defines the initial value there. With set-based analyses this is usually the empty set, as
usually nothing is known at that point. The extremal node needs to match the direction of the rules, with start for a
forward analysis and end of a backward analysis.

property-rule = name " (" prop-pattern ")" "=" expr
prop-pattern = name "->" pattern

| pattern "->" name

| pattern "." "start"

| pattern "." "end"

12.2.6 Lattices

Lattices definitions are defined in their own section.
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lattices

lattice-definition=*

Each lattice definition consists of a name and a number of components: the underlying type, the least-upper-bound or
join operation between two lattice values (the less-than-or-equal comparison is derived from this operation), the top
value and the bottom value. The type is usually defined by the user in another section as an algebraic data type, and
operated on with pattern matching.

name where
type = type
lub([name], name) = expr
top = expr
bottom = expr

12.2.7 Types

Algebraic data types can be defined in a types block.

types

type-definitionx

Each type has a name and one or more option preceded by a vertical bar. Each option has a constructor and zero or
more arguments in round brackets.

name =
("|" ctor—-id " (" {type "My mymy 4

12.2.8 Expressions

There are many expressions supported to express (abstract) semantics of control-flow nodes.

Integers

Integer literals are as usual: an optional minus sign followed by one or more decimals.
Supported integer operations are
1. addition [+],
subtraction [—],
multiplication [*],
division [/],
modulo [%],

negate [-],

NS A » N

comparison [<, <=, >, >=, == =],
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Booleans

Boolean literals t rue and false are available as well as the usual boolean operations:
1. and [&&]
2. or[I1]
3. not[!]

Sets and Maps

Set and map literals are both denoted with curly braces. A set literal contains a comma-separated list of elements:
{eleml, elem2, elem3}. A map literal contains a comma-separated list of bindings of the form key |->
value.

Operations on sets and maps include

—_—

. union [\ /],

2. intersection [/\],

3. set/map minus [\],

4. containment/lookup [in].

There are also comprehensions of the form { new | old <- set, conditions } or { newkey |->
newvalue | oldkey |-> oldvalue <- map, condition }, where new elements or bindings are gath-
ered based on old ones from a set or map, as long as the boolean condition expressions hold. Such a condition
expression may also be a match expression without a body for the arms. This is commonly used to filter maps or sets.

Match expressions
Pattern matching can be done with a match expression: match expr with | patternl => expr2 |

pattern2 => expr2, where expr are expressions and pattern are patterns. Terms and patterns are defined at
the start of the reference.

Variables and references

Pattern matching can introduce variables. Other references include values in the lattice, such as MaySet .bottom or
MustSet.top.

Function application

User defined functions are available to be called with functionname (argl, arg2). Lattice operations can also
be called with for example MaySet.lub (sl, s2).

Property lookup

Property lookup is similar to a function call, although property lookup only ever has a single argument.
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12.2.9 Functions

Functions are defined in their own section.

functions

function-definitionx

A function definition consists of a name, typed arguments and a function body expression.

name ([{ (name ":" type) ","}+]) =
expr

12.3 Stratego API

The Stratego API to FlowSpec allows access to analysis result during and after analysis.

The full definition of the API can be found in the flowspec/api module.

12.3.1 Setup

Using the Stratego API requires a dependency on the FlowSpec Stratego code (source dependency), and an import of
flowspec/api.

Example. A Stratego module importing the FlowSpec APL

module example
imports

flowspec/api

12.3.2 Running the analysis

There are strategies to integrate FlowSpec analysis in the NaBL2 analysis, and strategies for doing both NaBL2
analysis and FlowSpec analysis on an AST.

Integrated into NaBL2 analysis

These can be used in the final phase of the NaBL2 analysis process using the Stratego hooks.

J ko
* Analyze the given AST with FlowSpec.
* The FlowSpec analysis is added to given NaBL2 analysis result and returned.

@param analysis:Analysis
@param propnames:String or List (String)
@type ast:Term —-> Analysis

% % %

*/

flowspec—analyze(|analysis)

(continues on next page)
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(continued from previous page)

J ok k
* Analyze the given AST with FlowSpec, but only the given FlowSpec properties.
* The FlowSpec analysis is added to given NaBLZ2 analysis result and returned.

* @param analysis:Analysis

* (@param propnames:String or List (String)
* @type ast:Term —> Analysis

*/

flowspec—analyze (|analysis, propnames)

The analysis results are also usable at that point for generating editor messages. Integration with NaBL2 is done by
giving the FlowSpec analysis result as the “custom final analysis result”:

nabl2-custom—analysis—-unit-hook:
(resource, ast, custom-initial-result) -> (resource, ast)

nabl2-custom—-analysis—-final-hook (]a):
(resource, custom-initial-result, custom-unit-results) -> (errors, warnings,
—notes, custom-final-result)
with asts := <map (\ (ast-resource, ast) —-> <nabl2--index-ast (|ast-resource)>
—ast\)> custom-unit-results ; // workaround for https://yellowgrass.org/issue/NaBL2/
—54

custom-final-result := <flowspec—-analyze(|a)> asts ;
errors = ...

warnings := ... ;

notes =

This propagates the AST of each unit from the unit phase, and analyzes all of them together in the final phase. The
custom-final-result is returned so that NaBL2 preserves it for later usage. FlowSpec provides convenience
functions that request the custom final result again later:

VEE:

* Get analysis for the given AST node. Includes flowspec analysis 1f custom final
—hook is set up

* correctly.

*

* @type node:Term —-> Analysis

*/

flowspec—get—ast—-analysis

Ve

* Get analysis for the given resource. Includes flowspec analysis i1f custom final,,
—hook 1is set up

* correctly.

*

* @type filename:String -> Analysis

*/

flowspec—get-resource—analysis

Running the analysis manually

Sometimes you need data-flow analysis between transformations which change the program. That means you need to
run the analysis just before a transformation to have analysis results corresponding to the current program.

The following strategies execute the analysis and help with consuming the resulting tuple.
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Ve

* Analyze the given AST with NaBL2 and FlowSpec

*

* @param resource:String

* @type ast:Term -> (ast:Term, Analysis, errors:List (EditorMessage),
—warnings:List (EditorMessage), notes:List (EditorMessage))

*/
flowspec—analyze—ast (| resource)

VR
* Analyze the given AST with NaBLZ2 and FlowSpec.
* Transform the AST with pre before the FlowSpec analysis, and with post after the
—FlowSpec analysis.
*
* @param pre:Term —-> Term
* @param post:Term -> Term
* @param resource:String
* @type ast:Term —-> (ast:Term, Analysis, errors:List (EditorMessage),
—warnings:List (EditorMessage), notes:List (EditorMessage))
*/

flowspec—analyze—-ast (pre, post|resource)

J ko

* Analyze the given AST with NaBLZ2 and FlowSpec, but only the given FlowSpec,
—properties.

*
* @param resource:String

* @param propnames:String or List (String)

* @type ast:Term -> (ast:Term, Analysis, errors:List (EditorMessage),
—warnings:List (EditorMessage), notes:List (EditorMessage))

*/
flowspec—analyze—ast (| resource, propname)

J ok k

* Analyze the given AST with NaBLZ2 and FlowSpec, but only the given FlowSpec,_
—properties.

* Transform the AST with pre before the FlowSpec analysis, and with post after the
—FlowSpec analysis.

*

[

* @param pre:Term —> Term

* @param post:Term —-> Term

* @param resource:String

* @param propnames:String or List (String)

* @type ast:Term —-> (ast:Term, Analysis, errors:List (EditorMessage),
—warnings:List (EditorMessage), notes:List (EditorMessage))

*/
flowspec—analyze-ast (pre, post|resource, propnames)

J ok k

* Take the analyze-ast 5-tuple output and return the result of applying the given_
—strategy to the AST.

* Note that the strategy takes the analysis object as a term argument.

*

* @param s (|/Analysis): Term —-> Term

* @type ast: (ast:Term, Analysis, errors:List (EditorMessage), .,

—warnings:List (EditorMessage), notes:List (EditorMessage)) —> Term

*/

(continues on next page)
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flowspec—-then(s)

J ok *

* Analyze the given AST with NaBLZ2 and FlowSpec, but only the given FlowSpec,
—properties.

* Then return the result of applying the given strategy to the AST.

* Note that the strategy takes the analysis object as a term argument.
*

* @param s (|Analysis): Term —> Term

* @param resource:String

* @param propnames:String or List (String)

* @type ast:Term —-> Term

*/

flowspec—analyze—ast—-then(s|resource, propnames)

J ok k

* Analyze the given AST with NaBL2 and FlowSpec, but only the given FlowSpec,
—properties.

* Transform the AST with pre before the FlowSpec analysis, and with post after the_
—FlowSpec analysis.

* Then return the result of applying the given strategy to the AST.

* Note that the strategy takes the analysis object as a term argument.

*

* @param pre:Term —-> Term

* @param post:Term -> Term

* @param s (|/Analysis): Term —> Term

* @param resource:String

* @param propnames:String or List (String)

* @type ast:Term -> Term

*/

flowspec—analyze—ast—-then(pre, post, sl|resource, propnames)

12.3.3 Querying analysis

The NaBL2 API defines several strategies to get an analysis term by resource name or from an AST node. This analysis
term can then be passed to the querying strategies that give access to the data flow properties, if you hooked FlowSpec
into the NaBL2 analysis process.

The other way to get the analysis term is to execute the analysis with the flowspec-analyze-ast™* variants.

Control-flow graph

There are a number of strategies to get the control-flow graph nodes associated with an AST fragment, as well as
control-flow graph navigation strategies and AST search strategies to get back to the AST from a control-flow graph
node. Note that querying the control-flow graph is cheap but finding the way back from the control-flow graph to the
AST is more expensive.

J ok k
* Get the control flow graph node associated with the given term.
*
* @param a : Analysis
* @type term:Term —-> CFGNode
*/
flowspec—get—-cfg-node (| a)

(continues on next page)

12.3. Stratego API 133




Spoofax Documentation, Release 2.5.16

(continued from previous page)

/%
* Get the control flow graph start node associated with the given term.
*
* @param a : Analysis
* @type term:Term —-> CFGNode
*/
flowspec—get—-cfg-start—-node(|a)

J ok k
* Get the control flow graph start node associated with the given term.
*
* @param a : Analysis
* @type term:Term —-> CFGNode
*/
flowspec—get-cfg-end-node (]|a)

J ko
* Get the control flow graph start node associated with the given term.
*
* @param a : Analysis
* @type term:Term —-> CFGNode
*/
flowspec—get—-cfg-entry—node (]|a)

J ok *
* Get the control flow graph start node associated with the given term.
*
* @param a : Analysis
* @type term:Term —-> CFGNode
*/
flowspec—get-cfg-exit-node (|a)

VS
* Get the control flow graph start node associated with the given term.
*
* @param a : Analysis

@type term:Term —> CFGNode

*

*/
flowspec—get-cfg-prev—nodes (]|a)
Ve
* Get the control flow graph start node associated with the given term.
*
* @param a : Analysis
* @type term:Term —-> CFGNode
*/
flowspec—get-cfg—next—nodes (]|a)
J x*
* Find AST node corresponding to the CFGNode back again
*
* @param ast : Term
* @type node:CFGNode —-> Term
*/

flowspec—-cfg-node-ast (|ast)

(continues on next page)

134 Chapter 12. Data Flow Analysis Definition with FlowSpec




Spoofax Documentation, Release 2.5.16

(continued from previous page)

VEZ:
* Find AST node corresponding to the CFGNode back again

*

* @param ast : Term
* @type pos:Position —> Term
*/

flowspec—pos—ast (|ast)

J ko

* Find parent of AST node corresponding to the CFGNode back again by matching the_
—parent with

* the parent argument and giving back the child that is likely to be a match to
—~the CFG node.

*

* @param parent : Term —> Term
* @param ast : Term

* @type node:CFGNode -> Term
*/

flowspec—-cfg-node—-ast (parent |ast)

J ko

* Find parent of AST node corresponding to the CFGNode back again by matching the_
—parent with

* the parent argument and giving back the child that is likely to be a match to_
—~the CFG node.

*

* @param parent : Term —> Term
* @param ast : Term

* @type pos:Position —-> Term
*/

flowspec-pos—ast (parent |ast)

Ve
* Get the position of an AST node.

*
* @type Term —-> Position
*/

flowspec—get-position

Data flow properties

FlowSpec properties can be read in two versions, pre and post. These indicate whether the effect of the cfg node has
been applied yet. Whether or not it is applied depends on the direction of the analysis. pre for a forward analysis is
without the effect of the node, but pre for a backward analysis includes the effect of the node.

Note that each strategy can simply take the term that’s associated with the control-flow graph node. But the control-
flow graph node itself is also an accepted input.

Ve
* Get the property of the control flow graph node associated with
* the given term. The value returned is the value of the property
* _before_ the effect of the control flow graph node.

* @param a : Analysis
* @param prop : String

(continues on next page)
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* @type term:Term —-> Term
*/

flowspec—get-property-pre(la, propname)

/%
* Get the property of the control flow graph node associated with
* the given term. The value returned is the value of the property
* _after_ the effect of the control flow graph node.
*
* @param a : Analysis
* @param prop : String
* @type term:Term —-> Term
*/
flowspec—get-property-post (|a, propname)

VEz:
* Get the property of the control flow graph node associated with
* the given term. The value returned is the value of the property
* _after_ the effect of the control flow graph node. If no node
* 1s found the exit control flow graph node of the AST node is
* queried for its post—-effect property value.

* @param a : Analysis

* @param prop : String

* @type term:Term —-> Term
*/

flowspec—get—-property-post-or—-exit—-post (|analysis—result, analysis—name)

FlowSpec data helpers

FlowSpec sets and maps are passed back to Stratego as lists wrapped in Set and Map constructors. As a convenience,
the most common operations are lifted and added to the flowspec API:

Y

* Check 1f a FlowSpec Set contains an element. Succeeds 1f the given strategy,
—succeeds for at

* least one element.

*

* @param s: Term —?>
* @type FlowSpecSet -?> FlowSpecSet
*/

flowspec—set—-contains (s)

J ko

* Look up elements in a FlowSpec Set of pairs. Returns the right elements of all,
—palirs where

* the given strategy succeeds on the left element.

*

* @param s: Term —?>

* @type FlowSpecSet —-?> List (Term)

*/
flowspec—set—-lookup(s)

J ko

* Look up a key in a FlowSpec Map. Returns the element if the given key exists in_

—~The map. (continues on next page)
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*
* @param k: Term
* @type FlowSpecMap -?> Term
*/
flowspec—map—lookup (| k)

12.3.4 Hover text

For a hover implementation that displays name, type and FlowSpec properties use:

J ko

* Provides a strategy for a hover message with as much information as possible,
—about name, type

* (from NaBl2) and FlowSpec properties.

*/

flowspec-editor-hover (language-pp)

12.3.5 Profiling information

J ok k
x If flowspec—-debug-profile is extended to succeed, some timing information will be_

—printed in
* stderr when using flowspec-analyzex.
*/

flowspec—debug-profile

12.4 Configuration

We will show you how to prepare your project for use with FlowSpec, and write your first small specification.

12.4.1 Prepare your project

You can start using FlowSpec by creating a new project, or by modifying an existing project. See below for the steps
for your case.

Start a new project

If you have not done this already, install Spoofax Eclipse, by following the installation instructions.

Create a new project by selecting New > Project... from the menu. Selecting Spoofax > Spoofax
language project from the list, and click Next. After filling in a project name, an identifier, name etc will
be automatically suggested. Select NaBL2 as the analysis type, FlowSpec builds on top of NaBL2’s analysis infras-
tructure. Click Finish to create the project.

Add the following dependencies in the metaborg. yaml file:
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#
dependencies:
compile:
- org.metaborg:flowspec.lang:${metaborgVersion}
source:
- org.metaborg:flowspec.lang:${metaborgVersion}

Add menus to access the result of analysis, by adding the following import to editor/Main.esv.

module Main
imports

flowspec/Menus

Convert an existing project

If you have an existing project, and you want to start using FlowSpec, there are a few changes you need to make.

First of all, make sure the metaborg.yaml file contains at least the following dependencies.

#
dependencies:
compile:
- org.metaborg:org.metaborg.meta.nabl2.lang:${metaborgVersion}
- org.metaborg:flowspec.lang:${metaborgVersion}
source:
- org.metaborg:org.metaborg.meta.nabl2.shared:${metaborgVersion}
- org.metaborg:org.metaborg.meta.nabl2.runtime:${metaborgVersion}
- org.metaborg:flowspec.lang:${metaborgVersion}

We will set things up, such that analysis rules will be grouped together in the directory t rans/analysis. Create a
file trans/analysis/main. str that contains the following.

module analysis/main
imports

nabl2shared

nabl2runtime

analysis/-

Add the following lines to your main t rans/LANGUAGE. str.

module LANGUAGE
imports

analysis/main
rules

editor—-analyze = nabl2-analyze (desugar-pre)

If your language does not have a desugaring step, use nabl2-analyze (id) instead.
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Add an NaBL2 specification. The most minimal one is the following.

module analysis/minimal

rules

init.

tr - 11.

Running and integrating the FlowSpec analysis is explained on the Stratego API page.

Finally, we will add reference resolution and menus to access the result of analysis, by adding the following lines to
editor/Main.esv.

module Main
imports
nabl2/References

nabl2/Menus
flowspec/Menus

You can now continue to the example specification here, or directly to the language reference.

12.4.2 Inspecting analysis results

You can debug your specification by inspecting the result of analysis.

The result of analysis can be inspected, by selecting elements from the Spoofax > FlowSpec Analysis the
menu. For multi-file projects, use the Project results, or the File results for single-file projects. The result is
given as a control-flow graph annotated with data-flow properties in the DOT format used by GraphViz. If you have
GraphViz installed, you can set the dot executable in the settings of the graphviz editor to allow you to jump straight
from Eclipse to the rendered graph.

12.5 Examples (under construction)

12.6 Bibliography

* FlowSpec [S1]
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cHAPTER 13

Transformation with Stratego

Parsing a program text results in an abstract syntax tree. Stratego is a language for defining transformations on
such trees. Stratego provides a term notation to construct and deconstruct trees and uses term rewriting to define
transformations. Instead of applying all rewrite rules to all sub-terms, Stratego supports programmable rewriting
strategies that control the application of rewrite rules.

13.1 Stratego Tutorial/Reference

This documentation is closely based on the Stratego Tutorial and Reference Manual that was developed for Strat-
ego/XT 0.17. While the basic explanation of the language is up-to-date, this manual makes liberal use of a tool called
the “Stratego Shell,” which is not currently provided as part of Spoofax. However, in many cases there are guidelines
for running similar examples in the Spoofax Eclipse interface, and pointers to a working project that contains many of
the examples.

13.1.1 1. Introduction

Program transformation is the mechanical manipulation of a program in order to improve it relative to some cost
function C, such that C (P) > C(tr(P)), i.e., the cost decreases as a result of applying the transformation. The
cost of a program can be measured in different dimensions such as performance, memory usage, understandability,
flexibility, maintainability, portability, correctness, or satisfaction of requirements. Related to these goals, program
transformations are applied in different settings; e.g. compiler optimizations improve performance and refactoring
tools aim at improving understandability.

While transformations can be achieved by manual manipulation of programs, in general, the aim of program trans-
formation is to increase programmer productivity by automating programming tasks, thus enabling programming at a
higher level of abstraction, and increasing maintainability and re-usability of programs. Automatic application of pro-
gram transformations requires their implementation in a programming language. In order to make the implementation
of transformations productive, such a programming language should support abstractions for the domain of program
transformation.

Stratego is a language designed for this purpose. It is a language based on the paradigm of rewriting with pro-
grammable rewriting strategies and dynamic rules.
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1.1. Transformation by Rewriting

Term rewriting is an attractive formalism for expressing basic program transformations. A rewrite rule p1l -> p2
expresses that a program fragment matching the left-hand side pattern p1 can be replaced by the instantiation of the
right-hand side pattern p2. For instance, the rewrite rule

’I[ i+ 311 > |[ k 1| where sum(i, 7j) => k

expresses constant folding for addition, i.e., replacing an addition of two constants by their sum. Similarly, the rule

’I[ if 0 then ¢l else 2 ]| —> |[ e2 1|

defines unreachable code elimination by reducing a conditional statement to its right branch since the left branch
can never be executed. Thus, rewrite rules can directly express laws derived from the semantics of the programming
language, making the verification of their correctness straightforward. A correct rule can be safely applied anywhere
in a program. A set of rewrite rules can be directly operationalized by rewriting to normal form, i.e. exhaustive
application of the rules to a term representing a program. If the rules are confluent and terminating, the order in which
they are applied is irrelevant.

1.2. Limitations of Pure Rewriting

However, there are two limitations to the application of standard term rewriting techniques to program transformation:
the need to intertwine rules and strategies in order to control the application of rewrite rules and the context-free nature
of rewrite rules.

1.3. Transformation Strategies

Exhaustive application of all rules to the entire abstract syntax tree of a program is not adequate for most transformation
problems. The system of rewrite rules expressing basic transformations is often non-confluent and/or non-terminating.
An ad hoc solution that is often used is to encode control over the application of rules into the rules themselves by
introducing additional function symbols. This intertwining of rules and strategies obscures the underlying program
equalities, incurs a programming penalty in the form of rules that define a traversal through the abstract syntax tree,
and disables the reuse of rules in different transformations.

Stratego solves the problem of control over the application of rules while maintaining the separation of rules and
strategies. A strategy is a little program that makes a selection from the available rules and defines the order and
position in the tree for applying the rules. Thus rules remain pure, are not intertwined with the strategy, and can be
reused in multiple transformations.

1.4. Context-Sensitive Transformation

The second problem of rewriting is the context-free nature of rewrite rules. A rule has access only to the term it is
transforming. However, transformation problems are often context-sensitive. For example, when inlining a function
at a call site, the call is replaced by the body of the function in which the actual parameters have been substituted for
the formal parameters. This requires that the formal parameters and the body of the function are known at the call site,
but these are only available higher up in the syntax tree. There are many similar problems in program transformation,
including bound variable renaming, typechecking, data flow transformations such as constant propagation, common-
subexpression elimination, and dead code elimination. Although the basic transformations in all these applications
can be expressed by means of rewrite rules, these require contextual information.

The following chapters give a tutorial for the Stratego language in which these ideas are explained and illustrated.
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13.1.2 2. Terms

Stratego programs transform terms. When using Stratego for program transformation, terms typically represent the
abstract syntax tree of a program. But Stratego does not much care what a term represents. Terms can just as well
represent structured documents, software models, or anything else that can be rendered in a structured format.

Generally program text is transformed into a term by means of parsing, and turned back into program text by means of
pretty-printing. One way to achieve this is by using SDF3. For most of the examples, we will just assume that we have
terms that should be transformed and ignore parsing and pretty-printing. However, when we turn to running examples
in the Spoofax environment in the Eclipse IDE, we will rely on SDF3 as that is the primary way to produce terms in
Spoofax/Eclipse.

2.1. Annotated Term Format

Terms in Stratego are terms in the Annotated Term Format, or ATerms for short. The ATerm format provides a set of
constructs for representing trees, comparable to XML or abstract data types in functional programming languages. For
example, the code 4 + £ (5 = x) might be represented in a term as:

Plus (Int("4"), Call("f", [Mul(Int("5"), Var("x"))1))

ATerms are constructed from the following elements:
* Integer: An integer constant, that is a list of decimal digits, is an ATerm.
Examples: 1, 12343.

* String: A string constant, that is a list of characters between double quotes is an ATerm. Special characters such
as double quotes and newlines should be escaped using a backslash. The backslash character itself should be
escaped as well.

Examples: "foobar", "string with quotes\"", "escaped escape character\\ and a
newline\n".

* Constructor application: A constructor is an identifier, that is an alphanumeric string starting with a letter, or
a double quoted string.

A constructor application c (t1, ..., tn) creates a term by applying a constructor to a list of zero or more
terms. For example, the term P1lus (Int ("4"),Var ("x")) uses the constructors P1lus, Int, and Var to
create a nested term from the strings "4" and "x".

e List: A listis a term of the form [t1, ..., tn], thatis a list of zero or more terms between square brackets.
While all applications of a specific constructor typically have the same number of subterms, lists can have a
variable number of subterms. The elements of a list are typically of the same type, while the subterms of a
constructor application can vary in type.

Example: The second argument of the call to "£" in the term Call ("£", [Int ("5"),Var("x")]) isa
list of expressions.

* Tuple: Atuple (t1,...,tn) isa constructor application without a constructor.
Example: (Var ("x"), Type("int"))

* Annotation: The elements defined above are used to create the structural part of terms. Optionally, a term can
be annotated with a list of terms. These annotations typically carry additional semantic information about the
term. An annotated term has the foom t {t1, ..., tn}.

Example: Lt (Var ("n"),Int ("1")) {Type ("bool") }. The contents of annotations is up to the appli-
cation.
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2.2. Exchanging Terms

The term format described above is used in Stratego programs to denote terms, but is also used to exchange terms
between programs. Thus, the internal format and the external format exactly coincide. Of course, internally a Stratego
program uses a data-structure in memory with pointers rather than manipulating a textual representation of terms. But
this is completely hidden from the Stratego programmer.

2.3. Inspecting Terms

As a Stratego programmer you will be looking a lot at raw ATerms. Stratego pioneers did this by opening an ATerm
file in emacs and trying to get a sense of the structure by parenthesis highlighting and inserting newlines here and
there. These days your life is much more pleasant through pretty-printing ATerms, which adds layout to a term to
make it readable. For example, parsing the following program

let function fact(n : int) : int =
if n < 1 then 1 else (n * fact (n 1))
in printint (fact (10))
end

produces the following ATerm:

et ([FunDecs ([FunDec ("fact", [FArg("n", Tp(Tid("int"))) 1, Tp(Tid("int")),
If(Lt(Var("n"),Int("1")),Int("1"),Seg([Times (Var("n"),Call (Var("fact"),
[Minus (Var("n"),Int("1"))1))1))) 1)1, [Call(Var ("printint™), [Call (Var(
"fact™), [Int ("10™)1)1)1)

By pretty-printing the term we get a much more readable term:

Let (
[ FunDecs (
[ FunDec (
"fact"
, [FArg("n", Tp(Tid("int")))]
, ;(T d("int™))

Lt (Var("n"), Int("1"))
, TW ("1")
, Seqg([ Times(Var("n"), Call(Var("fact"), [Minus(Var("n"), Int("1"))1))

, [ Call(Var ("printint"), [Call(Var("fact"), [Int("10")1)])

In Spoofax/Eclipse, you will find that in some contexts ATerms are automatically pretty-printed, whereas in others
they are simply printed linearly. However, you can obtain assistance with perceiving the structure of any ATerm by
writing it into a file with the “.aterm” extension and opening it in the Spoofax Editor in Eclipse. On the right there will
be a convenient Outline Navigator which allows you to select any node in the ATerm and see the entire subtree below
it highlighted in the editor.
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2.4. Signatures

To use terms in Stratego programs, their constructors should be declared in a signature. A signature declares a number
of sorts and a number of constructors for these sorts. For each constructor, a signature declares the number and types
of its arguments. For example, the following signature declares some typical constructors for constructing abstract
syntax trees of expressions in a programming language:

signature
sorts Id Exp
constructors
String -> Id
Var : Id —> Exp
Int : Int —> Exp
Plus : Exp *» Exp —-> Exp
Mul : Exp x Exp —> Exp
Call : Id o« List (Exp) —-> Exp

Currently, the Stratego compiler only checks the arity of constructor applications against the signature. Still, it is
considered good style to also declare the types of constructors in a sensible manner for the purpose of documentation.

The situation in Spoofax/Eclipse is even more convenient; if you have an SDF3 language specification, Spoofax will
automatically generate a corresponding signature definition that you can import into Stratego.

13.1.3 3. Running Stratego Programs

Note: This entire chapter refers to tools that are a part of Stratego/XT. We will see examples of how to run similar
programs in Spoofax/Eclipse toward the end of the next chapter. However, even if you plan to use Spoofax/Eclipse,
it’s worth at least skimming through this chapter to see Stratego in action and understand how most of the examples
throughout this manual will be presented.

Now let’s see how we can actually transform terms using Stratego programs. In the rest of this chapter we will first
look at the structure of Stratego programs, and how to compile and run them. In the next chapters we will then see
how to define transformations.

3.1. Compiling Stratego Programs

The simplest program you can write in Stratego is the following identity.str program:

module identity
imports list-cons
strategies

main = id

It features the following elements: each Stratego file is a module, which has the same name as the file it is stored in
without the . st r extension. A module may import other modules in order to use the definitions in those modules. A
module may contain one or more strategies sections that introduce new strategy definitions. It will become clear
later what strategies and strategy definitions are. Each Stratego program has one main definition, which indicates the
strategy to be executed on invocation of the program. In the example, the body of this program’s main definition is the
identity strategy id.

Now let’s see what this program means. To find that out, we first need to compile it, which we do using the Stratego
compiler st rc as follows:
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$ strc -i identity.str

[ strc | info ] Compiling 'identity.str'

[ strc | info ] Front-end succeeded : [user/system] = [0.59s/0.56s]
[ strc | info ] Back—-end succeeded : [user/system] = [0.46s/0.16s]
[ strc | info ] C compilation succeeded [user/system] = [0.28s/0.23s]
[ strc | info ] Compilation succeeded [user/system] = [1.35s5/0.95s]

The -1 option of st rc indicates the module to compile. The compiler also reads all imported modules, in this case
the 1ist-cons.str module that is part of the Stratego library and that st rc magically knows how to find. The
compiler prints some information about what it is doing, i.e., the stages of compilation that it goes through and the
times for those stages. You can turn this off using the argument ——verbose 0. However, since the compiler is not
very fast, it may be satisfying to see something going on.

The result of compilation is an executable named identity after the name of the main module of the program. Just
to satisfy our curiosity we inspect the file system to see what the compiler has done:

$ 1s -1 identityx

—rwxrwxr-x 1 7182 Sep 7 14:54 identityx
—rW——————— 1 1362 Sep 7 14:54 identity.c
—rw-rw-r—— 1 200 Sep 7 14:54 identity.dep
—rw-rw-r—— 1 2472 Sep 7 14:54 identity.o
—rw-rw-r—— 1 57 Sep 7 13:03 identity.str

Here we see that in addition to the executable the compiler has produced a couple of other files. First of all the
identity.c file gives away the fact that the compiler first translates a Stratego program to C and then uses the C
compiler to compile to machine code. The identity. o file is the result of compiling the generated C program.
Finally, the contents of the identity.dep file will look somewhat like this:

identity: \
/usr/local/share/stratego-lib/collection/list/cons.rtree \
/usr/local/share/stratego-lib/list-cons.rtree \
./identity.str

It is a rule in the Make language that declares the dependencies of the ident ity program. You can include this file
in a Makefile to automate its compilation. For example, the following Makefile automates the compilation of
the ident ity program:

include identity.dep

identity : identity.str
strc —-i identity.str

Just invoke make on the command-line whenever you change something in the program.

Ok, we were digressing a bit. Let’s turn back to finding out what the ident ity program does. When we execute the
program with some arbitrary arguments on the command-line, this is what happens:

$ ./identity foo bar
["./identity", "foo", "bar"]

The program writes to stdout the list of command-line arguments as a list of strings in the ATerm format. So what
we have learned is that a Stratego program applies its main strategy to the list of command-line arguments, and writes
the resulting term to stdout. Since the strategy in the identity program is the identity transformation it just
writes the original command-line arguments (as a term).
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3.2. Basic Input and Output

That was instructive, but not very useful. We are not interested in transforming lists of strings, but rather programs
represented as terms. So we want to read a term from a file, transform it, and write it to another file. Let’s open the
bag of tricks. The identity—io program improves the previous program:

module identity-—ic
imports libstratego
strategies

main = io-wrap (id)

The program looks similar to the previous one, but there are a couple of differences. First, instead of importing module
list-cons, this module imports 1ibstrategolib, which is the interface to the separately compiled Stratego
library. This library provides a host of useful strategies that are needed in implementing program transformations.
Part IV gives an overview of the Stratego library, and we will every now and then use some useful strategies from the
library before we get there.

Right now we are interested in the i o—wrap strategy used above. It implements a wrapper strategy that takes care of
input and output for our program. To compile the program we need to link it with the st ratego—-1ib library using
the —1a option:

$ strc -i identity-io.str -la stratego-lib

What the relation is between libstrategolib and stratego—-1ib will become clear later; knowing that it is
needed to compile programs using 1ibstrategolib suffices for now.

If we run the compiled identity—io program with its ——help option we see the standard interface supported by
the io-wrap strategy:

$ ./identity-io —-help

Options:
-i f|-—-input £ Read input from £
-o f|--output £ Write output to f

-b Write binary output
-S|—--silent Silent execution (same as —--verbose 0)
——verbose 1 Verbosity level i (default 1)

(1 as a number or as a verbosity descriptor:
emergency, alert, critical, error,
warning, notice, info, debug, vomit )

-k 1 | ——keep i Keep intermediates (default 0)
——statistics 1 Print statistics (default 0 = none)
~h|-?|--help Display usage information

——about Display information about this program
—--version Same as —--about

The most relevant options are the —i option for the input file and the —o option for the output file. For instance, if we
have some file foo-bar.trm containing an ATerm we can apply the program to it:

S echo "Foo(Bar())" > foo-bar.trm

$ ./identity-io —-i foo-bar.trm -o foo-bar2.trm
$ cat foo-bar2.trm

Foo (Bar)

If we leave out the —1i and/or —o options, input is read from stdin and output is written to stdout. Thus, we can
also invoke the program in a pipe:

$ echo "Foo(RBar())" | ./identity-io
Foo (Bar)
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Now it might seem that the identity-io program just copies its input file to the output file. In fact, the
identity-io does not just accept any input. If we try to apply the program to a text file that is not an ATerm,
it protests and fails:

$ echo "+ foo bar" | ./identity-io
readFromTextFile: parse error at line 0, col 0
not a valid term

./identity: rewriting failed

So we have written a program to check if a file represents an ATerm.

3.3. Combining Transformations

A Stratego program based on io-wrap defines a transformation from terms to terms. Such transformations can be
combined into more complex transformations, by creating a chain of tool invocations. For example, if we have a
Stratego program t rafo-a applying some undefined t ransformation-a to the input term of the program

module trafo

imports 1it rategolib

strategies
main = io-wrap (transformation-a)
transformation-a =

and we have another similar program t rafo-b applying a transformation-b:

module tool-Db
imports libstrategolib
strategies

main = io-wrap (transformation-b)

transformation-b =

then we can combine the transformations to transform an input file to an output file using a Unix pipe, as in

$ tool-a -i input | tool-b -o output

or using an intermediate file:

$ tool-a -1 input -o intermediate
$ tool-b -i intermediate -o output

3.4. Running Programs Interactively with the Stratego Shell

We have just learned how to write, compile, and execute Stratego programs. This is the normal mode for development
of transformation systems with Stratego. Indeed, we usually do not invoke the compiler from the command-line
by hand, but have an automated build system based on (auto)make to build all programs in a project at once. For
learning to use the language this can be rather laborious, however. Therefore, we have also developed the Stratego
Shell, an interactive interpreter for the Stratego language. The shell allows you to type in transformation strategies on
the command-line and directly seeing their effect on the current term. While this does not scale to developing large
programs, it can be instructive to experiment while learning the language. In the following chapters we will use the
stratego-shell to illustrate various features of the language.

Here is a short session with the Stratego Shell that shows the basics of using it:
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$ stratego-shell
stratego> :show
()

stratego> !Foo (Bar())
Foo (Bar)
stratego> id

Foo (Bar)
stratego> fail
command failed
stratego> :show
Foo (Bar)
stratego> :quit
Foo (Bar)

$

The shell is invoked by calling the command stratego-shell on the regular command-line. The stratego>
prompt then indicates that you have entered the Stratego Shell. After the prompt you can enter strategies or special
shell commands.

Strategies are the statements and functions of the Stratego language. A strategy transforms a term into a new term, or
fails. The term to which a strategy is applied, is called the current term. In the Stratego Shell you can see the current
term with : show. In the session above we see that the current term is the empty tuple if you have just started the
Stratego Shell. At the prompt of the shell you can enter strategies. If the strategy succeeds, then the shell will show the
transformed term, which is now the new current term. For example, in the session above the strategy !Foo (Bar () )
replaces the current term with the term Foo (Bar () ), which is echoed directly after applying the strategy. The next
strategy that is applied is the identity strategy id that we saw before. Here it becomes clear that it just returns the term
to which it is applied. Thus, we have the following general scheme of applying a strategy to the current term:

current term

stratego> strategy expression
transformed current

stratego>

Strategies can also fail. For example, the application of the fail strategy always fails. In the case of failure, the shell
will print a message and leave the current term untouched:

current term

stratego> strategy expression
command failed

stratego> :show

current term

Finally, you can leave the shell using the : quit command.

The Stratego Shell has a number of non-strategy commands to operate the shell configuration. Theses commands are
recognizable by the : prefix. The : help command tells you what commands are available in the shell:

$ stratego-shell
stratego> :help

Rewriting
strategy rewrite the current subject term with strategy

Defining Strategies

id = strategy define a strategy (doesn't change the current subject term)
id : rule define a rule (doesn't change the current subject term)
import modname import strategy definitions from 'modname' (file system or xtc)

(continues on next page)
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:undef id delete defintions of all strategies 'id'/ (s, t)

:undef id(s,t) delete defintion of strategy 'id'/ (s, t)

:reset delete all term bindings, all strategies, reset syntax.
Debugging

:show show the current subject term

rautoshow on|off show the current subject term after each rewrite

:binding id show term binding of id

:bindings show all term bindings

:showdef id show defintions of all strategies 'id'/(s,t)

:showdef id(s,t) show defintion of strategy 'id'/(s,t)
:showast id(s,t) show ast of defintion of strategy 'id'/(s,t)

Concrete Syntax
:syntax defname set the syntax to the sdf definition in 'defname'.

XTC
:xtc import pathname

Misc
:include file execute command in the script of "“file’
:verbose int set the verbosity level (0-9)
:clear clear the screen
rexit exit the Stratego Shell
rquit same as :exit
Hej same as :exit
:about information about the Stratego Shell
thelp show this help information
stratego>

3.5. Summary

Let’s summarize what we have learned so far about Stratego programming.

First, a Stratego program is divided into modules, which reside in files with extension . st r and have the following
general form:

module mod0
imports libstrategolib modl mod2
signature
sorts A B C
constructors
Foo : A —> B

strategies
main = io-wrap (foo)

Modules can import other modules and can define signatures for declaring the structure of terms and can define
strategies, which we not really know much about yet. However, the io-wrap strategy can be used to handle the
input and output of a Stratego program. This strategy is defined in the 1ibstrategolib module, which provides
an interface to the Stratego Library. The main module of a Stratego program should have a main strategy that defines
the entry point of the program.

Next, a Stratego program is compiled to an executable program using the Stratego Compiler st rc.
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$ strc -i modO -la stratego-lib

The resulting executable applies the main strategy to command-line arguments turned into a list-of-strings term. The
io-wrap strategy interprets these command-line arguments to handle input and output using standard command-line
options.

Finally, the Stratego Shell can be used to invoke strategies interactively.

$ stratego-shell
stratego> id
0)

stratego>

13.1.4 4. Term Rewriting

In this chapter we show how to implement term transformations using term rewriting in Stratego. In term rewriting a
term is transformed by repeated application of rewrite rules.

4.1. Transformation with Rewrite Rules

To see how this works we take as example the language of propositional formulae, also known as Boolean expressions:

module prop
signature
sorts Prop
constructors
False : Prop
True Prop
Atom : String -> Prop
Not : Prop —> Prop
And E * Prop —> Prop
Or : Prop » Prop —> P
Impl P > x Prop —> P
Eg E p * Prop —> Prorx

Given this signature we can write terms such as And(Impl (True(),False()),False()), and
And (Atom ("p"),False())). Atoms are also known as proposition letters; they are the variables in proposi-
tional formulae. That is, the truth value of an atom should be provided in order to fully evaluate an expression. Here
we will evaluate expressions as far as possible, a transformation also known as constant folding. We will do this using
rewrite rules that define how to simplify a single operator application.

A term pattern is a term with meta variables, which are identifiers that are not declared as (nullary) constructors.
For example, And (x, True ()) is aterm pattern with variable x. Variables in term patterns are sometimes called
meta variables, to distinguish them from variables in the source language being processed. For example, while atoms
in the proposition expressions are variables from the point of view of the language, they are not variables from the
perspective of a Stratego program.

A term pattern p matches with a term t, if there is a substitution that replaces the variables in p such that it becomes
equal to t. For example, the pattern And (x, True ()) matches the term And (Impl (True () ,Atom ("p")),
True () ) because replacing the variable x in the pattern by Impl (True () ,Atom ("p")) makes the pattern
equal to the term. Note that And (Atom ("x"), True ()) does not match the term And (Impl (True (),
Atom ("p")), True () ), since the subterms Atom ("x") and Impl (True () ,Atom("p")) do not match.

An unconditional rewrite rule has the form L : pl -> p2, where L is the name of the rule, p1 is the left-hand
side and p2 the right-hand side term pattern. A rewriterule . : pl -> p2 applies to a term t when the pattern p1
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matches t. The result is the instantiation of p2 with the variable bindings found during matching. For example, the
rewrite rule

rewrites the term Eq (Atom ("q") ,False () ) toNot (Atom ("g") ), since the variable x is bound to the subterm
Atom("g").

Now we can create similar evaluation rules for all constructors of sort Prop:

module prop-eval-rules

imports
rules
E (T
E Tt (Fc o
E And (True (), x) > %
E And (x, True()) > %
E And(False (), x) —>
E vd (s >
E Tr —>
E —>
E >
E —>
E —>
E >
E —>
E —>
E >
E —>
E -> x
E > %

Note that all rules have the same name, which is allowed in Stratego.

Next we want to normalize terms with respect to a collection of rewrite rules. This entails applying all rules to all
subterms until no more rules can be applied. The following module defines a rewrite system based on the rules for
propositions above:

module prop-eva
imports libstrategol
strategies

main = io-wra

eval = i

ib prop-eval-rules

The module imports the Stratego Library (1ibstrategolib) and the module with the evaluation rules, and then
defines the main strategy to apply innermost (E) to the input term. The innermost strategy from the library
exhaustively applies its argument transformation to the term it is applied to, starting with inner subterms.

As an aside, we have now seen Stratego modules with rules and strategies sections. It’s worth noting that a
module can have any number of sections of either type, and that there is no actual semantic difference between the two
section headings. In fact, either rewrite rules and/or strategy definitions can occur in either kind of section. Neverthe-
less, it often helps with making your transformations clearer to generally segregate rules and strategy definitions, and
so both headings are allowed so you can punctuate your Stratego modules with them to improve readability.

In any case, we can now compile the above program:

$ strc -1 prop-eval.str —-la stratego-lib
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This results in an executable prop-eval that can be used to evaluate Boolean expressions. For example, here are
some applications of the program:

S cat test
And (Impl (True(),And(False(),True())),True())

$ ./prop-eval —-i testl.prop
False

$ cat test2.prop
True (),And (Atom("p"),Atom("g"))),Atom("p"))

And (Impl

$ ./prop-eval -i test2.prop
And (And (Atom("p") ,Atom("g")) ,Atom("p"))

We can also import these definitions in the Stratego Shell, as illustrated by the following session:

$ stratego-shell
stratego> import prop-eval

stratego> !And(Impl (True(),And(False(),True())),True())
And (Impl (True(),And(False,True) ), True)

stratego> eval

False

stratego> !And (Impl (True And (Atom("p"),Atom("gq"))),Atom("p"))

)
"), Atom("g"))), Atom("p"))

(
And (Impl (True, And (Atom("p

stratego> eval

And (And (Atom("p") ,Atom ("g") ) ,Atom ("p"))
stratego> :quit

And (And (Atom ("p") ,Atom ("g") ) ,Atom ("p"))
$

The first command imports the prop—eval module, which recursively loads the evaluation rules and the library, thus
making its definitions available in the shell. The ! commands replace the current term with a new term. (This build
strategy will be properly introduced in Chapter 8.)

The next commands apply the eval strategy to various terms.

4.2. Running prop-eval in Spoofax/Eclipse

If you’d like to try out some of these Stratego examples in Spoofax/Eclipse, the first step is to define a concrete syntax
for Boolean expressions that will parse to the sorts of ATerms that we have been working with. The SDF3 Manual
provides the best introduction to how one might go about doing that, but here is the bulk of an SDF3 syntax definition
that will allow us to represent any of the ATerms above:

context-free syntax
Prop.True = <1>
Prop.F se = <0>
Prop.~ = String
Prop = <I!<Prop>>

Prop.!? = <<Prop> & <Prop>> {left}
Prop.Or = <<Prop> | <Prop>> {left}

(continues on next page)
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Prop.Impl

Prop.Eqg =

Prop =

String = ID
context—-free priorities

With this grammar in place, the first two examples at the beginning of this chapter (just below the prop signature)
can be expressed by (1 —-> 0) & Oandp & O, respectively. So you can see that the concrete syntax will actually
make it much easier to construct the example expressions used throughout this manual.

If you’d like to see this in action in Spoofax/Eclipse, you can set up a language with the above grammar. Or you can
clone the publicly-available repository containing most of the prop language examples from this manual.

Either way, you can place either of the above expressions in afile (syntax/examples/sec4.1_A.splor..._B.
spl in the repository) and visit it in Eclipse. Then if you select “Syntax > Show parsed AST” from the Spoofax menu,
the parsed AST matching our first expressions above will pop up in the editor.

4.2.1 Using Editor Services to run a Stratego transformation

Naturally, we’d now like to run prop—eval in Spoofax/Eclipse. So we can take the prop—eval-rules module
above and save it as trans/prop-eval-rules. str, with just one small change. Instead of import prop in
the second line, we can say import signatures/-, since Spoofax has written out the signature implied by the
grammar for us.

We’re also going to have a small module trans/prop-eval.str to call the prop-eval-rules. It starts out
rather similarly to the prop—eval for Stratego/XT; here’s the first four lines:

module prop-eval
imports libst
strategies

val = innermost (E)

ategolib prop-eval-rules

Note that we don’t have themain = io-wrap (eval) line. For Stratego/XT, that was the sort of “glue” we needed
to connect the execution environment with the basic eval strategy we’ve defined in Stratego. Similarly, a “glue”
expression is needed in Spoofax/Eclipse as well. Because the Eclipse environment is more flexible, the necessary glue
is rather more complicated; for now we needn’t worry much about its details:

// Interface eval strategy with editor services and file system
do-eval: (selected, _, _, path, r ject-path) —-> (filename, result)
with file = <guarant
; result := <eval> selected

n(|"eval.aterm™)> path

How do we now invoke this interface? That’s where the Spoofax Editor Services (ESV) comes in. ESV is responsible,
among other things, for the “Spoofax” menu item on the top bar of Eclipse. And you can add a new submenu, which
we’ll call “Manual”, to that menu with a little module editor/Manual . esv like this:
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module Manual
menus
menu: "Manual" (openeditor) (source)
action: "prop-eval" = do-eval

Finally, we have to get Spoofax to see our new Stratego and ESV modules. We do this by import-
ing them in the main Stratego and ESV files of the project. In the repository these are in trans/
spoofax_propositional language.str and editor/Main.esv, respectively. Their beginnings end up
looking like:

module spoofax_ propositional_ language
imports

completion/completion

I}}V

outline

analysis
prop-eval
rules // Debugging

and

module Main
imports

Now at last we’re ready to invoke the eval transformation. Make sure you have your project rebuilt cleanly. Visit
a .spl file that has the expression you’d like to evaluate, such as syntax/examples/secd4.1l_testl.spl
containing (1 —> 0 & 1) & 1. Then select “Spoofax > Manual > prop-eval” from the menu bar to see the value
(in this case False (). (There’s alsoa..._test2.spl with (1 —> p & g) & p for the other example, and
you can create your own files for some of the expressions in the Stratego Shell session shown above, if you like.)

4.3. Adding Rules to a Rewrite System

Next we extend the rewrite rules above to rewrite a Boolean expression to disjunctive normal form. A Boolean
expression is in disjunctive normal form if it conforms to the following signature:

signature
sorts Or And NAtom Atom
constructors
Or : Or » Or —> Or
And -> Or
And : And * And
NAtom —-> And
Not : Atom > N
Atom -> N
Atom : String —-> A

We use this signature only to describe what a disjunctive normal form is, not in an the actual Stratego program. This
is not necessary, since terms conforming to the DNF signature are also Prop terms as defined before. For example,
the disjunctive normal form of
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And (Impl (Atom("xr"),And (Atom ("p"),Atom ("g"))),Atom("p"))

is

- (And (Not (Atom("xr")),Atom("p")),
And (And (Atom("p") ,Atom("g")),Atom("p")))

Module prop—-dnf-rules extends the rules defined in prop—eval-rules with rules to achieve disjunctive
normal forms:

module prc dnf-rules
imports pr eval-rules
rules
E : Impl(x, y) —> Or(Not(x), V)
E : Eg(x, V) > And(Impl(x, v), Impl(y, x))
E lot (Not (x)) —> x
E > Or (Not (x), Not (vy))
E —> And(Not (x), Not(y))
E : And(Or(x, y), z) ;7))
E And(z, Or(x, y)) ; V)

The first two rules rewrite implication (Impl) and equivalence (Eq) to combinations of And, Or, and Not. The third
rule removes double negation. The fifth and sixth rules implement the well known DeMorgan laws. The last two rules
define distribution of conjunction over disjunction.

We turn this set of rewrite rules into a compilable Stratego program in the same way as before:

module prop-dnf

imports libs

strategies
main = io-wrap (dnf)

rategolib prop-dnf-rules

f = innermost (E)

compile it in the usual way

$ strc -1 prop-dnf.str -la stratego-1lib

so that we can use it to transform terms:

$ cat test3.prop
And (Impl (Atom("r"),And(Atom("p"),Atom("q"))),Atom("p"))
$ ./prop-dnf -i test3.p P

)r (And (Not (Atom("xr")),Atom("p")),And (And(Atom ("p"),Atom("gq")),Atom("p")))

4.4. Using Spoofax Testing Language to run a Stratego Transformation

We can of course run prop-dnf in Spoofax/Eclipse in the same way as before. The prop-dnf-rules module is
saved verbatim in trans/prop—-dnf-rules.str, and the prop—dnf module becomes the following t rans/
prop—-dnf.str:

module prop-dnf
imports libstrategolib prop-dnf-rules

(continues on next page)
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strategies
dnf = innermost (E)

// Interface dnf strategy with editor services and file system
ct-path) -> (filename, result)
with filename := <guarantee-extension(|"dnf.aterm")> path

do-dnf: (selected, _, _, path, proje

; result 1=

If you add a “prop-dnf” action to editor/Manual.esv calling do-dnf and rebuild the project, then you can visit,
say, syntax/examples.secd4.2_test3.spl containing (r —> p & g) & p to produce exactly the DNF
shown above.

However, we also want use this example to show another method of running Stratego strategies from the Eclipse IDE.

The Spoofax Testing Language (SPT) is a declarative language that provides for a full range of tests for a Spoofax
language project. As such, it includes the ability to run an arbitrary Stratego strategy on the results of parsing an
arbitrary piece of the language you’re working with.

So, we can just take our test3 expression above and make it a part of an SPT test suite, which we will call test/
manual-suite.spt:

module manual-suite
language Spoofax-Propositional-Language

1] run dnf

Once we have saved this file, the tests run automatically. What does this mean? The file seems to be just “sitting there;”
there’s no indication that anything is happening. That’s because this test we’ve just written succeeds. All we asked is
that Spoofax run the dnf transformation on the results of parsing the test expression. It did that, and the transformation
succeeded. So all is well, and no output is generated.

But of course, we want to check the result of the transformation as well. Fortunately, we know what we expect it to
be. So we can change the test like so:

Vot (Atom("r")),Atom("p")),
d(And (Atom ("p"),Atom("gq")),Atom("p")))

Now if there is no error or warning on this test then you know the dnf strategy produced the result shown in the to
clause, and otherwise, the actual result will be shown in the error popup.

What if you don’t know what the expression is going to produce? Then you can just put a dummy expression like
Atom ("x") in the to clause, and you will be sure to get an error. The error popup will show the actual transformation
results. But beware! The results will be hard to read because of the annotations that Spoofax adds to track where in
the source code each part of the AST originates. (For example, in the example above we get

Got: Or (And(Not (Atom("r"{TermIndex ("test/manual-suite.spt",1)}) {TermIndex
("test/manual-suite.spt",2)}),Atom("p" {TermIndex ("test/manual-suite.spt",9)})
{TermIndex ("test/manual-suite.spt",10)}),And (And (Atom ("p"{TermIndex ("test/manual—
suite.spt",3)}) {TermIndex ("test/manual-suite.spt",4)},Atom("g" {TermIndex
("test/manual-suite.spt",5)}) {TermIndex ("test/manual-suite.spt",6)}) {TermIndex
("test/manual-suite.spt",7)},Atom("p" {TermIndex ("test/manual-suite.spt",9)})
{TermIndex ("test/manual-suite.spt",10)1}))
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Nevertheless, with the editor outliner you can puzzle out what your transformation has done. The fact remains that it
is most practical to put the actual expected result of the transformation in the t o clause.

13.1.5 5. Rewriting Strategies
5.1. Limitations of Term Rewriting

In Chapter 4 we saw how term rewriting can be used to implement transformations on programs represented by means
of terms. Term rewriting involves exhaustively applying rules to subterms until no more rules apply. This requires a
strategy for selecting the order in which subterms are rewritten. The innermost strategy introduced in Chapter 4
applies rules automatically throughout a term from inner to outer terms, starting with the leaves. The nice thing about
term rewriting is that there is no need to define traversals over the syntax tree; the rules express basic transformation
steps and the strategy takes care of applying it everywhere. However, the complete normalization approach of rewriting
turns out not to be adequate for program transformation, because rewrite systems for programming languages will often
be non-terminating and/or non-confluent. In general, it is not desirable to apply all rules at the same time or to apply
all rules under all circumstances.

Consider for example, the following extension of prop—dnf-rules with distribution rules to achieve conjunctive
normal forms:

module prop-cnf
imports prop-dnf-rules
rules
E : Or(And(x, vy), z) —-> And(Or(x, z), Or(y, z))
E : Or(z, And(x, vy)) —-> And(Or(z, x), Or(z, vy))
strategies
main = io-wrap(cnf
cnf = innermos

This rewrite system is non-terminating because after applying one of the and-over-or distribution rules, the or-over-and
distribution rules introduced here can be applied, and vice versa.

And(Or (Atom ("p") ,Atom("gq")), Atom("xr"))
—>

There are a number of solutions to this problem. We’ll first discuss a couple of solutions within pure rewriting, and
then show how programmable rewriting strategies can overcome the problems of these solutions.

5.1.1. Attempt 1: Remodularization

The non-termination of prop—cnf is due to the fact that the and-over-or and or-over-and distribution rules interfere
with each other. This can be prevented by refactoring the module structure such that the two sets of rules are not
present in the same rewrite system. For example, we could split module prop—dnf-rules into prop-simplify
and prop—dnf?2 as follows:

module pr
imports ¢
rules

(continues on next page)
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E : Impl(x, V) > Or (Not (x), v)
v

E : Egq(x, V) -> And (Impl (x, ), Impl(y, %))

E : Not (Not (x)) > x

E ¢ Not (And(x, v)) —> Or(Not (x),
E : Not (0r(x, vy)) > And (Not (%),
module prop-dnf2
imports p simplify
rules
E : And(Or(x, v), z) —-> Or(And(x, z), And(y, z))
E : And(z, Or(x, y)) —-> Or(And(z, x), And(z, Vy))
strategies
main = io-wrap (dnf)

dnf =

Now we can reuse the rules from prop-simplify without the and-over-or distribution rules to create a
prop-cnf2 for normalizing to conjunctive normal form:

module prop-cnf2
imports p

Y

op-simplify

rules
E : Or(And(x, Vy), z) > And(Or(x, z), Or(y, z))
E : Or(z, And(x, y) —> And(Or(z, x), Or(z, Vv))
strategies
main = io-wrap (cnf)
cnf = innermost (E)

Although this solves the non-termination problem, it is not an ideal solution. In the first place it is not possible to apply
the two transformations in the same program. In the second place, extrapolating the approach to fine-grained selection
of rules might require definition of a single rule per module.

5.1.2. Attempt 2: Functionalization

Another common solution to this kind of problem is to introduce additional constructors that achieve normalization
under a restricted set of rules. That is, the original set of rules p1 —-> p2 is transformed into rules of the form
f(p_1l) -> p_2', where f is some new constructor symbol and the right-hand side of the rule also contains such
new constructors. In this style of programming, constructors such as f are called functions and are distinguished from
constructors. Normal forms over such rewrite systems are assumed to be free of these function symbols; otherwise the
function would have an incomplete definition.

To illustrate the approach we adapt the DNF rules by introducing the function symbols Dnf and DnfR. (We ignore
the evaluation rules in this example.)

module prop-dnf3
imports libstrategolib prop
signature
constructors
Dnf : Prop —> Prop
DnfR : Prop —-> Prop
rules
E ¢ Dnf (Atom(x)) > Atom (x)

(continues on next page)
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E Dnf ( (x)) > DnfR(Not (Dnf (x)))
E Dnf ( )) => DnfR(And(Dnf (x), Dnf(y)))
E Dnf ( )) > Or(Dnf(x), D 7))
E Dnf(Impl (x, v)) > Dnf (O 7))
E Dnf ( v)) -> Dnf (An V), mpl (v, x)))
E DnfR (Not (Not (x))) > %
E DnfR(Not (And (x, v))) => Or(Dnf (Not (%)), Dnf(Not(y)))
E DnfR(Not (Or (x, v))) > Dnf (And (Not (x), Not (y)))
D DnfR (Not (x)) > Not (x)
E : DnfR(And(Or (x, Y, z)) —> Or(Dnf (And(x, z)), Dnf(And(y, z)))
E : DnfR(And(z, Or(x, vy))) > Or(Dnf (And(z, x)), Dnf(And(z, vy)))
D : DnfR(And(x, Vv)) > And(x, V)
strategies
main = io-w (dnf)
dnf = innermost (E <+ D)

The Dnf function mimics the innermost normalization strategy by recursively traversing terms. The auxiliary trans-
formation function Dn£R is used to encode the distribution and negation rules. The D rules are default rules that are
only applied if none of the E rules apply, as specified by the strategy expression E <\+ D.

In order to compute the disjunctive normal form of a term, we have to apply the Dnf function to it, as illustrated in the
following application of the prop—dnf 3 program:

If you’re going to try to run this example in Spoofax/Eclipse, a few words of caution. First, it’s easiest to just accumu-
late all of the different test modules as imports in your main language “.str” file. But if you do that, all of their rules
will be in the same namespace. So you’re going to want to use different identifiers (say “E3” and “D3”) in place of
“E” and “D” in your prop—-dnf3. str file. Also, the concrete syntax has no way to represent the “extra” function
symbol Dnf that is used here, so you’ll want to use alternate triggering strategies like

make—-n = innermost (E3 <+ D3)
dnf3 : x —> <make-nf> Dnf (x)
that wrap the inputin Dnf ( ... ) themselves.

For conjunctive normal form we can create a similar definition, which can now co-exist with the definition of DNF.
Indeed, we could then simultaneously rewrite one subterm to DNF and the other to CNF.

E o DC(x) —> (Dnf(x), Cnf(x))

In the solution above, the original rules have been completely intertwined with the Dnf transformation. The rules for
negation cannot be reused in the definition of normalization to conjunctive normal form. For each new transformation
a new traversal function and new transformation functions have to be defined. Many additional rules had to be added
to traverse the term to find the places to apply the rules. In the modular solution we had 5 basic rules and 2 additional
rules for DNF and 2 rules for CNF, 9 in total. In the functionalized version we needed 13 rules for each transformation,
that is 26 rules in total.

In the example repository, you can find both the dnf and cnf strategies in trans/prop-dnf3.str and trans/
prop-cnf3.str.
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5.1.3 Running Stratego Transformations with the Spoofax Command-line Utilities

The Spoofax project offers an executable jar called Sunshine that allows several different Spoofax actions to be invoked
from the command line. Let’s say you have downloaded it to the path SUNSHINE_JAR. For convenience, let’s
say your project resides in the SPOOFAX_PROJECT directory, and Eclipse is installed in the ECLIPSE_INSTALL
directory.

To use Sunshine to run a Stratego strategy, you must have a Spoofax menu item already set up to run it. But then you
can invoke it on an arbitrary file from the command line like so:

r $SUNSHINE_JAR transform —-i <file> -n <menu-item> -p $SPOOFAX_PROJECT -1
_PROJECT -1 "S${ECLIPSE_INSTALL}/plugins"

(Note in this command, <file> and <menu-item> are placeholders that show you where to put in the actual
filename and label of the menu item, respectively.) So the Sunshine jar doesn’t really give us any new capabilities, but
it could make running examples more convenient for you.

There is a similar executable jar that allows any SPT test file to be run from the command line. We won’t go into
the details here, because again, it doesn’t do anything that you can’t already do from inside Eclipse. (But it can be
convenient for automated integration testing, for example.)

With this section, we’ve summarized all the ways that you can execute Stratego strategies in the Spoofax/Eclipse
environment. Of them, placing tests in an SPT file generally seems to be the most convenient, because it involves
editing the fewest files and places the expression and the expected results of the transformation together. Indeed, in the
sample repository all of the remaining examples are implemented by means of test /manual-suite.spt. And
that wraps up the Spoofax/Eclipse-specific information in this manual; there are more notes in the documentation of
the example repository about specific implementation details of some of the later examples.

5.2. Programmable Rewriting Strategies

In general, there are two problems with the functional approach to encoding the control over the application of rewrite
rules, when comparing it to the original term rewriting approach: traversal overhead and loss of separation of rules
and strategies.

In the first place, the functional encoding incurs a large overhead due to the explicit specification of traversal. In
pure term rewriting, the strategy takes care of traversing the term in search of subterms to rewrite. In the functional
approach traversal is spelled out in the definition of the function, requiring the specification of many additional rules.
A traversal rule needs to be defined for each constructor in the signature and for each transformation. The overhead for
transformation systems for real languages can be inferred from the number of constructors for some typical languages:

language : constructors
Tiger : 65
C 140

140

300 - 1200

In the second place, rewrite rules and the strategy that defines their application are completely intertwined. Another
advantage of pure term rewriting is the separation of the specification of the rules and the strategy that controls their
application. Intertwining these specifications makes it more difficult to understand the specification, since rules cannot
be distinguished from the transformation they are part of. Furthermore, intertwining makes it impossible to reuse the
rules in a different transformation.

Stratego introduced the paradigm of programmable rewriting strategies with generic traversals, a unifying solution
in which application of rules can be carefully controlled, while incurring minimal traversal overhead and preserving
separation of rules and strategies.

The following are the design criteria for strategies in Stratego:
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* Separation of rules and strategy: Basic transformation rules can be defined separately from the strategy that
applies them, such that they can be understood independently.

* Rule selection: A transformation can select the necessary set of rules from a collection (library) of rules.

* Control: A transformation can exercise complete control over the application of rules. This control may be
fine-grained or course-grained depending on the application.

¢ No traversal overhead: Transformations can be defined without overhead for the definition of traversals.
* Reuse of rules: Rules can be reused in different transformations.

* Reuse of traversal schemas: Traversal schemas can be defined generically and reused in different transforma-
tions.

5.3. Idioms of Strategic Rewriting

In the next chapters we will examine the language constructs that Stratego provides for programming with strategies,
starting with the low-level actions of building and matching terms. To get a feeling for the purpose of these constructs,
we first look at a couple of typical idioms of strategic rewriting.

5.3.1. Cascading Transformations

The basic idiom of program transformation achieved with term rewriting is that of cascading transformations. Instead
of applying a single complex transformation algorithm to a program, a number of small, independent transformations
are applied in combination throughout a program or program unit to achieve the desired effect. Although each indi-
vidual transformation step achieves little, the cumulative effect can be significant, since each transformation feeds on
the results of the ones that came before it.

One common cascading of transformations is accomplished by exhaustively applying rewrite rules to a subject term.
In Stratego the definition of a cascading normalization strategy with respect to rules R1, ... ,Rn can be formalized
using the innermost strategy that we saw before:

simplify = innermost (R1 <+ ... <+ Rn)

The argument strategy of innermost is a selection of rules. By giving different names to rules, we can control the
selection used in each transformation. There can be multiple applications of innermost to different sets of rules,
such that different transformations can co-exist in the same module without interference. Thus, it is now possible to
develop a large library of transformation rules that can be called upon when necessary, without having to compose a
rewrite system by cutting and pasting. For example, the following module defines the normalization of proposition
formulae to both disjunctive and to conjunctive normal form:

module prop-laws

imports libstrategolib prop

rules
DefI : Impl(x, y) —-> Or(Not(x), V)
DefE : Eqg(x, V) > And (Impl (%, v), Impl(y, x))
DN Not (Not (x)) —> x

(continues on next page)
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DOAL : Or(And(x, vy), z) —> And(Or(x, z), Or(y, z))
)

DOAR : Or(z, And(x, V) > And(Or(z, x), Or(z, v))

strategies
dnf = innermost (Defl <+ DefE <+ DAOL <+ DAOR <+ DN <+ DMA <+ DMO
cnf = innermost (Defl <+ DefE <+ DOAL <+ DOAR <+ DN <+ DMA <+ DMO)
main-dnf = io-wrap(dnf)
main-cnf = io-wrap (cnf)

The rules are named, and for each strategy different selections from the ruleset are made.

The module even defines two main strategies, which allows us to use one module for deriving multiple programs.
Using the ——main option of strc we declare which strategy to invoke as main strategy in a particular program.
Using the —o option we can give a different name to each derived program.

$ strc -i prop-laws.str -la stratego-1lib main main-dnf -o prop-dnf4

5.3.2. One-pass Traversals

Cascading transformations can be defined with other strategies as well, and these strategies need not be exhaustive,
but can be simpler one-pass traversals. For example, constant folding of Boolean expressions only requires a simple
one-pass bottom-up traversal. This can be achieved using the bot t omup strategy according the the following scheme:

simplify = bottomup (repeat (Rl <+ ... <+ Rn))

The bottomup strategy applies its argument strategy to each subterm in a bottom-to-top traversal. The repeat
strategy applies its argument strategy repeatedly to a term.

Module prop—eval?2 defines the evaluation rules for Boolean expressions and a strategy for applying them using
this approach:

module prop-eval2

imports libstrategolib prop
rules
Eval : Not (True()) —>
Eval : Not (False()) —>
Eval : And(True (), x) >
Eval : And(x, True()) —>
(

Eval : And(False(), x) —>
Eval : And(x, False()) >
Eval : Or(True(), x)

Eval : Or(x, True())

Eval : Or(False(), x) >
Eval : Or(x, False()) —>
Eval : Impl(True(), x)
Eval : Impl(x, True())
Eval : Impl (False(), x)
Eval : Impl(x, False())
Eval : Eg(False(
1
)

Eval : Eqg(
Eval : Eg(True(
Eval : Eqg(

(continues on next page)
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strategies

The strategy eval applies these rules in a bottom-up traversal over a term, using the bottomup (s) strategy. At
each sub-term, the rules are applied repeatedly until no more rule applies using the repeat (s) strategy. This is
sufficient for the Eval rules, since the rules never construct a term with subterms that can be rewritten.

Another typical example of the use of one-pass traversals is desugaring, that is rewriting language constructs to
more basic language constructs. Simple desugarings can usually be expressed using a single top-to-bottom traversal
according to the scheme

simplify = topdown(try (Rl <+ ... <+ Rn))

The topdown strategy applies its argument strategy to a term and then traverses the resulting term. The t ry strategy
tries to apply its argument strategy once to a term.

Module prop-desugar defines a number of desugaring rules for Boolean expressions, defining propositional op-
erators in terms of others. For example, rule De £N defines Not in terms of Impl, and rule DefI defines Impl in
terms of Or and Not. So not all rules should be applied in the same transformation or non-termination would result.

module pror
imports pro

rules

DefN : Not (x) > Impl (x, False())

Impl(x, v) —> Or(Not(x), V)
Eq(x, V) > And(Impl(x, vy), Impl(y, x))
Oor(x, vy) -> Impl (Not (x), V)

y Not (And (Not (x), Not (y)))

lot (%), Not(vy)))
AII‘Q:;(X, [‘x_:)i(y)))

)efI <+ DefE))

n(repeat (DefN <+ DefA2 <+ DefOl <+ DefE))

main-inf =

io-wrap (impl-nf)

The strategies desugar and impl-nf define two different desugaring transformation based on these rules. The
desugar strategy gets rid of the implication and equivalence operators, while the impl-nf strategy reduces an
expression to implicative normal-form, a format in which only implication (Impl) and False () are used.

A final example of a one-pass traversal is the downup strategy, which applies its argument transformation during a
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traversal on the way down, and again on the way up:

’5ir3 i fy = downup (repeat (R1 <+ ... <+ Rn))

An application of this strategy is a more efficient implementation of constant folding for Boolean expressions:

eval = downup (repeat (Eval))

This strategy reduces terms such as

’Ani(... big expression ..., False)

in one step (to False () in this case), while the bottomup strategy defined above would first evaluate the big
expression.

5.3.3. Staged Transformations

Cascading transformations apply a number of rules one after another to an entire tree. But in some cases this is
not appropriate. For instance, two transformations may be inverses of one another, so that repeatedly applying one
and then the other would lead to non-termination. To remedy this difficulty, Stratego supports the idiom of staged
transformation.

In staged computation, transformations are not applied to a subject term all at once, but rather in stages. In each
stage, only rules from some particular subset of the entire set of available rules are applied. In the TAMPR program
transformation system this idiom is called sequence of normal forms, since a program tree is transformed in a sequence
of steps, each of which performs a normalization with respect to a specified set of rules. In Stratego this idiom can be
expressed directly according to the following scheme:

strategies
simplif =
innermost (Al <+ ... <+ Ak)
; innermos <+ BI1)
;
; innermost (C1 <+ ... <+ Cm)

5.3.4. Local Transformations

In conventional program optimization, transformations are applied throughout a program. In optimizing impera-
tive programs, for example, complex transformations are applied to entire programs. In GHC-style compilation-by-
transformation, small transformation steps are applied throughout programs. Another style of transformation is a
mixture of these ideas. Instead of applying a complex transformation algorithm to a program we use staged, cascading
transformations to accumulate small transformation steps for large effect. However, instead of applying transforma-
tions throughout the subject program, we often wish to apply them locally, i.e., only to selected parts of the subject
program. This allows us to use transformations rules that would not be beneficial if applied everywhere.

One example of a strategy which achieves such a transformation is

strategies

transformation =
alltd(

trig

; in
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The strategy al1td (s) descends into a term until a subterm is encountered for which the transformation s succeeds.
In this case the strategy t rigger—transformation recognizes a program fragment that should be transformed.
Thus, cascading transformations are applied locally to terms for which the transformation is triggered. Of course
more sophisticated strategies can be used for finding application locations, as well as for applying the rules locally.
Nevertheless, the key observation underlying this idiom remains: Because the transformations to be applied are local,
special knowledge about the subject program at the point of application can be used. This allows the application of
rules that would not be otherwise applicable.

13.1.6 6. Rules and Strategies

Pure term rewriting is not adequate for program transformation because of the lack of control over the application of
rules. Attempts to encode such control within the pure rewriting paradigm lead to functionalized control by means of
extra rules and constructors, at the expense of traversal overhead and at the loss of the separation of rules and strategies.
By selecting the appropriate rules and strategy for a transformation, Stratego programmers can control the application
of rules, while maintaining the separation of rules and strategies and keeping traversal overhead to a minimum.

We saw that many transformation problems can be solved by alternative strategies such as a one-pass bottom-up or
top-down traversals. Others can be solved by selecting the rules that are applied in an innermost normalization, rather
than all the rules in a specification. However, no fixed set of such alternative strategies will be sufficient for dealing
with all transformation problems. Rather than providing one or a few fixed collection of rewriting strategies, Stratego
supports the composition of strategies from basic building blocks with a few fundamental operators.

On this page we define the basic notions of rules and strategies, and we will see how new strategies and strategy
combinators can be defined.

6.1. What is a rule?

A rule defines a transformation on terms. A named rewrite rule is a declaration of the form:

L : pl —> p2

where L is the rule name, p1 the left-hand side term pattern, and p2 the right-hand side term pattern. A rule can be
applied through its name to a term. It will transform the term if the term matches with p1, and will replace the term
with p2 instantiated with the variables bound during the match to p1. The application fails if the term does not match
pl. Thus, a transformation is a partial function from terms to terms.

Let’s look at an example. The SwapArgs rule swaps the sub-terms of the P1us constructor. Note that it is possible
to introduce rules on the fly in the Stratego Shell.

stratego> Sw

pPArgs : Plus(el,e2) > Plus(e2,el)

Now we create a new term, and apply the SwapArgs rule to it by calling its name at the prompt. (The build !t of a
term replaces the current term by t.)

ll) ,lllf (n3n))

The application of SwapArgs fails when applied to a term to which the left-hand side does not match. For example,
since the pattern P1us (el, e2) does not match with a term constructed with Times the following application fails:

stratego> !Times
Times (Int ("4"),V

(Int (u4n) ,Var ("X") )
)

(continues on next page)
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stratego> S
command failed

A rule is applied at the root of a term, not at one of its subterms. Thus, the following application fails even though the
term contains a P1us subterm:

o> !Times (Plus (Var ("a"),Int ("3")),Var("x"))
AY ,—("a"),TJ—.L("3")),’\“Jl,—("X"))

r("a"),Plus(Var ("x"),Int ("42")))
Var ("x"),Int ("42")))

Va ’,i("XV’l) , Int (n42u) ) ,Var (nan))

Finally, there may be multiple rules with the same name. This has the effect that all rules with that name will be tried
in turn until one succeeds, or all fail. The rules are tried in some undefined order. This means that it only makes sense
to define rules with the same name if they are mutually exclusive, that is, do not have overlapping left-hand sides. For
example, we can extend the definition of SwapArgs with a rule for the Times constructor, as follows:

stratego> Swap

Args : Times(el, e2) > Times (e2, el)

Now the rule can be applied to terms with a P1us and a Times constructor, as illustrated by the following applica-
tions:

stratego> !Times (Int ("4"),Var("x"))
Times (Int ("4"),Var )

stratego> Sw
Times (Var ("x")

stratego> !Plus (Var (
Plus ("a"), Int("3"
stratego> SwapArgs

Plus (Int ("3"),

1

Later we will see that a rule is nothing more than a syntactical convention for a strategy definition.

6.2. What is a Strategy?

A rule defines a transformation, that is, a partial function from terms to terms. A strategy expressions is a combination
of one or more transformations into a new transformation. So, a strategy expressions also defines a transformation,
i.e., a partial function from terms to terms. Strategy operators are functions from transformations to transformations.

In the previous chapter we saw some examples of strategy expressions. Lets examine these examples in the light of
our new definition. First of all, rule names are basic strategy expressions. If we import module prop—-1laws, we have
at our disposal all rules it defines as basic strategies:

tego> import prop-laws

go> !Impl (True (), Atom("p"))
Impl (True, Atom("p"))

stratego> Defl

Or (Not (True) ,Atom("p"))
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Next, given a collection of rules we can create more complex transformations by means of strategy operators. For
example, the innermost strategy creates from a collection of rules a new transformation that exhaustively applies
those rules.

[ (Atom ("p"), Atom("g"))
It ("q"))

a")).,
Ol ) s

,Not (Atom("g"))),

,Atom("p"))))

(Exercise: add rules to this composition that remove tautologies or false propositions.)

Here we see that the rules are first combined using the choice operator <+ into a composite transformation, which is
the argument of the innermost strategy.

The innermost strategy always succeeds (but may not terminate), but this is not the case for all strategies. For
example bottomup (DefI) will not succeed, since it attempts to apply rule De £ T to all sub-terms, which is clearly
not possible. Thus, strategies extend the property of rules that they are partial functions from terms to terms.

Observe that in the composition innermost (. ..), the term to which the transformation is applied is never men-
tioned. The ‘current term’, to which a transformation is applied is often implicit in the definition of a strategy. That is,
there is no variable that is bound to the current term and then passed to an argument strategy. Thus, a strategy operator
such as innermost is a function from transformations to transformations.

While strategies are functions, they are not necessarily pure functions. Strategies in Stratego may have side effects
such as performing input/output operations. This is of course necessary in the implementation of basic tool interaction
such as provided by io-wrap, but is also useful for debugging. For example, the debug strategy prints the current
term, but does not transform it. We can use it to visualize the way that innermost transforms a term.

stratego> !Not (Impl (Atom("p"), Atom("g")))

Not (Impl (Atom("p"),Atom("gq")))

stratego> innermost (debug(!"in: "); (Defl <+ DefE <+ DAOL <+ DAOR <+ DN <+ DMA <+,
—DMO) ; debug(!"out: "))

in: p

in: Atom("p")

in: g

in: Atom("g")
in: Impl (Atom("p"
out: Or (Not (Atom (
in:
in:

), Atom ("g"))
"p") ) ,;“\AtCIV\ ("q") )

in:
in: g

in: !
in: ¢ Not (Atom("p")),Atom("g"))

in: Or (N (Atom ("p")),Atom("g")))
out: ot (Not (Atom("p"))) ,Not (Atom ("g")))
in: )

in: Atom("p")

in: Not (Atom("p"))

in: Not (Not (Atom("p")))

out: Atom("p")

in: p

in: Atom("p")

(continues on next page)
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in: g

in: Atom("g")

in: Not (Atom("g"))

in: And(Atom("p"),Not (Atom("g")))
And (Atom ("p"),Not (Atom("g")))

This session nicely shows how innermost traverses the term it transforms. The in: lines show terms to which it
attempts to apply a rule, the out : lines indicate when this was successful and what the result of applying the rule
was. Thus, innermost performs a post-order traversal applying rules after transforming the sub-terms of a term.
(Note that when applying debug to a string constant, the quotes are not printed.)

6.3. Strategy Definitions
Stratego programs are about defining transformations in the form of rules and strategy expressions that combine them.

Just defining strategy expressions does not scale, however. Strategy definitions are the abstraction mechanism of
Stratego and allow naming and parametrization of strategy expressions for reuse.

6.3.1. Simple Strategy Definition and Call

A simple strategy definition names a strategy expression. For instance, the following module defines a combination of
rules (dnf-rules), and some strategies based on it:

module dnf-strategi
imports libst
strategies

ib prop-dnf-rules

dnf-rules =
DefI <+ DefE <+ DAOL <+ DAOR <+ DN <+ DMA <+ DMO

"); dnf-rules; debug(!"out: "))

Note how dnf—-rules is used in the definition of dnf, and dn £ itself in the definition of main.

In general, a definition of the form

£ = s

introduces a new transformation £, which can be invoked by calling f in a strategy expression, with the effect of
executing strategy expression s. The expression should have no free variables. That is, all strategies called in s should
be defined strategies. Simple strategy definitions just introduce names for strategy expressions. Still, such strategies
have an argument, namely the implicit current term.

6.3.2. Parametrized Definitions

Strategy definitions with strategy and/or term parameters can be used to define transformation schemas that can in-
stantiated for various situations.
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A parametrized strategy definition of the form

f(xl,...,xn | yvl,..., ym) = s

introduces a user-defined operator £ with n strategy parameters and m term parameters. Such a user-defined strategy
operator can be calledas £ (s1, ...,sn|tl, ..., tm) by providing it n strategy arguments and m term arguments.
The meaning of such a call is the body s of the definition in which the actual arguments have been substituted for
the formal parameters. Strategy arguments and term arguments can be left out of calls and definitions. That is, a call
£ (|) without strategy and term arguments can be written as £ (), oreven just £. Acall £ (s1, ..., sn|) without
term arguments can be written as £ (s1, ..., sn). The same holds for strategy definitions.

In most cases the term parameters are simple variable names to which the argument will be bound when the strategy
is called. However, it is also possible to use a term pattern in place of a term parameter, to which the argument will
be matched. The strategy will fail when one or more term arguments could not be matched to their corresponding
term pattern. These term patterns have the same freedoms as those used at left-hand side of a rule. For example, the
following strategies act like a switch-case:

strategies
to-english(|1l) = !"one"
+ ng = I "tywo"
to—-english = !"many"
Or a more complex example:
strategies
get-type (| <is-list>) = I"A list"
get-type (|<not (is-1list)>) = !"Not a list"

As we will see, strategies such as innermost, topdown, and bottomup are not built into the language, but are
defined using strategy definitions in the language itself using more basic combinators, as illustrated by the following
definitions (without going into the exact meaning of these definitions):

strategies
try(s) = s <+ 1
r 1t (s) = try(s; r
t an(s) = s; all(t W
bottomup (s) = all(bottomup(s));

Such parametrized strategy operators are invoked by providing arguments for the parameters. Specifically, strategy
arguments are instantiated by means of strategy expressions. Wherever the argument is invoked in the body of the
definition, the strategy expression is invoked. For example, in the previous chapter we saw the following instantiations
of the topdown, try, and repeat strategies:

module prop-desugar
/)

strategies

wn (repeat (DefN <+ DefA2 <+ DefOl <+ DefE))

Multiple definitions with the same name but with a different numbers of parameters are treated as different strategy
operators.
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6.3.3. Local Definitions

Strategy definitions at top-level are visible everywhere. Sometimes it is useful to define a local strategy operator. This
can be done using a let expression of the form let dx in s end, where d~ is a list of definitions. For example,
in the following strategy expression, the definition of dnf-rules is only visible in the instantiation of innermost:

let dnf-r
in innerr
end

DAOL <+ DAOR <+ DN <+ DMA <+ DMO

The current version of Stratego does not support hidden strategy definitions at the module level. Such a feature is
under consideration for a future version.

6.3.4. Extending Definitions

A Stratego program can introduce several rules with the same name. It is even possible to extend rules across modules.
This is also possible for strategy definitions. If two strategy definitions have the same name and the same number of
parameters, they effectively define a single strategy that tries to apply the bodies of the definitions in some undefined
order. Thus, a definition of the form

strategies
£ = g

f = s2

entails that a call to £ has the effect of first trying to apply s1, and if that fails applies s2, or the other way around.
Thus, the definition above is either translated to

strategies
f = sl <+ s2

or to

strategies
f = s2 <+ sl

6.4. Calling Primitives

Stratego provides combinators for composing transformations and basic operators for analyzing, creating and travers-
ing terms. However, it does not provide built-in support for other types of computation such as input/output and
process control. In order to make such functionality available to Stratego programmers, the language provides access
to user-definable primitive strategies through the prim construct. For example, the following call to prim invokes
the SSI_printnl native function:

stratego> prim("SSL_printnl", stdout (), ["foo", "bar"])
foobar

In general,acallprim ("£f", s* | t=«) represents a call to a primitive function £ with strategy arguments s+ and
term arguments t . Note that the ‘current’ term is not passed automatically as argument.

This mechanism allows the incorporation of mundane tasks such as arithmetic, I/O, and other tasks not directly related
to transformation, but necessary for the integration of transformations with the other parts of a transformation system.
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6.4.1. Implementing Primitives

The Stratego Library provides all the primitives for I/O, arithmetic, string processing, and process control that are
usually needed in Stratego programs. However, it is possible to add new primitives to a program as well. That requires
linking with the compiled program a library that implements the function.

6.5. External Definitions

The Stratego Compiler is a whole program compiler. That is, the compiler includes all definitions from imported
modules (transitively) into the program defined by the main module (the one being compiled). This is the reason
that the compiler takes its time to compile a program. To reduce the compilation effort and the size of the resulting
programs it is possible to create separately compiled libraries of Stratego definitions. The strategies that such a library
provides are declared as external definitions. A declaration of the form

external f (sl ... sn | x1 ... xm)

states that there is an externally defined strategy operator £ with n strategy parameters and m term parameters. When
compiling a program with external definitions, a library should be provided that implements these definitions.

The Stratego Library is provided as a separately compiled library. The 1ibstrategolib module that we have
been using in the example programs contains external definitions for all strategies in the library, as illustrated by the
following excerpt:

module libstrategolib

/7.

strategies
/S
external
external b
external tc

V2R

When compiling a program using the library we used the -1a stratego—-1ib option to provide the implementation
of those definitions.

6.5.1. External Definitions cannot be Extended

Unlike definitions imported in the normal way, external definitions cannot be extended. If we try to compile a module
extending an external definition, such as

module wrong
imports libstrategolib
strategies

bottomup (s) = fai

compilation fails:

]

| info mpiling T str'
redefining external definition:
| error ] Compilation failed (3.
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6.5.2. Creating Libraries

It is possible to create your own Stratego libraries as well. Currently that exposes you to a bit of compilation gibberish;
in the future this may be incorporated in the Stratego compiler. Lets create a library for the rules and strategy definitions
in the prop—1aws module. We do this using the ——1ibrary option to indicate that a library is being built, and the
—c option to indicate that we are only interested in the generated C code.

$ strc K ibproplib.rtree —-library

[ strc | o] 1

[ strc | o] [4.71s/0.77s]

[ strc | nfo ] act syntax

[ strc | info ] cete syntax in

[ strc | nfo ] Export of externals = [2.02s/0.11s]
[ strc | info ] Back-end succ = [6.665/0.19s]

[ strc | info ] Compilation suc [13.45/1.08s]

$ rm libproplib.str

The result is of this compilation is a module 1ibproplib that contains the external definitions of the module and
those inherited from 1ibstrategolib. (This module comes in to versions; one in concrete syntax 1ibproplib.
str and one in abstract syntax 1ibproplib.rtree; for some obscure reason you should throw away the .str
file.) Furthermore, the Stratego Compiler produces a C program libproplib.c with the implementation of the
library. This C program should be turned into an object library using 1 ibtool, as follows:

$ libtool —--mode

—stratego/include>

compile gcc —g -0 -c libproplib.c -o libproplib.o -I <path/to/aterm-

$ libtool --mode=link gcc -g -O -o libproplib.la libproplib.lo

The result is a shared library 1ibproplib. la that can be used in other Stratego programs. (TODO: the production
of the shared library should really be incorporated into strc.)

6.5.3. Using Libraries

Programmers that want to use your library can now import the module with external definitions, instead of the original
module.

module dnf-tool
imports libproplib
strategies

main = main-dnf

This program can be compiled in the usual way, adding the new library to the libraries that should be linked against:

$ strc -i dnf-tool.str -la stratego-lib -la ./libproplib.la
$ cat test3.prop
And (Impl (Atom("r"),And (Atom("p"),Atom("g"))),ATom("p"))

$ ./dnf-tool -i test3.prop

Or (And (Not (Atom("r")) ,ATom ("p") ) ,And (And (Atom ("p"),Atom("g")),ATom("p")))

To correctly deploy programs based on shared libraries requires some additional effort.
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6.6. Dynamic Calls

Strategies can be called dynamically by name, i.e., where the name of the strategy is specified as a string. Such calls
can be made using the call construct, which has the form:

call(f | s1, ..., sn | tl, ..., tn)

where £ is a term that should evaluate to a string, which indicates the name of the strategy to be called, followed by a
list of strategy arguments, and a list of term arguments.

Dynamic calls allow the name of the strategy to be computed at run-time. This is a rather recent feature of Stratego that
was motivated by the need for call-backs from a separately compiled Stratego library combined with the computation
of dynamic rule names. Otherwise, there is not yet much experience with the feature.

In the current version of Stratego it is necessary to ‘register’ a strategy to be able to call it dynamically. (In order to
avoid deletion in case it is not called explicitly somewhere in the program.) Strategies are registered by means of a
dummy strategy definition DYNAMIC-CALLS with calls to the strategies that should called dynamically.

DYNAMICAL-CALLS = foo(id)

6.7. Summary

‘We have learned that rules and strategies define transformations, that is, functions from terms to terms that can fail, i.e.,
partial functions. Rule and strategy definitions introduce names for transformations. Parametrized strategy definitions
introduce new strategy operators, functions that construct transformations from transformations, and support term
patterns as parameters.

Primitive strategies are transformations that are implemented in some language other than Stratego (usually Java), and
are called through the prim construct. External definitions define an interface to a separately compiled library of
Stratego definitions. Dynamic calls allow the name of the strategy to be called to be computed as a string.

13.1.7 7. Strategy Combinators

We have seen the use of strategies to combine rules into complex transformations. Rather than providing a fixed
set of high-level strategy operators such as bottomup, topdown, and innermost, Stratego provides a small set
of basic combinators, that can be used to create a wide variety of strategies. In Chapter 7 until Chapter 10 we will
introduce these combinators. In this chapter we start with a set of combinators for sequential composition and choice
of strategies.

7.1. ldentity and Failure

The most basic operations in Stratego are id and fail. The identity strategy id always succeeds and behaves as the
identity function on terms. The failure strategy fail always fails. The operations have no side effects.

1Foo (Bar())

ratego> fail
command failed
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7.2. Sequential composition

The sequential composition s1 ; s2 of the strategies s1 and s2 first applies the strategy s1 to the subject term and
then s2 to the result of that first application. The strategy fails if either s1 or s2 fails.

Properties. Sequential composition is associative. Identity is a left and right unit for sequential composition; since id
always succeeds and leaves the term alone, it has no additional effect to the strategy that it is composed with. Failure
is a left zero for sequential composition; since fail always fails the next strategy will never be reached.

~

-

o
Il

However, not for all strategies s we have that failure is a right zero for sequential composition:

s ; fail = fail (is not a law)

Although the composition s; fail will always fail, the execution of s may have side effects that are not performed
by fail. For example, consider printing a term in s.

Examples. As an example of the use of sequential composition consider the following rewrite rules.

Using the sequential composition of the two rules, this effect can be achieved ‘in one step’:

stratego> 'P(S(Z2()),%2())

The following session shows that the application of a composition fails if the second strategy in the composition fails
to apply to the result of the first:

stratego> 'P(S(Z2()),7%2())

(S (2),2)

stratego> B; B
f3

1i1led

command

Choosing between rules to apply is achieved using one of several choice combinators, all of which are based on the
guarded choice combinator. The common approach is that failure to apply one strategy leads to backtracking to an
alternative strategy.
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Deterministic Choice (Left Choice)

The left choice or deterministic choice s1 <+ s2 tries to apply s1 and s2 in that order. That is, it first tries to apply
s1, and if that succeeds the choice succeeds. However, if the application of s1 fails, s2 is applied to the original
term.

Properties. Left choice is associative. Identity is a left zero for left choice; since id always succeeds, the alternative
strategy will never be tried. Failure is a left and right unit for left choice; since fail always fails, the choice will
always backtrack to the alternative strategy, and use of fail as alternative strategy is pointless.

(sl <+ s52) <+ 53 = sl <+ (s2 <+ s53)
id <+ s = id
fail <+ s = s
5 <+ fail = s

However, identity is not a right zero for left choice. That is, not for all strategies s we have that

5 <+ 1d = s (is not a law)

The expression s <+ 1id always succeeds, even (especially) in the case that s fails, in which case the right-hand side
of the equation fails of course.

Local Backtracking. The left choice combinator is a local backtracking combinator. That is, the choice is committed
once the left-hand side strategy has succeeded, even if the continuation strategy fails. This is expressed by the fact that
the property

(s1 <+ s2); s3 = (sl; s3) <+ (s2; s3) (is not a law)

In the application of (B <+ id); B, the first application of B succeeds after which the choice is committed. The
subsequent application of B then fails. This equivalent to first applying (B <+ 1id) and then applying B to the result.
The application of (B; B) <+ (id; B), however, is successful; the application of B; B fails, after which the
choice backtracks to 1d; B, which succeeds.

Choosing between Transformations. The typical use of left choice is to create a composite strategy trying one from
several possible transformations. If the strategies that are composed are mutually exclusive, that is, don’t succeed
for the same terms, their sum is a transformation that (deterministically) covers a larger set of terms. For example,
consider the following two rewrite rules:
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Plus (Plus(el, e2), e3) —-> Plus(el, Plus(e2, e3))
Plus (Int ("0"),e) > e

stratego> Plus

These rules are mutually exclusive, since there is no term that matches the left-hand sides of both rules. Combining
the rules with left choice into PlusAssoc <+ PlusZero creates a strategy that transforms terms matching both
rules as illustrated by the following applications:

stratego> !Plus(Int ("0"),Int ("3"))
Plus (Int ("O0"),Int("3")

stratego> PlusAssoc
Int("3")

stratego>
Plus (Plus (Va

s (Var ("x"), Int ("42")), Int ("3"))
, Tnt ("427)), Int ("3"))

oc <+ PlusZero
yPlus(Int ("42™), Int ("3™M)))

Ordering Overlapping Rules. When two rules or strategies are mutually exlusive the order of applying them does
not matter. In cases where strategies are overlapping, that is, succeed for the same terms, the order becomes crucial to
determining the semantics of the composition. For example, consider the following rewrite rules reducing applications
of Mem:

> False ()
s]) —> True()
s]) —> Mem(x,vs)

Rules Mem2 and Mem3 have overlapping left-hand sides. Rule Mem?2 only applies if the first argument is equal to
the head element of the list in the second argument. Rule Mem3 applies always if the list in the second argument is
non-empty.

stratego> !Mem (1, [1,2,31])
Mem (1, [1,2,31)
stratego> Mem2

True
stratego> !Mem (1, [1,2,31])
Mem(1l, [1,2,31)

In such situations, depending on the order of the rules, different results are produced. (The rules form a non-confluent
rewriting system.) By ordering the rules as Mem2 <\+ Mem3, rule Mem?2 is tried before Mem3, and we have a
deterministic transformation strategy.

Try: A useful application of <+ in combination with id is the reflexive closure of a strategy s:

The user-defined strategy combinator t ry tries to apply its argument strategy s, but if that fails, just succeeds using
id.

Sometimes it is not desirable to backtrack to the alternative specified in a choice. Rather, after passing a guard, the
choice should be committed. This can be expressed using the guarded left choice operator s1 < s2 + s3. If sl
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succeeds s2 is applied, else s3 is applied. If s2 fails, the complete expression fails; no backtracking to s3 takes
place.

Properties. This combinator is a generalization of the left choice combinator <+.

sl <+ s2 = sl < id s2

The following laws make clear that the ‘branches’ of the choice are selected by the success or failure of the guard:

’(3' < s2 + s83) < 84 + s5 = sl < 82 + (s3 < s4 + sbH) (not a law)

To see why consider the possible traces of these expressions. For example, when s1 and s2 succeed subsequently,
the left-hand side expression calls s4, while the right-hand side expression does not.

However, sequential composition distributes over guarded choice from left and right:

(sl < s2 + s3); s4 = sl < (s2; s4d) + (s3; s4)

Examples. The guarded left choice operator is most useful for the implementation of higher-level control-flow strate-
gies. For example, the negation not (s) of a strategy s, succeeds if s fails, and fails when it succeeds:

not(s) = s < fail + id

Since failure discards the effect of a (successful) transformation, this has the effect of testing whether s succeeds. So
we have the following laws for not:

not (id) = fail
not (fail) = id

However, side effects performed by s are not undone, of course. Therefore, the following equation does not hold:

’not(not(?)) = s (not a law)

Another example of the use of guarded choice is the restore—always combinator:

’r‘e:i;\,z:‘r‘eﬁl ways (s, r) = s < r + (r; ail)

It applies a ‘restore’ strategy r after applying a strategy s, even if s fails, and preserves the success/failure behavior
of s. Since fail discards the transformation effect of r, this is mostly useful for ensuring that some side-effecting
operation is done (or undone) after applying s.

For other applications of guarded choice, Stratego provides syntactic sugar.

The guarded choice combinator is similar to the traditional if-then-else construct of programming languages. The
difference is that the ‘then’ branch applies to the result of the application of the condition. Stratego’s 1f s1 then
s2 else s3 end construct is more like the traditional construct since both branches apply to the original term.
The condition strategy is only used to test if it succeeds or fails, but it’s transformation effect is undone. However,
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the condition strategy s1 is still applied to the current term. The if s1 then s2 end strategy is similar; if the
condition fails, the strategy succeeds.

Properties. The i f-then-else-end strategy is just syntactic sugar for a combination of guarded choice and the
where combinator:

if s1 then s2 else s3 end = where(sl) < s2 + s3

The strategy where (s) succeeds if s succeeds, but returns the original subject term. The implementation of the
where combinator will be discussed in Chapter 8. The following laws show that the branches are selected by success
or failure of the condition:

if id then s2 else s3 end = s2

if fail then s2 else s3 end =

The if-then-end strategy is an abbreviation for the i f-then-else-end with the identity strategy as right
branch:

if s1 then s2 end = where(sl) < s2 + id

Examples. The inclusive or or (s1, s2) succeeds if one of the strategies s1 or s2 succeeds, but guarantees that
both are applied, in the order s1 first, then s2:

or(sl, s2) =

if s1 then try(where(s?2)) else where(s2) end

This ensures that any side effects are always performed, in contrast to s1 <\+ s2, where s2 is only executed if s1
fails. (Thus, left choice implements a short circuit Boolean or.)

Similarly, the following and (s1, s2) combinator is the non-short circuit version of Boolean conjunction:

and(sl, s2) =
s

i then where (s2) else where(s2); fail end

The switch construct is an n-ary branching construct similar to its counter parts in other programming languages. It
is defined in terms of guarded choice. The switch construct has the following form:

switch sO
case sl : sl'
case s2 : s2'
otherwise
end

The switch first applies the sO strategy to the current term t resulting in a term t '. Then it tries the cases in turn
applying each si to t '. As soon as this succeeds the corresponding case is selected and si' is applied to the t, the
term to which the switch was applied. If none of the cases applies, the default strategy sdef from the otherwise
is applied.

Properties. The switch construct is syntactic sugar for a nested if-then-else:

{x : where(s0 => x);
if <sl> x
then s1'
else if <s2> x
then s2'
else if ...

(continues on next page)
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(continued from previous page)

then
else sdef
end
end
end}

This translation uses a couple of Stratego constructs that we haven’t discussed so far.

Examples. TODO

7.3. Non-deterministic Choice

The deterministic left choice operator prescribes that the left alternative should be tried before the right alternative,
and that the latter is only used if the first fails. There are applications where it is not necessary to define the order of
the alternatives. In those cases non-deterministic choice can be used.

The non-deterministic choice operator s1 + s2 chooses one of the two strategies s1 or s2 to apply, such that the
one it chooses succeeds. If both strategies fail, then the choice fails as well. Operationally the choice operator first
tries one strategy, and, if that fails, tries the other. The order in which this is done is undefined, i.e., arbitrarily chosen
by the compiler.

The + combinator is used to model modular composition of rewrite rules and strategies with the same name. Multiple
definitions with the same name, are merged into a single definition with that name, where the bodies are composed
with +. The following transformation illustrates this:

This transformation is somewhat simplified; the complete transformation needs to take care of local variables and
parameters.

While the + combinator is used internally by the compiler for this purpose, programmers are advised not to use this
combinator, but rather use the left choice combinator <+ to avoid surprises.

Repeated application of a strategy can be achieved with recursion. There are two styles for doing this; with a recursive
definition or using the fixpoint operator rec. A recursive definition is a normal strategy definition with a recursive
call in its body.

’[(5) = ... f(s)

Another way to define recursion is using the fixpoint operator rec x (s), which recurses on applications of x within
s. For example, the definition

’[(5) =rec x(... X ...)

is equivalent to the one above. The advantage of the rec operator is that it allows the definition of an unnamed strategy
expression to be recursive. For example, in the definition

’g(s) = foo; rec x(... x ...); bar

the strategy between foo and bar is a recursive strategy that does not recurse to g (s) .

Originally, the rec operator was the only way to define recursive strategies. It is still in the language in the first place
because it is widely used in many existing programs, and in the second place because it can be a concise expression of
a recursive strategy, since call parameters are not included in the call. Furthermore, all free variables remain in scope.

Examples. The repeat strategy applies a transformation s until it fails. It is defined as a recursive definition using
try as follows:
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t (s) = s <+ id
repeat (s) = try(s; repeat(s))

An equivalent definition using rec is:

repeat (s) = rec x(try(s; x))

The following Stratego Shell session illustrates how it works. We first define the strategies:

stratego> try(s) = <+ id
> repeat (s) = try(s; rer £ (s))
> A P(Z(),x) —> x

stratego> B : P(S(x),vVy) > P(x,5(y))

Then we observe that the repeated application of the individual rules A and B reduces terms:

We can automate this using the repeat strategy, which will repeat the rules as often as possible:

stratego> P(S(Z()),Z2())

Uown U

0 »n v g vy dowm
~ e~ o~~~ o~ (T~

A Library of Iteration Strategies. Using sequential composition, choice, and recursion a large variety of itera-
tion strategies can be defined. The following definitions are part of the Stratego Library (in module strategy/
iteration).

repeat (s) =
rec x(try(s; x))

(continues on next page)
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repeat-until (s, c) =

s; if ¢ then id else repeat-until (s, c¢) end
while(c, s) =
if ¢ then s; while(c, s) end
while (s, c) =
if ¢ then do-while(s, c¢) end

The following equations describe some relations between these strategies:

do-while(s, c) = repeat-until (s, not (c))

do-while(s, c) = s; while(c, s)

13.1.8 8. Creating and Analyzing Terms

In previous chapters we have presented rewrite rules as basic transformation steps. However, rules are not really
atomic transformation actions. To see this, consider what happens when the rewrite rule

is applied. First it matches the subject term against the pattern And (Or (x, y), =z) in the left-hand side. This
means that a substitution for the variables x, y, and z is sought, that makes the pattern equal to the subject term. If
the match fails, the rule fails. If the match succeeds, the pattern Or (And (x, z), And(y, z)) on the right-hand
side is instantiated with the bindings found during the match of the left-hand side. The instantiated term then replaces
the original subject term. Furthermore, the rule limits the scope of the variables occurring in the rule. That is, the
variables x, y, z are local to this rule. After the rule is applied the bindings to these variables are invisible again.

Thus, rather than considering rules as the atomic actions of transformation programs, Stratego provides their con-
stituents, that is building terms from patterns and matching terms against patterns, as atomic actions, and makes these
available to the programmer. In this chapter, you will learn these basic actions and their use in the composition of
more complex operations such as various flavors of rewrite rules.

8.1. Building Terms

The build operation !p replaces the subject term with the instantiation of the pattern p using the bindings from the
environment to the variables occurring in p. For example, the strategy !Or (And (x, z), And(y, z)) replaces
the subject term with the instantiation of Or (And (x, z), And(y, z)) using bindings to variables x, y and z.

stratego> !Int ("10")

Int ("10™)

stratego> !Plus(Var("a"), Int ("10"))
Plus (Var ("a"), Int("10"))

It is possible to build terms with variables. We call this building a term pattern. A pattern is a term with meta-variables.
The current term is replaced by an instantiation of pattern p.
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var ( " ;l )

8.2. Matching Terms

Pattern matching allows the analysis of terms. The simplest case is matching against a literal term. The match
operation ?t matches the subject term against the term t.

command failed

Matching against a term pattern with variables binds those variables to (parts of) the current term. The match strategy
?x compares the current term (t) to variable x. It binds variable x to term t in the environment. A variable can only
be bound once, or to the same term.

Plus(Var("a"),Int("3"))

:binding e
to Plus(Var("a"),Int("3"))
'Int ("17M)

The general case is matching against an arbitrary term pattern. The match strategy ?p compares the current term to a
pattern p. It will add bindings for the variables in pattern p to the environment. The wildcard _ in a match will match
any term.

Int("3"))
o> ?Plus(e,_)

:binding e
e 1s bound to Var("a")
Plus (Var ("a"), Int ("3"))

Patterns may be non-linear. Multiple occurrences of the same variable can occur and each occurrence matches the
same term.

"a")y,Int ("3"))
>~go> ?Plus (e, e)
1d failed

. 'Plus (Var
> ?Plus (e
:binding e
to Var("a")

Non-linear pattern matching is a way to test equality of terms. Indeed the equality predicates from the Stratego Library
are defined using non-linear pattern matching:

equal = ?(x, x)

equal (|x) = ?7x
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The equal strategy tests whether the current term is a a pair of the same terms. The equal (| x) strategy tests
whether the current term is equal to the argument term.

stratego> equal = ?(x, Xx)
stratego> ! ("a", "a")
(lla" lla")
4

stratego> equa

("a"’ lla")
stratego> ! ("a", "b")
(llaH, llb")
stratego> equal

ommand failed

8.3. Implementing Rewrite Rules

Match and build are first-class citizens in Stratego, which means that they can be used and combined just like any
other strategy expressions. In particular, we can implement rewrite rules using these operations, since a rewrite rule is
basically a match followed by a build. For example, consider the following combination of match and build:

This combination first recognizes a term, binds variables to the pattern in the match, and then replaces the current term
with the instantiation of the build pattern. Note that the variable bindings are propagated from the match to the build.

Stratego provides syntactic sugar for various combinations of match and build. We’ll explore these in the rest of this
chapter.

8.3.1. Anonymous Rewrite Rule

An anonymous rewrite rule (pl —> p2) transforms a term matching p1 into an instantiation of p2. Such a rule is
equivalent to the sequence ?pl; !p2.

Plus (Vs
strategc
Plus (Int

8.3.2. Term variable scope

Once a variable is bound it cannot be rebound to a different term. Thus, when we have applied an anonymous rule
once, its variables are bound and the next time it is applied it only succeeds for the same term. For example, in the
next session the second application of the rule fails, because €2 is bound to Int ("3") and does not match with
Var ("b").
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stratego
Plus (Int ("3"),Var

stratego> :binding el

a T"(“a")

:binding e2
to Int("3")

to

To use a variable name more than once Stratego provides term variable scope. A scope {x1, ...,xn : s} locally
undefines the variables xi. That is, the binding to a variable x1i outside the scope is not visible inside it, nor is the
binding to x1 inside the scope visible outside it. For example, to continue the session above, if we wrap the anonymous
swap rule in a scope for its variables, it can be applied multiple times.

stratego> !Plus (Var

"a") , TJ»L ("3“))
Plus (Var ("a"), Int (" )

.r("a"),*m;(" "))
ego> :binding
e3 1is not bound to a term

Of course we can name such a scoped rule using a strategy definition, and then invoke it by its name:

1,e2 : (Plus(el,e2) > Plus(e2,el))}
, Int ("3M))

8.3.3. Implicit Variable Scope

When using match and build directly in a strategy definition, rather than in the form of a rule, the definition contains
free variables. Strictly speaking such variables should be declared using a scope, that is one should write

’Sa«;apkrgs = {el,e2 : (Plus(el,e2) —-> Plus(e2,el))}

However, since declaring all variables at the top of a definition is distracting and does not add much to the definition,
such a scope declaration can be left out. Thus, one can write

s = (Plus(el,e2) —> Plus(e2,el))

instead. The scope is automatically inserted by the compiler. This implies that there is no global scope for term
variables. Of course, variables in inner scopes should be declared where necessary. In particular, note that variable
scope is not inserted for strategy definitions in a let binding, such as
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let SwapArgs = (Plus(el,e2) -> Plus(e2,el)) in ... end

While the variables are bound in the enclosing definition, they are not restricted to SwapArgs in this case, since in a
let you typically want to use bindings to variables in the enclosing code.

8.3.4. Where

Often it is useful to apply a strategy only to test whether some property holds or to compute some auxiliary result. For
this purpose, Stratego provides the where (s) combinator, which applies s to the current term, but restores that term
afterwards. Any bindings to variables are kept, however.

Plus(Int ("14"™),Int("3"))
stratego> where (?Plus (Int (i), Int (73)); <addS>(i,j) => k)
Plus (Int ("14™),Int("3™))

strat > :binding i
i is d to "14"
strat > :binding k
k i ound to "17"

With the match and build constructs where (s) isin fact just syntactic sugar for {x: ?x; s; !x} with x afresh
variable not occurring in s. Thus, the current subject term is saved by binding it to a new variable x, then the strategy
s is applied, and finally, the original term is restored by building x.

We saw the use of where in the definition of i f-then-else in Chapter 7.

8.3.5. Conditional rewrite rule

A simple rewrite rule succeeds if the match of the left-hand side succeeds. Sometimes it is useful to place additional
requirements on the application of a rule, or to compute some value for use in the right-hand side of the rule. This can
be achieved with conditional rewrite rules. A conditional rule L: pl -> p2 where s is a simple rule extended
with an additional computation s which should succeed in order for the rule to apply. The condition can be used to
test properties of terms in the left-hand side, or to compute terms to be used in the right-hand side. The latter is done
by binding such new terms to variables used in the right-hand side.

For example, the EvalPlus rule in the following session uses a condition to compute the sum of i and j:

stratego> EvalPlus: Plus(Int(i),Int(j)) —-> Int (k) where ! (i, ]); adds; 7?7k
strat o) 'Plus(Int ("14™),Int ("3"))

Plus (Int ("14"™),Int ("3"))

stratego> EvalPlus

Int ("17™)

A conditional rule can be desugared similarly to an unconditional rule. That is, a conditional rule of the form

’T‘ : pl —> p2 where s

is syntactic sugar for

’T‘ = ?pl; where(s); !'p2

Thus, after the match with p1 succeeds the strategy s is applied to the subject term. Only if the application of s
succeeds, is the right-hand side p2 built. Note that since s is applied within a where, the build ! p2 is applied to the
original subject term; only variable bindings computed within s can be used in p2.
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As an example, consider the following constant folding rule, which reduces an addition of two integer constants to the
constant obtained by computing the addition.

’E’,‘r?tl?‘lij}?} : Add(Int (i), Int (7)) > Int (k) where ! (i, ]); adds;

The addition is computed by applying the primitive strategy adds to the pair of integers (i, j) and matching the
result against the variable k, which is then used in the right-hand side. This rule is desugared to

’E'idl}‘l'lfs = ?Add(Int (i),Int(j)); where(! (i, 7); adds; ?k); !Int (k)

8.3.6. Lambda Rules

Sometimes it is useful to define a rule anonymously within a strategy expression. The syntax for anonymous rules
with scopes is a bit much since it requires enumerating all variables. A lambda rule of the form

’\ pl —> p2 where s \

is an anonymous rewrite rule for which the variables in the left-hand side p1 are local to the rule, that is, it is equivalent
to an expression of the form

’{z,,...,mi : (pl —> p2 where s)}

with x1,...,xn the variables of p1. This means that any variables used in s and p2 that do not occur in p1 are bound
in the context of the rule.

A typical example of the use of an anonymous rule is

stratego> ! [(1,2),(3,4),(5,6)]
[(1,2),(3,4),(5,6)]

stratego> map (\ (¢, vyv) -> x \ )
[1,3,5]

8.4. Apply and Match

One frequently occuring scenario is that of applying a strategy to a term and then matching the result against a pattern.
This typically occurs in the condition of a rule. In the constant folding example above we saw this scenario:

EvalPlus : Add(Int(i),Int(j)) —> Int (k) where ! (i,7); ?k

Sy

In the condition, first the term (i, j) is built, then the strategy adds is applied to it, and finally the result is matched
against the pattern k.

To improve the readability of such expressions, the following two constructs are provided. The operation <s> p
captures the notion of applying a strategy to a term, i.e., the scenario !p; s. The operation s => p capture the
notion of applying a strategy to the current subject term and then matching the result against the pattern p, i.e., s;
?p. The combined operation <s> pl => p2 thus captures the notion of applying a strategy to a term pl and
matching the result against p2, i.e, !'pl; s; ?p2. Using this notation we can improve the constant folding rule
above as

EvalPlus : Add(Int(i),Int(j)) —-> Int (k) where <addsS> (i, ) => k

Applying Strategies in Build. Sometimes it useful to apply a strategy directly to a subterm of a pattern, for example
in the right-hand side of a rule, instead of computing a value in a condition, binding the result to a variable, and then
using the variable in the build pattern. The constant folding rule above, for example, could be further simplified by
directly applying the addition in the right-hand side:
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EvalPlus : Add(Int(i),Int(j)) —-> Int(<addS> (i, J))

This abbreviates the conditional rule above. In general, a strategy application in a build pattern can always be ex-
pressed by computing the application before the build and binding the result to a new variable, which then replaces
the application in the build pattern.

Another example is the following definition of the map (s) strategy, which applies a strategy to each term in a list:

map(s) : [1 —> T[]
map (s) : [x | xs] -> [<s> x | <map(s)> xs]

8.5 Auxiliary values and assignment

As mentioned above, it can be convenient to apply a strategy only to compute some auxiliary result. Although the
where construct created to constrain when a rule or strategy may apply (as covered in Sections 8.3.4 and 8.3.5 above)
can be used for this purpose, often it is better to use the with strategy specifically designed with computing auxiliaries
in mind.

Specifically, if s is any strategy, the strategy with (s) executes s on the current subject term and then restores the
current subject term. In other words, s is executed solely for its side effects, such as binding variables. In this respect,
with is like where. However, with (s) differs in a key way: if the strategy s fails, Stratego immediately stops with
an error, reporting the strategy that failed. Thus, if with (s) is used for auxiliary computations that really should
not fail if the transformation is proceeding properly, there is no opportunity for Stratego to backtrack and/or continue
applying other strategies, potentially creating an error at a point far removed from the place that things actually went
awry. In short, using with (s) instead of where (s) any time the intention is not to constrain the applicability of a
rule or strategy generally makes debugging your Stratego program significantly easier.

Also as with where, we can add a with clause to a rewrite rule in exactly the same way. In other words,

’L : pl —> p2 with s

is syntactic sugar for

’P = ?pl; with(s); !p2

So as an example, the where version of EvalPlus from Section 8.4 would be better cast as

’F\J\Z\JE : Add(Int (i), Int (7)) —> Int (k) with <adds> (i, ) => k

because after all, there is no chance that Stratego will be unable to add two integers, and so if the contents of the with
clause fails it means something has gone wrong — perhaps an Int term somehow ended up with a parameter that does
not actually represent an integer — and Stratego should quit now.

Furthermore, in setting auxiliary variables often the full power of Stratego strategies is not used, but rather new terms
are simply built as needed. Stratego provides an : = operator for this purpose; the above rule can be written probably
more clearly as

EvalPlus : Add(Int(i),Int(j)) —-> Int (k) with k := <addS> (i, )

Technically, p1 := p2 (which can be used anywhere a strategy is called for, although it is primarily useful in with
and where clauses) is just syntactic sugar for !p2; ?pl. In other words, it builds the value p2, and then matches it
with p1. In the typical case that p1 is just a variable, this ends up assigning the result of building the expression p2
to that variable.

To sum up, we have actually already seen an example of both with and := in the “glue” strategy used to run a
Stratego transformation via Editor Services:
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-> (filename, result)

do—-eval:

with fil ame : guarar >nsion(|"eval.aterm")> path

; result =

To make the operation of this rule clearer, the two components of the outcome are separated into auxiliary computations
in the with clause, and these two auxiliaries are implemented as assignments with the : = operator. Moreover, if either
the eval strategy fails or if Stratego is unable to compute the proper output filename, there is no point in continuing.
So Stratego will simply terminate immediately and report the error.

8.6 Wrap and Project

Term wrapping and projection are concise idioms for constructing terms that wrap the current term and for extracting
subterms from the current term.

8.6.1. Term Wrap

One often write rules of the form x —> Foo (Bar (x) ), i.e. wrapping a term pattern around the current term. Using
rule syntax this is quite verbose. The syntactic abstraction of term wraps, allows the concise specification of such little
transformations as ! Foo (Bar (<id>)).

In general, a term wrap is a build strategy !p [<s>] containing one or more strategy applications <s> that are not
applied to a term. When executing the the build operation, each occurrence of such a strategy application <s> is
replaced with the term resulting from applying s to the current subject term, i.e., the one that is being replaced by the
build. The following sessions illustrate some uses of term wraps:

3
stratego> ! (<id>,<id>)
(3,3)
stratego> ! (<Fst; inc>,<Snd>)
(4,3)
stratego> !"foobar"
"foobar"
stratego> !Call (<id>, [])
(1
= <mod> (<id>, 2)

As should now be a common pattern, term projects are implemented by translation to a combination of match and
build expressions. Thus, a term wrap ! p [ <s>] is translated to a strategy expression

{x: where(s => x); !p[x]}

where x is a fresh variable not occurring in s. In other words, the strategy s is applied to the current subject term, i.e.,
the term to which the build is applied.

As an example, the term wrap ! Foo (Bar (<id>)) is desugared to the strategy

{x: where (id => x); !Foo(Bar(x))}

which after simplification is equivalent to {x: ?x; !Foo (Bar (x)) }, i.e., exactly the original lambda rule x
-> Foo (Bar(x)).
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8.6.2. Term Project

Term projections are the match dual of term wraps. Term projections can be used to project a subterm from a term
pattern. For example, the expression ?And (<id>, x) matches terms of the form And (t1,t2) and reduces them
to the first subterm t 1. Another example is the strategy

map (?FunDec (<id>, , 1))

which reduces a list of function declarations to a list of the names of the functions, i.e., the first arguments of the
FunDec constructor. Here are some more examples:

[1,2,3]

stratego> ?[_|<id>]

[2,3]

stratego> !Call ("foobar", [])
Call ("foobar", [])

stratego> ?Call(<id>, [1])
"foobar"

Term projections can also be used to apply additional constraints to subterms in a match pattern. For example, ?
Call(x, <?args; length => 3>) matches only with function calls with three arguments.

A match expression ?p [<s>] is desugared as

{x: ?p[x]; <s> x}

That is, after the pattern p [ x ] matches, it is reduced to the subterm bound to x to which s is applied. The result is also
the result of the projection. When multiple projects are used within a match the outcome is undefined, i.e., the order
in which the projects will be performed can not be counted on.

13.1.9 9. Traversal Strategies

In Chapter 5 we saw a number of idioms of strategic rewriting, which all involved tree traversal. In the previous
chapters we saw how strategies can be used to control transformations and how rules can be broken down into the
primitive actions match, build and scope. The missing ingredient are combinators for defining traversals.

There are many ways to traverse a tree. For example, a bottom-up traversal, visits the subterms of a node before it
visits the node itself, while a top-down traversal visits nodes before it visits children. One-pass traversals traverse the
tree one time, while fixed-point traversals, such as innermost, repeatedly traverse a term until a normal form is
reached.

It is not desirable to provide built-in implementations for all traversals needed in transformations, since such a collec-
tion would necessarily be incomplete. Rather we would like to define traversals in terms of the primitive ingredients of
traversal. For example, a top-down, one-pass traversal strategy will first visit a node, and then descend to the children
of a node in order to recursively traverse all subterms. Similarly, the bottom-up, fixed-point traversal strategy inner-
most, will first descend to the children of a node in order to recursively traverse all subterms, then visit the node itself,
and possibly recursively reapply the strategy.

Traversal in Stratego is based on the observation that a full term traversal is a recursive closure of a one-step descent,
that is, an operation that applies a strategy to one or more direct subterms of the subject term. By separating this one-
step descent operator from recursion, and making it a first-class operation, many different traversals can be defined.

In this chapter we explore the ways in which Stratego supports the definition of traversal strategies. We start with
explicitly programmed traversals using recursive traversal rules. Next, congruences operators provide a more concise
notation for such data-type specific traversal rules. Finally, generic traversal operators support data type independent
definitions of traversals, which can be reused for any data type. Given these basic mechanisms, we conclude with an
an exploration of idioms for traversal and standard traversal strategies in the Stratego Library.
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In Chapter 8 we saw the following definition of the map strategy, which applies a strategy to each element of a list:

map(s) : []1 —> []
map (s) : [x | xs] —> [<s> x | <map(s)> xs]

The definition uses explicit recursive calls to the strategy in the right-hand side of the second rule. What map does
is to traverse the list in order to apply the argument strategy to all elements. We can use the same technique to other
term structures as well.

We will explore the definition of traversals using the propositional formulae from Chapter 5, where we introduced the
following rewrite rules:

module prop-rules
imports libstrategolib prop

rules
DefI Impl(x, V) > Or (Not (%), V)
DefE Eg(x, V) > And (Impl(x, vy), Impl(y, x))
DN Not (Not (x)) -> x
DMA —> Or (Not (x), Not (y))
DMO > And(Not (x), Not (v))
DAOL -> Or (And(x, z), And(y, z))
DAO %), And(z, v))
DOAL z), Or(y, z))
DOAR %), Or(z, v))

In Chapter 5 we saw how a functional style of rewriting could be encoded using extra constructors. In Stratego we can
achieve a similar approach by using rule names, instead of extra constructors. Thus, one way to achieve normaliza-
tion to disjunctive normal form, is the use of an explicitly programmed traversal, implemented using recursive rules,
similarly to the map example above:

module prop-dnfi4
imports libstrategolib prop-rules

strategies
main = io-wrap (dnf)
rules
dn True () —> True ()
dnf False () > False ()
dnf : Atom(x) —> Atom (x)
dn Not (x) -> <dnfred> Not (<dnf>x)
dnf And(x, V) > <dnfred> And (<dnf>x, <dnf>y)
dnf Oor(x, v) —> Or (<dnf>x, <dnf>y)
dn Inpl(x, y) —> <dnfred> Impl (<dnf>x, <dnf>y)
dnf : Eg(x, V) > <dnfred> Eg (<dnf>x, <dnf>y)
strategies
dnfred = try (DN <+ (DefI <+ DefE <+ DMA <+ DMO <+ DAOL <+ DAOR); dnf)

The dnf rules recursively apply themselves to the direct subterms and then apply dnfred to actually apply the

rewrite rules.

We can reduce this program by abstracting over the base cases. Since there is no traversal into True, False, and
At oms, these rules can be be left out.

module prop-d

ib prop-rules

imports libstratego
strategies
main = io-wrap (dnf)
rules
dnft Not (x) > <dnfred>

Not

(<dnf>x)

(continues on next page)
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(continued from previous page)

dnft : And(x, V) > <dnfred> And (<dnf>x, <dnf>y)
dnft : Or(x, vy) -> Or (< Inf>x, <dnf>y)
dnft : Impl(x, y) —-> <dnfred> Impl (<dnf>x, <dnf>y)
dnft : Eg(x, V) > <dnfred> Eq (<dnf>x, <dnf>y)
strategies
dnf = try(dnft)
dnfred = try (DN <+ (DefI <+ DefE <+ DMA <+ DMO <+ DAOL <+ DAOR); dnf)

The dnf strategy is now defined in terms of the dnft rules, which implement traversal over the constructors. By
using try (dnft), terms for which no traversal rule has been specified are not transformed.

We can further simplify the definition by observing that the application of dnfred does not necessarily have to take
place in the right-hand side of the traversal rules.

module prop-dnf6

imports libstrategolib prop-rules
strategies
main = io-wrap (dnf)
rules
dnft : Not (x) -> Not (<( 1t>x)
dnft : And(x, V) -> And (< f>x, Inf>v)
dnft : Or(x, vy) > Or (<( nf>x, <dnf>y)
dnft : Impl(x, y) —-> Impl (<( 1t>x, <dn f>§)
dnft : Eg(x, V) -> Eq (<dnf>x, V)
strategies
dnf = try(dnft); dnfred
dnfred = try (DN <+ (DefI <+ DefE <+ DMA <+ DMO <+ DAOL <+ DAOR); dnf)

In this program dnf first calls dnft to transform the subterms of the subject term, and then calls dnfred to apply
the transformation rules (and possibly a recursive invocation of dnf).

The program above has two problems. First, the traversal behavior is mostly uniform, so we would like to specify that
more concisely. We will address that concern below. Second, the traversal is not reusable, for example, to define a
conjunctive normal form transformation. This last concern can be addressed by factoring out the recursive call to dnf
and making it a parameter of the traversal rules.

module prop-dnf7
imports libstrategolib prop-rules

strategies
main = io-wrap (dnf)
rules
proptr(s) Not (x) > Not (<s>x)
proptr (s) And(x, V) > And (<s>x, <s>V)
proptr(s) : Or(x, vy) > Or (<s>x, <s>V)
proptr(s) Impl(x, v) —> Impl(<s>x, <s>v)
proptr (s) Eg(x, V) -> Eq (<s>x, <s>V)
strategies
dnf = try(proptr(dnf)); dnfred
dnfred = try (DN <+ (DefI <+ DefE <+ DMA <+ DMO <+ DAOL <+ DAOR); dnf)
cnf = try(proptr(cnf)); cnfred
cnfred = try (DN <+ (Defl <+ DefE <+ DMA <+ DMO <+ DOAL <+ DOAR); cnf)

Now the traversal rules are reusable and used in two different transformations, by instantiation with a call to the
particular strategy in which they are used (dnf or cnf).

But we can do better, and also make the composition of this strategy reusable.
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module prop-dnfs
imports libstrategolib prop-rules

strategies
main = io-wrap (dnf)
rules
proptr(s) : Not (x) > Not (<s>x)
proptr(s) : And(x, V) > And (<s>x, <s>V)
proptr (s) Or (2, V) > Or (<s>x, <s>V)
proptr(s) : Impl(x, y) —> Impl(<s>x, <s>V)
proptr (s) Eg(x, V) -> Eg (<s>x, <s>V)
strategies
propbu(s) = try(proptr (propbu(s))); s
strategies
dnf = propbu (dnfred)
dnfred = try (DN <+ (DeflI <+ DefE <+ DMA <+ DMO <+ DAOL <+ DAOR); dnf)
cnf = propbu (cnfred)
cnfred = try (DN <+ (DefI <+ DefE <+ DMA <+ DMO <+ DOAL <+ DOAR); cnf)

That is, the propbu (s) strategy defines a complete bottom-up traversal over proposition terms, applying the strategy
s to a term after transforming its subterms. The strategy is completely independent of the dnf and cnf transforma-
tions, which instantiate the strategy using the dnfred and cnfred strategies.

Come to think of it, dnfred and cnfred are somewhat useless now and can be inlined directly in the instantiation
of the propbu (s) strategy:

module prop-dnf9
imports libstrategolib prop-rules

strategies
main = io-wrap (dnf)
rules
proptr (s) Not (x) -> Not (<s>x)
proptr (s) And (x, V) > And (<s>x, <s>V)
proptr(s) : Or(x, Vy) > Or (<s>x, <s>V)
proptr (s) Impl (x, y) —> Impl(<s>x, <s>V)
proptr (s) Eg(x, V) > Eg (<s>x, <s>V)
strategies
propbu(s) = try(proptr (propbu(s))); s
strategies
dnf = propbu(try (DN <+ (Defl <+ DefE <+ DMA <+ DMO <+ DAOL <+ DAOR); dnf))
cnf = propbu(try (DN <+ (DefI <+ DefE <+ DMA <+ DMO <+ DOAL <+ DOAR); cnf))

Now we have defined a transformation independent traversal strategy that is specific for proposition terms.

Next we consider cheaper ways for defining the traversal rules, and then ways to get completely rid of them.

9.1. Congruence Operators

The definition of the traversal rules above frequently occurs in the definition of transformation strategies. Congruence
operators provide a convenient abbreviation of precisely this operation. A congruence operator applies a strategy
to each direct subterm of a specific constructor. For each n-ary constructor ¢ declared in a signature, there is a
corresponding congruence operator c (s1 , ..., sn),which applies to terms of the formc (t1 , ..., tn)
by applying the argument strategies to the corresponding argument terms. A congruence fails if the application of one
the argument strategies fails or if constructor of the operator and that of the term do not match.

Example. For example, consider the following signature of expressions:
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module expression
signature
sorts Exp
constructors

03]

Int : String -> Exp

String —-> Exp
Plus : Exp » Exp —-> Exp

Times : Exp » Exp —-> Exp

The following Stratego Shell session applies the congruence operators P1lus and Times to a term:

stratego> import expressions
strategc 'Plus(Int ("14™),Int ("3"))
Plus (Int ("14™),Int ("3"))

jo> Plus (!Var("a"), id)
"a")y,Int ("3"))

o> Times (id, !Int ("42"))
~ommand failed

The first application shows how a congruence transforms a specific subterm, that is the strategy applied can be different
for each subterm. The second application shows that a congruence only succeeds for terms constructed with the same
constructor.

The import at the start of the session is necessary to declare the constructors used; the definitions of congruences are
derived from constructor declarations. Forgetting this import would lead to a complaint about an undeclared operator:

stratego> !Plus(Int ("14"),Int("3"))

Plus(Int ("14"™),Int ("3"))

stratego> Plus (!Var("a"), id)

>perator Plus/ (2,0) not defined
mand failed

Defining Traversals with Congruences. Now we return to our dnf/cnf example, to see how congruence operators
can help in their implementation. Since congruence operators basically define a one-step traversal for a specific
constructor, they capture the traversal rules defined above. That is, a traversal rule such as

proptr(s) : And(x, vy) —> And(<s>x, <s>V)

can be written by the congruence And (s, s) . Applying this to the prop-dnf program we can replace the traversal
rules by congruences as follows:

module prop-dnfl0
imports libstrategolib prop-rules

strategies
main = io-wrap (dnf)

strategies
proptr(s) = <+ And (s, s) <+ Or(s, s) <+ Impl(s, s) <+ Eg(s, s)
propbu(s) = tr ~optr (propbu(s)));

strategies
dnf = p obu (try (DN <+ (Defl <+ DefE <+ DMA <+ DMO <+ <+ DAOR); dnf))

pbu (try (DN <+ (DefI <+ DefE <+ DMA <+ DMO <+ DOAL <+ DOAR); cnf))

cnf = p

Observe how the five traversal rules have been reduced to five congruences which fit on a single line.

Traversing Tuples and Lists. Congruences can also be applied to tuples, (s1,s2, ..., sn), and lists, [s1, s2, .
., sn]. A special list congruence is [] which ‘visits’ the empty list. As an example, consider again the definition
of map (s) using recursive traversal rules:
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c : ]
map(s) : [x | xs] > [<s> x | <map(s)> xs]

Using list congruences we can define this strategy as:

map(s) = [] <+ [s | map(s)]

The [] congruence matches an empty list. The [s | map (s) ] congruence matches a non-empty list, and applies s
to the head of the list and map (s) to the tail. Thus, map (s) applies s to each element of a list:

strategc o> import libstratego-1lib
stratego> ![1,2,3]

[1,2,3]

stratego> map (inc)

[2,3,4]

Note that map (s) only succeeds if s succeeds for each element of the list. The fetch and £ilter strategies are
variations on map that use the failure of s to list elements.

’fc*uﬂ(s) = [s | 1d] <+ [1d | fetch(s)] ‘

The fetch strategy traverses a list until it finds a element for which s succeeds and then stops. That element is the
only one that is transformed.

’fi;tcr(h) =[] + ([s | filter(s)] <+ ?2[ |<id>]; filter(s))

The filter strategy applies s to each element of a list, but only keeps the elements for which it succeeds.

stratego> import libstratego-lib
str: o> even = where (<eq> (<mod> (<id>,2),0))

stratego> ![1,2,3,4,5,6,7,8]
[17273741516’778]

stratego> filter (even)
[2,4,6,8]

Format Checking. Another application of congruences is in the definition of format checkers. A format checker
describes a subset of a term language using a recursive pattern. This can be used to verify input or output of a
transformation, and for documentation purposes. Format checkers defined with congruences can check subsets of
signatures or regular tree grammars. For example, the subset of terms of a signature in a some normal form.

As an example, consider checking the output of the dnf and cnf transformations.

= And(coni ( , <+ s
= Or (disj , <+ =
// Conjunctive normal form
conj—nf = conj(disj(Not (Atom(id)) <+ Atom(id)))
// Disjunctive normal form
disj—-nf = disj(conj(Not (Atom(id)) <+ Atom(id)))

The strategies conj (s) and disj (s) check that the subject term is a conjunct or a disjunct, respectively, with terms
satisfying s at the leaves. The strategies conj-nf and disj-nf check that the subject term is in conjunctive or
disjunctive normal form, respectively.

Using congruence operators we constructed a generic, i.e. transformation independent, bottom-up traversal for propo-
sition terms. The same can be done for other data types. However, since the sets of constructors of abstract syntax
trees of typical programming languages can be quite large, this may still amount to quite a bit of work that is not
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reusable across data types; even though a strategy such as bottom-up traversal, is basically data-type independent.
Thus, Stratego provides generic traversal by means of several generic one-step descent operators. The operator all,
applies a strategy to all direct subterms. The operator one, applies a strategy to one direct subterm, and the operator
some, applies a strategy to as many direct subterms as possible, and at least one.

9.1.1. Visiting All Subterms

The all (s) strategy transforms a constructor application by applying the parameter strategy s to each direct subterm.
An application of al11 (s) fails if the application to one of the subterms fails. The following example shows how a1l
(1) applies to any term, and (2) applies its argument strategy uniformly to all direct subterms. That is, it is not possible
to do something special for a particular subterm (that’s what congruences are for).

stratego> !Plus(Int ("14"),Int ("3"))

The all (s) operator is really the ultimate replacement for the traversal rules that we saw above. Instead of specifying
a rule or congruence for each constructor, the single application of the all operator takes care of traversing all
constructors. Thus, we can replace the propbu strategy by a completely generic definition of bottom-up traversal.
Consider again the last definition of propbu:

r(s) = Not(s) <+ And(s, s) <+ Or(s, s) <+ Impl(s, s) <+ Eg(s, s)
s) = try(proptr(propbu(s)));

The role of proptr (s) in this definition can be replaced by all (s), since that achieves exactly the same, namely
applying s to the direct subterms of constructors:

’p:oyk:u (s) = all(propbu(s));

Moreover, all succeeds on any constructor in any signature, so we can also as you see above drop the try as well,
which was there only because proptr fails on the Atom (. ..), True (), and False () nodes at the leaves.

However, the strategy now is completely generic, i.e. independent of the particular structure it is applied to. In the
Stratego Library this strategy is called bot tomup (s), and defined as follows:

bottomup (s) = all(bottomup(s)); s

It first recursively transforms the subterms of the subject term and then applies s to the result. Using this definition,
the normalization of propositions now reduces to the following module, which is only concerned with the selection
and composition of rewrite rules:

module prop-dnfll

imports libstrategolib prop-rules

strategies
main = io-wrap (dnf)

strategies
dnf =1 1p (try (DN <+ (DeflI <+ DefE <+ DMA <+ D dnf))
nf = mup (Ery (DN <+ (DefI <+ DefE <+ DMA <+ DMO <+ DOAL <+ [ cnf))

In fact, these definitions still contain a reusable pattern. With a little squinting we see that the definitions match the
following pattern:
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= C p(try(dnf-rules; dnf))
cnf = bottomup (try(cnf-rules; cnf))

In which we can recognize the definition of innermost reduction, which the Stratego Library defines as:

innermost (s) = bottomup(try(s; innermost(s)))

The innermost strategy performs a bottom-up traversal of a term. After transforming the subterms of a term it tries
to apply the transformation s. If successful the result is recursively transformed with an application of innermost.
This brings us to the final form for the proposition normalizations:

module prop-dnfl2
imports libs
strategies
main = io-wrap (dnf)
strategies

trategolib prop-rules

dnf = innermos

(DN <+ DefI <+ DefE <+ DMA <+ DMO <+ DAOL <+ DAOR
DN

cnf = innermost <+ DefI <+ DefE <+ DMA <+ DMO <+ DOAL <+ DOAR)

Different transformations can be achieved by using a selection of rules and a strategy, which is generic, yet defined in
Stratego itself using strategy combinators.

9.1.2. Visiting One Subterm

The one (s) strategy transforms a constructor application by applying the parameter strategy s to exactly one direct
subterm. An application of one (s) fails if the application to all of the subterms fails. The following Stratego Shell
session illustrates the behavior of the combinator:

stratego> !Plus(Int ("14"),Int ("3"))

Plus (Int ("14™),Int("3"))

str: go> one (!Var ("a"))

Plu ar("a"),Int ("3"))

o> one (\ Int (x) —> Int(<adds>(x,"1")) \ )
v ("at), Int("4m))

>> one (?Plus (_,_))

failed

A frequently used application of one is the oncetd (s) traversal, which performs a left to right depth first
search/transformation that stops as soon as s has been successfully applied.

oncetd(s) = s <+ one(oncetd(s))

Thus, s is first applied to the root of the subject term. If that fails, its direct subterms are searched one by one (from
left to right), with a recursive call to oncetd (s).

An application of oncetdisthe contains (|t) strategy, which checks whether the subject term contains a subterm
that is equal to t.

contains (|t) = oncetd(?t)

Through the depth first search of oncetd, either an occurrence of t is found, or all subterms are verified to be unequal
to t.

Here are some other one-pass traversals using the one combinator:
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= one (oncebu(s)) <+ s
= s; try(one(spinetd(s)))
= try(one(spinebu(s))); =

Exercise: figure out what these strategies do.

Here are some fixe-point traversals, i.e., traversals that apply their argument transformation exhaustively to the subject
term.

reduce (s) =
st (5) =

innermostI(s) = repea

t (rec x (one(x) + s))

The difference is the subterm selection strategy. Exercise: create rewrite rules and terms that demonstrate the differ-
ences between these strategies.

9.1.3. Visiting Some Subterms

The some (s) strategy transforms a constructor application by applying the parameter strategy s to as many direct
subterms as possible and at least one. An application of some (s) fails if the application to all of the subterms fails.

Some one-pass traversals based on some:

sometd(s) = s <+ some (sometd(s))
u(s) = some(somebu(s)) <+ s

A fixed-point traversal with some:

reduce-par (s) = repeat (rec x(some (x) + s))

9.2. Idioms and Library Strategies for Traversal

Above we have seen the basic mechanisms for defining traversals in Stratego: custom traversal rules, data-type specific
congruence operators, and generic traversal operators. Term traversals can be categorized into classes according to
how much of the term they traverse and to which parts of the term they modify. We will consider a number of idioms
and standard strategies from the Stratego Library that are useful in the definition of traversals.

One class of traversal strategies performs a full traversal, that is visits and transforms every subterm of the subject
term. We already saw the bot t omup strategy defined as

bottomup (s) = all(bottomup(s));

It first visits the subterms of the subject term, recursively transforming ifs subterms, and then applies the transformation
s to the result.

A related strategy is t opdown, which is defined as

’ topdown (s) = s; all(topdown (s))

It first transforms the subject therm and then visits the subterms of the result.

A combination of topdown and bottomup is downup, defined as

’ downup (s) = s; all(downup(s));

It applies s on the way down the tree, and again on the way up. A variation is downup (2, 0)
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downup(sl, s2) = sl; all(downup(sl, s2)); s2

which applies one strategy on the way down and another on the way up.

Since the parameter strategy is applied at every subterm, these traversals only succeed if it succeeds everywhere.
Therefore, these traversals are typically applied in combination with try or repeat.

topdown (try (R1 <+ R2 <+ ...))

This has the effect that the rules are tried at each subterm. If none of the rules apply the term is left as it was and
traversal continues with its subterms.

Choosing a Strategy. The strategy to be used for a particular transformation depends on the rules and the goal to be
achieved.

For example, a constant folding transformation for proposition formulae can be defined as a bottom-up traversal that
tries to apply one of the truth-rules T at each subterm:

Not (E '—,lfzt\ki) > True ()
Not (True ()) —> False()

HH A3 4a4

eval = bottomup(try(T))

Bottomup is the strategy of choice here because it evaluates subterms before attempting to rewrite a term. An evalua-
tion strategy using t opdown

eval2 = topdown(try(T)) // bad strategy

does not work as well, since it attempts to rewrite terms before their subterms have been reduced, thus missing rewriting
opportunities. The following Stratego Shell session illustrates this:

stratego> !'And(True (), Not (Or(False (), True())))

And(Tr

Or (False,True)))

Exercise: find other terms that show the difference between these strategies.

On the other hand, a desugaring transformation for propositions, which defines implication and equivalence in terms
of other connectives is best defined as a t opdown traversal which tries to apply one of the rules DefI or DefE at
every subterm.

DefI : Impl(x, y) —-> Or(Not(x), V)
DefE : Eg(x, V) > And (Impl(x, v), Impl(y, x))
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Since De £E rewrites Eq terms to terms involving Impl, a strategy with bot t omup does not work.

desugar?2 = bottomup (try(DeflI <+ DefE)) // bad strategy

Since the subterms of a node are traversed before the node itself is visited, this transformation misses the desugaring
of the implications (Impl) originating from the application of the De £E rule. The following Shell session illustrates
this:

Atom("p")),Atom("g")),O0r (Not (Atom("q")),Atom("p")))
'Eqg (Atom("p"), Atom("g"))

5 (llq"))

stratego> d gar2

And (Impl (Atom("p"),Atom("q")), Impl (Atom("q") ,Atom("p")))

Repeated Application. In case one rule produces a term to which another desugaring rule can be applied, the desug-
aring strategy should repeat the application of rules to each subterm. Consider the following rules and strategy for
desugaring propositional formulae to implicative normal form (using only implication and False).

DefT : True () —> Impl(False(), False())

DefN : Not (x) > Impl(x, False())

DefA2 : And(x, y) —> Not (Impl(x, Not(y)))

DefOl : Or(x, y) —-> Impl(Not(x), )

DefE : Eg(x, V) > And(Impl(x, v), Impl(y, X))

impl-nf = topdown (repeat (DefT <+ DefN <+ DefA2 <+ DefOl <+ DefE))

Application of the rules with t ry instead of repeat

impl-nf2 = topdown (try(DefT <+ DefN <+ DefA2 <+ DefOl <+ DefE)) // bad strategy

is not sufficient, as shown by the following Shell session:

stratego> !And(Atom("p"),Atom("g"))
And (Atom("p"),Atom("g"))
stratego> impl-nf

Impl (Impl (Atom("p"), Impl (Atom("g"),False)),False)
stratego> !And(Atom("p"),Atom("qg

And (Atom("p"),Atom("g"))

stratego> impl-nf2

Not (Impl (Atom("p"),

Impl (Atom("g"),False)))

Note that the Not is not desugared with impl-nf2.

Paramorphism. A variation on bottomup is a traversal that also provides the original term as well as the term in
which the direct subterms have been transformed. (Also known as a paramorphism?)

bottomup-para(s) = <s>(<id>, <all (bottomup-para(s))>)

This is most useful in a bottom-up traversal; the original term is always available in a top-down traversal.

Exercise: give an example application of this strategy
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9.2.1. Cascading Transformations

Cascading transformations are transformations upon transformations. While the full traversals discussed above walk
over the tree once, cascading transformations apply multiple waves of transformations to the nodes in the tree. The
prototypical example is the innermost strategy, which exhaustively applies a transformation, typically a set of rules,
to a tree.

most (R1 <+ ... <+ Rn)

The basis of innermost is a bottomup traversal that tries to apply the transformation at each node after visiting
its subterms.

If the transformation s succeeds, the result term is transformed again with a recursive call to innermost.

Application of innermost exhaustively applies one set of rules to a tree. Using sequential composition we can apply
several stages of reductions. A special case of such a staged transformation, is known as sequence of normal forms
(in the TAMPR system):

sin Lfy =
Al <+ ... <+ Ak)
st (BT <+ ... <+ Bl)
N
; innermost (Cl <+ ... <+ Cm)

At each stage the term is reduced with respect to a different set of rules.

Of course it is possible to mix different types of transformations in such a stage pipeline, for example.

simplify =

t wn (try (AL <+ ... <+ Ak))

; innermost (Bl <+ ... <+ Bl)

;

; bottomup (repeat (C1 <+ ... <+ Cm))

At each stage a different strategy and different set of rules can be used. (Of course one may use the same strategy
several times, and some of the rule sets may overlap.)

9.2.2. Mixing Generic and Specific Traversals

While completely generic strategies such as bottomup and innermost are often useful, there are also situations
where a mixture of generic and data-type specific traversal is necessary. Fortunately, Stratego allows you to mix
generic traversal operators, congruences, your own traversal and regular rules, any way you see fit.

A typical pattern for such strategies first tries a number of special cases that deal with traversal themselves. If none
of the special cases apply, a generic traversal is used, followed by application of some rules applicable in the general
case.

tion); reduce
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Constant Propagation. A typical example is the following constant propagation strategy. It uses the exceptions to
the basic generic traversal to traverse the tree in the order of the control-flow of the program that is represented by the
term. This program makes use of dynamic rewrite rules, which are used to propagate context-sensitive information
through a program. In this case, the context-sensitive information concerns the constant values of some variables in
the program, which should be propagated to the uses of those variables. Dynamic rules will be explained in Chapter
12; for now we are mainly concerned with the traversal strategy.

module propconst
imports
libstratego-1lib

signature
constructors

String -> Exp

us : Exp * Exp —> Exp

Assign : String x Exp -> Stat

If : Exp x Stat x Stat —-> Stat
While : Exp % Stat —-> Stat

strategies

propconst =

PropConst

<+ propconst—-assign

Q

<+ propconst-if
<+ propconst-whi

Le
<+ all (propconst); try(EvalBinOp)

EvalBinOp
Plus(Int (i), Int(j)) —-> Int (k) where <adds> (i, 7) => k

EvalIf
Tf(Int("0™), sl1, s2) > s2

EvalIf
If(Int (i), sl, s2) > s1 where <not (eq)> (i, "0")
propconst—-assign =
Assign(?x, propconst => e)
; if <is-value> e then
rules ( PropConst : Var(x) -> e )
else
rules ( PropConst :— Var(x) )
end

propconst—-if =
If(propconst, id, id)
; (EvalIf; prog
<+ (If(id, prc

const, id) /PropConst\ If (id,id,propconst)))
propconst-while =
While (id, id)

; (/PropConst\* While (propconst, propconst))

is-value = Int (id)

The main strategy of the constant propagation transformation , follows the pattern described above; a number of special
case alternatives followed by a generic traversal alternative. The special cases are defined in their own definitions.
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Generic traversal is followed by the constant folding rule EvalBinOp .

The first special case is an application of the dynamic rule PropConst, which replaces a constant valued variable by
its constant value . This rule is defined by the second special case strategy, propconst—assign . It first traverses
the right-hand side of an assignment with an Assign congruence operator, and a recursive call to propconst.
Then, if the expression evaluated to a constant value, a new PropConst rule is defined. Otherwise, any old instance
of PropConst for the left-hand side variable is undefined.

The third special case for I uses congruence operators to order the application of propconst to its subterms . The
first congruence applies propconst to the condition expression. Then an application of the rule EvalIf attempts to
eliminate one of the branches of the statement, in case the condition evaluated to a constant value. If that is not possible
the branches are visited by two more congruence operator applications joined by a dynamic rule intersection operator,
which distributes the constant propagation rules over the branches and merges the rules afterwards, keeping only the
consistent ones. Something similar happens in the case of While statements . For details concerning dynamic rules,
see Chapter 12.

To see what propconst achieves, consider the following abstract syntax tree (say in file foo.prg).

Int("1"),
Int("42")),

Plus (Var("x"), Var("v"))),
var("z")),

us (Var("x"), Int("1"))),

s Int("17")),

Assign ("b", Int("2"))
1)),

ssign

1)

("c", Plus(Var("b"), Plus(Var("z"), Var("y"))))

We import the module in the Stratego Shell, read the abstract syntax tree from file, and apply the propconst
transformation to it:

o> import pro
go> <ReadFromFile> "foo.prg"

stratego> propconst
Block ([Assign("x",Int ("1")), ign("y",Int ("42")),Assign("z",Int ("43")),
ITf(Plux(Var("a"™),Int ("43™)), gn ("b",Int ("2")),Block ([Assign("z",
Int ("17")) ,Assign("b", Int ("2")) 1)) ,Assign("c",Plus(Int ("2"),Plus(
Var ("z"),Int ("42")))) 1)

Since the Stratego Shell does not (yet) pretty-print terms, the result is rather unreadable. We can remedy this by writing
the result of the transformation to a file, and pretty-printing it on the regular command-line with pp-aterm.

stratego> <ReadFromFile> "foo.prg"
stratego> propconst; <WriteToTextFile> ("foo-pc.prg", <id>)

stratego> :quit

Int("1"))
Int("42"))
Int("43"))

(continues on next page)
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(continued from previous page)

Plux (Var ("a"), Int("43"))
‘::{W("b", Tr"‘,("2"))

[Assign("z", Int("17")), Assign("b", Int("2"))]
)
)
, Assign(
"c"
, Plus(Int("2"), Plus(Var("z"), Int("42")))

Compare the result to the original program and try to figure out what has happened and why that is correct. (Assuming
the usual semantics for this type of imperative language.)

Generic Strategies with Exceptional Cases. Patterns for mixing specific and generic traversal can be captured in
parameterized strategies such as the following. They are parameterized with the usual transformation parameter s and
with a higher-order strategy operator st op, which implements the special cases.

topdownS (s, stop: (a -> a) * b -> b) =

rec x(s; (stop(x) <+ all(x)))

bottomupS (s, stop: (a —> a) = b —-> b) =
rec x((stop(x) <+ all(x)); s)

downupS (sl, s2, stop: (a —> a) » b —-> b) =

While normal strategies (parameters) are functions from terms to terms, the st op parameter is a function from strate-
gies to strategies. Such exceptions to the default have to be declared explicitly using a type annotation. Note that the
bottomups strategy is slightly different from the pattern of the propconst strategy; instead of applying s only
after the generic traversal case, it is here applied in all cases.

However, the added value of these strategies is not very high. The payoff in the use of generic strategies is provided
by the basic generic traversal operators, which provide generic behavior for all constructors. The stop callback can
make it harder to understand the control-flow structure of a strategy; use with care and don’t overdo it.

9.2.3. Separate rules and strategies

While it is possible to construct your own strategies by mixing traversal elements and rules, in general, it is a good
idea to try to get a clean separation between pure rewrite rules and a (simple) strategy that applies them.

9.2.4. Partial Traversals

The full traversals introduced above mostly visit all nodes in the tree. Now we consider traversals that visit only some
of the nodes of a tree.

The oncet and oncebu strategies apply the argument strategy s at one position in the tree. That is, application is
tried at every node along the traversal until it succeeds.
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oncetd(s) = s <+ one(oncetd(s))
bu (s) one (oncebu(s)) <+ s

The sometd and somebu strategies are variations on oncet and oncebu that apply s at least once at some posi-
tions, but possibly many times. As soon as one is found, searching is stopped, i.e., in the top-down case searching in
subtrees is stopped, in bottom-up case, searching in upper spine is stopped.

ctd(s) = s <+ some (sometd(s))
~bu(s) = some (somebu(s)) <+ s

Similar strategies that find as many applications as possible, but at least one, can be built using some:

manybu (s) = rec x(some(x); try(s) <+ s)
manytd(s) = rec x(s; all(try(x)) <+ some(x))
’ somedownup (s) = rec x(s; all(x); try(s) <+ some(x); try(s))

The alltd (s) strategy stops as soon as it has found a subterm to which s can be succesfully applied.

alltd(s) = s <+ all(alltd(s))

If s does not succeed, the strategy is applied recursively at all direct subterms. This means that s is applied along a
frontier of the subject term. This strategy is typically used in substitution operations in which subterms are replaced
by other terms. For example, the strategy alltd (?Var (x); !e) replaces all occurrences of Var (x) by e. Note
that alltd (try (s)) is not a useful strategy. Since try (s) succeeds at the root of the term, no traversal is done.

A typical application of al1td is the definition of local transformations, that only apply to some specific subterm.

transformation =
alltd(
trigger nsformation
(AL <+ ... <+ An)

; inner

Some relatives of alltd that add a strategy to apply on the way up.

alldownup2(sl, s2) = rec x((sl <+ all(x)); s2)

sl
alltd-fold(sl, s2) = rec x(sl <+ all(x); s2)

Finally, the following strategies select the leaves of a tree, where the determination of what is a leaf is up to a parameter
strategy.

leaves (s, is-leaf, skip: a * (a —> a) > a) =
rec x((is—leaf; s) <+ skip(x) <+ all(x))

leaves (s, is-leaf) =
rec x((is—leaf; s) <+ all(x))

A spine of a term is a chain of nodes from the root to some subterm. spinetd goes down one spine and applies s
along the way to each node on the spine. The traversal stops when s fails for all children of a node.

= s; try(one(spinetd(s)))

= try (one (spi bu(s)));

= s; (one(: netd'(s)) + all(fail))
= (one(spinebu'(s)) + all(fail));
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Apply s everywhere along al spines where s applies.

= rec x(s; try(some(x)))
(try (some (x)); s)
(s (one (x) + all(fail)))
(

= rec
(one(x) + all(fail)); s)

%
= rec x
= rec x

While these strategies define the notion of applying along a spine, they are rarely used. In practice one would use more
specific traversals with that determine which subterm to include in the search for a path.

TODO: examples

9.2.5. Recursive Patterns (*)

TODO: format checking
TODO: matching of complex patterns

TODO: contextual rules (local traversal)

9.2.6. Dynamic programming (*)

TODO (probably move to dynamic rules chapter)

13.1.10 10. Type Unifying Strategies

In Chapter 5 we have seen combinators for composing type preserving strategies. That is, structural transformations
in which basic transformation rules don’t change the type of a term. Such strategies are typically applied in transfor-
mations, which change the structure of a term, but not its type. Examples are simplification and optimization. In this
chapter we consider the class of type unifying strategies, in which terms of different types are mapped onto one type.
The application area for this type of strategy is analysis of expressions with examples such as free variables collection
and call-graph extraction.

We consider the following example problems:
e term-size: Count the number of nodes in a term
* occurrences: Count number of occurrences of a subterm in a term
¢ collect-vars: Collect all variables in expression
* free-vars: Collect all free variables in expression

These problems have in common that they reduce a structure to a single value or to a collection of derived values. The
structure of the original term is usually lost.

We start with examining these problems in the context of lists, and then generalize the solutions we find there to
arbitrary terms using generic term deconstruction, which allows concise implementation of generic type unifying
strategies, similarly to the generic traversal strategies of Chapter 5.

10.1. Type Unifying List Transformations

We start with considering type-unifying operations on lists.

Sum. Reducing a list to a value can be conveniently expressed by means of a fold, which has as parameters operations
for reducing the list constructors. The foldr /2 strategy reduces a list by replacing each Cons by an application of
s2, and the empty list by s1.
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[1; sl <+ \ [vlys] > <s2>(y, <foldr(sl, s2)> ys) \

Thus, when applied to a list with three terms the result is

’<ful:h(:—;i,.»2)> [C1l,t2,t3] => <s2>(tl, <s2Z>(t2, <s2>(t3, <sl> []1)))

A typical application of foldr/2 is sum, which reduces a list to the sum of its elements. It sums the elements of a
list of integers, using 0 for the empty list and add to combine the head of a list and the result of folding the tail.

’ sum = foldr (!0, add)

The effect of sum is illustrated by the following application:

<foldr(!0,add)> [1,2,3] => <add>(l, <add>(2, <add>(3, <!0> []))) => 6

Note the build operator for replacing the empty list with 0; writing foldr (0, add) would be wrong, since 0 by
itself is a congruence operator, which basically matches the subject term with the term O (rather than replacing it).

Size. The foldr/2 strategy does not touch the elements of a list. The foldr/3 strategy is a combination of fold
and map that extends foldr/2 with a parameter that is applied to the elements of the list.

foldr(sl, s2, f) =
[1; sl <+ \ [ylys] —> <s2>(<f>y, <foldr(sl,s2,f)>ys) \

Thus, when applying it to a list with three elements, we get:

’<f‘\,,vl:11(:;)i,:;z)> [t1l,t2,t3] => <s2>(<f>tl, <s2>(<f>t2, <s2>(<f>t3, <sl> []1)))

Now we can solve our first example problem term—size. The size of a list is its length, which corresponds to the
sum of the list with the elements replaced by 1.

’ ength = foldr (!0, add, !'1)

Number of occurrences. The number of occurrences in a list of terms that satisfy some predicate, entails only
counting those elements in the list for which the predicate succeeds. (Where a predicate is implemented with a
strategy that succeeds only for the elements in the domain of the predicate.) This follows the same pattern as counting
the length of a list, but now only counting the elements for which s succeeds.

’;iftTﬂ ccurrences (s) = foldr (!0, add, s < !1 + !'0)

Using 1ist-occurrences and a match strategy we can count the number of variables in a list:

’ list—-occurrences (?Var(_))

Collect. The next problem is to collect all terms for which a strategy succeeds. We have already seen how to do this
for lists. The filter strategy reduces a list to the elements for which its argument strategy succeeds.

’IL,L%L(&) =[] <+ [s | filter(s)] <+ ?2[ |<filter(s)>]

Collecting the variables in a list is a matter of filtering with the ?Var (_) match.

’ filter (?Var(_))

The final problem, collecting the free variables in a term, does not really have a counter part in lists, but we can mimick
this if we consider having two lists; where the second list is the one with the bound variables that should be excluded.
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(filter(?Var(_)),id); diff

This collects the variables in the first list and subtracts the variables in the second list.

10.2. Extending Fold to Expressions

We have seen how to do typical analysis transformations on lists. How can we generalize this to arbitrary terms? The
general idea of a folding operator is that it replaces the constructors of a data-type by applying a function to combine
the reduced arguments of constructor applications. For example, the following definition is a sketch for a fold over
abstract syntax trees:

e2) > <s>(op, <f>el, <f>e2)
e?) > <s>(<f>el, <f>e2)
=3) > <s>(<f>el, <f>e2, <f>e3)

For each constructor of the data-type the fold has an argument strategy and a rule that matches applications of the
constructor, which it replaces with an application of the strategy to the tuple of subterms reduced by a recursive
invocation of the fold.

Instantiation of this strategy requires a rule for each constructor of the data-type. For instance, the following instan-
tiation defines term-size using fold-exp by providing rules that sum up the sizes of the subterms and add one
(inc) to account for the node itself.

term-size = fold-exp(BinOpSize
(Plus(), 1, e2)
(el, e2)

(el, e2, e3)

This looks suspiciously like the traversal rules in Chapter 5. Defining folds in this manner has several limitations.
In the definition of fold, one parameter for each constructor is provided and traversal is defined explicitly for each
constructor. Furthermore, in the instantiation of fold, one rule for each constructor is needed, and the default behaviour
is not generically specified.

One solution would be to use the generic traversal strategy bot t omup to deal with fold:

fold-exp(s) =

Although the recursive application to subterms is now defined generically , one still has to specify rules for the default
behavior.

10.3. Generic Term Deconstruction

Instead of having folding rules that are specific to a data type, such as
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BinOpSize

we would like to have a generic definition of the form

CSize : c(el, e2, ...) > <add>(el, <add>(e2, ...))

This requires generic decomposition of a constructor application into its constructor and the list with children. This can
be done using the # operator. The match strategy ?pl# (p2) decomposes a constructor application into its constructor
name and the list of direct subterms. Matching such a pattern against a term of the form C (t1, ..., tn) resultsin a
match of "C" against p1 and a match of [t1, ..., tn] against p2.

var (HZH) ]

Crush. Using generic term deconstruction we can now generalize the type unifying operations on lists to arbitrary
terms. In analogy with the generic traversal operators we need a generic one-level reduction operator. The crush/3
strategy reduces a constructor application by folding the list of its subterms using foldr/3.

’C"'l,f‘j'\(ﬂf\, sum, s) : c#(xs) —-> <foldr(nul, sum, s)> xs

Thus, crush performs a fold-map over the direct subterms of a term. The following application illustrates what

’<<itru:ﬂ‘(:};\, s2, f)> C(tl, t2) => <s2>(<f>tl, <s2>(<f>t2, <sl1>[1]))

The following Shell session instantiates this application in two ways:

~atego> import libstra
'Plus (Int ("1"),
F“L(;‘,(T'W;("1"),'7:1'("2"))

tratego> !Plus(Int ("1"), Var("2"))

F\LA(T'W;("I"), {,(u2n))

stratego> crush (!Tail (<id>), !Sum(<Fst>,<Snd>), !Arg(<id>))
Sum(Arg (Int ("1")),Sum(Arg(Var("2")),Tail([]1)))

The crush strategy is the tool we need to implement solutions for the example problems above.

Size. Counting the number of direct subterms of a term is similar to counting the number of elements of a list. The
definition of node—size is the same as the definition of 1ength, except that it uses crush instead of foldzr:

’1:‘;‘:1,‘:‘: size = crush (!0, add, !1)

Counting the number of subterms (nodes) in a term is a similar problem. But, instead of counting each direct subterm
as 1, we need to count ifs subterms.

’tflnrsizo = crush(!1, add, term-size)

The term-size strategy achieves this simply with a recursive call to itself.
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stratego> <node-size> Plus (Int("1"), Var("2"))
2
stratego> <term-size> Plus(Int("1"), Var("2"))
5

Occurrences. Counting the number of occurrences of a certain term in another term, or more generally, counting
the number of subterms that satisfy some predicate is similar to counting the term size. However, only those terms
satisfying the predicate should be counted. The solution is again similar to the solution for lists, but now using crush.

om-occurrences(s) = s < !1 + crush (!0, add, om-occurrences(s))

The om—occurrences strategy counts the outermost subterms satisfying s. That is, the strategy stops counting as
soon as it finds a subterm for which s succeeds.

The following strategy counts all occurrences:

occurrences (s) = <add>(<s < !1 + !0>, <crush (!0, add, occurrences(s))>)

It counts the current term if it satisfies s and adds that to the occurrences in the subterms.

stratego> <om-occurrences (?Int (_))> Plus(Int("1"), Plus(Int("34"), Var("2")))

2

stratego> <om-occurrences (?Plus(_,_))> Plus(Int("1"), Plus(Int("34"), Var("2")))
1

stratego> <occurrences (?Plus(_,_))> Plus(Int("1"), Plus(Int("34"), ar("2")y))

2

Collect. Collecting the subterms that satisfy a predicate is similar to counting, but now a list of subterms is produced.
The collect (s) strategy collects all outermost occurrences satisfying s.

lect (s) = ![<s>] <+ crush(![], union, collect(s))

When encountering a subterm for which s succeeds, a singleton list is produced. For other terms, the matching
subterms are collected for each direct subterm, and the resulting lists are combined with union to remove duplicates.

A typical application of collect is the collection of all variables in an expression, which can be defined as follows:

get-vars = collect (?Var(_))

Applying get—vars to an expression AST produces the list of all subterms matching Var (_).

The collect—-all (s) strategy collects all occurrences satisfying s.

collect-all(s) =
'[<s> | <crush(![], union, collect(s))>] <+ crush(![], union, collect (s))

If s succeeds for the subject term combines the subject term with the collected terms from the subterms.

Free Variables. Collecting the variables in an expression is easy, as we saw above. However, when dealing with
languages with variable bindings, a common operation is to extract only the free variables in an expression or block
of statements. That is, the occurrences of variables that are not bound by a variable declaration. For example, in the
expression

x + let var v := x + 1 in f(y, a + x + b) end

the free variables are {x, a, b}, butnoty, since it is bound by the declaration in the let. Similarly, in the function
definition
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function f(x : int) = let var y := h(x) in x + g(z) » y end

the only free variable is z since x and y are declared.

Here is a free variable extraction strategy for Tiger expressions. It follows a similar pattern of mixing generic and data-
type specific operations as we saw in Chapter 5. The crush alternative takes care of the non-special constructors,
while ExpVars and FreeVars deal with the special cases, i.e. variables and variable binding constructs:

FreeVars (fv)
FunDec (f, xs, t, e) —-> <diff>(<fv>e, xs)
where <map (Fst)> xs => xs

The FreeVars rules for binding constructs use their £v parameter to recursively get the free variables from subterms,
and they subtract the bound variables from any free variables found using diff.

We can even capture the pattern exhibited here in a generic collection algorithm with support for special cases:

collect-exc (base, special : (a —> b) * a -> b) =

The special parameter is a strategy parameterized with a recursive call to the collection strategy. The original
definition of free—vars above, can now be replaced with

free-vars = collect-exc(ExpVars, reevVars)

10.4. Generic Term Construction

It can also be useful to construct terms generically. For example, in parse tree implosion, application nodes should be
reduced to constructor applications. Hence build operators can also use the # operator. In a strategy !pl# (p2), the
current subject term is replaced by a constructor application, where the constructor name is provided by pl and the
list of subterms by p2. So, if p1 evaluates to "C" and p2 evaluates to [t1, ..., tn], the expression !pl# (p2)
build theterm C (t1, ..., tn).

Imploding Parse Trees. A typical application of generic term construction is the implosion of parse trees to abstract
syntax trees performed by implode—-asfix. Parse trees produced by sglr have the form:

appl (prod(sorts, sort, attrs([cons("C")])),I[tl,...,tn])

That is, a node in a parse tree consists of an encoding of the original production from the syntax definition, and a list
with subtrees. The production includes a constructor annotation cons ("C") with the name of the abstract syntax tree
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constructor. Such a tree node should be imploded to an abstract syntax tree node of the form C (t1, ..., tn). Thus,
this requires the construction of a term with constructor C given the string with its name. The following implosion
strategy achieves this using generic term construction:

impl

= appl(id, map (impl
appl (prod (sorts,

); Implode
attrs([cons(c)])), ts) —> c#(ts)

Implode

The Implode rule rewrites an appl term to a constructor application, by extracting the constructor name from the
production and then using generic term construction to apply the constructor.

Note that this is a gross over simplification of the actual implementation of implode-asfix. See the source code
for the full strategy.

Generic term construction and deconstruction support the definition of generic analysis and generic translation prob-
lems. The generic solutions for the example problems term size, number of occurrences, and subterm collection
demonstrate the general approach to solving these types of problems.

13.1.11 11. Concrete Object Syntax

Stratego programs can be used to analyze, generate, and transform object programs. In this process object programs
are structured data represented by terms. Terms support the easy composition and decomposition of abstract syntax
trees. For applications such as compilers, programming with abstract syntax is adequate; only small fragments, i.e.,
a few constructors per pattern, are manipulated at a time. Often, object programs are reduced to a core language that
only contains the essential constructs. The abstract syntax can then be used as an intermediate language, such that
multiple languages can be expressed in it, and meta-programs can be reused for several source languages.

However, there are many applications of program transformation in which the use of abstract syntax is not adequate
since the distance between the concrete programs that we understand and the abstract syntax trees used in specifications
is too large. Even with pattern matching on algebraic data types, the construction of large code fragments in a program
generator can become painful. For example, even the following tiny program pattern is easier to read in the concrete
variant

let d=
in let var x ta := (elx) in e2x end
end

than the abstract variant

Let (dx, [Let ([VarDec(x, ta, Seg(elx))], e2%x)])

While abstract syntax is manageable for fragments of this size (and sometimes even more concise!), it becomes
unpleasant to use when larger fragments need to be specified.

Besides the problems of understandability and complexity, there are other reasons why the use of abstract syntax may
be undesirable. Desugaring to a core language is not always possible. For example, in the renovation of legacy code
the goal is to repair the bugs in a program, but leave it intact otherwise. This entails that a much larger abstract syntax
needs to be dealt with. Another occasion that calls for the use of concrete syntax is the definition of transformation or
generation rules by users (programmers) rather than by compiler writers (meta-programmers). Other application areas
that require concrete syntax are application generation and structured document (XML) processing.

Hence, it is desirable to have a meta-language that lets us write object-program fragments in the concrete syntax of the
object language. This requires the extension of the meta-language with the syntax of the object language of interest,
such that expressions in that language are interpreted as terms. In this chapter it is shown how the Stratego language
based on abstract syntax terms is extended to support the use of concrete object syntax for terms.

212 Chapter 13. Transformation with Stratego




Spoofax Documentation, Release 2.5.16

11.1. Instrumenting Programs

To appreciate the need for concrete syntax in program transformation, it is illuminating to contrast the use of concrete
syntax with the traditional use of abstract syntax in a larger example. Program instrumentation is the extension of a
program in a systematic way in order to obtain measurements during run-time. Instrumentation is used, for example, in
debugging to get information about the run-time behavior of a program, and in profiling to collect statistics about about
run-time and call frequency of program elements. Here we consider a simple instrumentation scheme that instruments
Tiger functions with calls to trace functions.

The following Stratego fragment shows rewrite rules that instrument a function £ such that it prints £ entry on entry
of the function and £ exit at the exit. The actual printing is delegated to the functions enterfun and exit fun.
Functions are instrumented differently than procedures, since the body of a function is an expression statement and
the return value is the value of the expression. It is not possible to just glue a print statement or function call at the
end of the body. Therefore, a let expression is introduced, which introduces a temporary variable to which the body
expression of the function is assigned. The code for the functions enterfun and exitfun is generated by rule
IntroducePrinters. Note that the declarations of the Let generated by that rule have been omitted.

instrument =
topc
; IntroducePrinters

wn (try (TraceProcedure + raceFunction))

; simplify

TraceProcedure

£, x*x, Nc
f, xx, NoTp(),
Seq([C

“all (Var ("enterfun™)

S

Call (Var ("exitfun"),

x%x, Tp(tid), e) —>

wx, Tp(tid),

seg([Call (Var ("enterfun"),

[String(f)]),

Let ([VarDe

IntroducePrinters
e —> Let (..., e)

c(x,Tp(tid),NilExp)],
V(Var (), e),

Var ("exitfun"), [String(£)]1),

The next program program fragment implements the same instrumentation transformation, but now it uses concrete

syntax.

| [ function £ (xx*)
where !f => s

= e 1] >

(enterfun(s); e; exitfun(s)) 1|

C £ (x*) tid = e ]| —>
on £ (x*) tid =
(enterfun(s);
let var x : tid
in x := e; exitfun(s); x
end) ]|
where new => x ; !f => g

(continues on next page)
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(continued from previous page)

In oducePrinters
= —> | [ let var ind := 0
function enterfun(name : string) = (

ind := +(ind, 1);

for 1 := 2 to ind do print (" ");

print (name); print (" entry\\n"))

nction exitfun (name string) = (
:= 2 to ind do print (" ");

ind := —(ind, 1);

print (name); print (" exit\\n"))

in e end ]|

It is clear that the concrete syntax version is much more concise and easier to read. This is partly due to the fact that
the concrete version is shorter than the abstract version: 225 bytes vs 320 bytes after eliminating all non-significant
whitespace. However, the concrete version does not use much fewer lines. A more important reason for the increased
understandability is that in order to read the concrete version it is not necessary to mentally translate the abstract syntax
constructors into concrete ones. The implementation of IntroducePrinters is only shown in concrete syntax
since its encoding in abstract syntax leads to unreadable code for code fragments of this size.

Note that these rewrite rules cannot be applied as such using simple innermost rewriting. After instrumenting a
function declaration, it is still a function declaration and can thus be instrumented again. Therefore, we use a single
pass top-down strategy for applying the rules.

11.2. Observations about Concrete Syntax Specifications

The example gives rise to several observations. The concrete syntax version can be read without knowledge of the
abstract syntax. On the other hand, the abstract syntax version makes the tree structure of the expressions explicit. The
abstract syntax version is much more verbose and is harder to read and write. Especially the definition of large code
fragments such as in rule IntroducePrinters is unattractive in abstract syntax.

The abstract syntax version implements the concrete syntax version. The concrete syntax version has all properties of
the abstract syntax version: pattern matching, term structure, can be traversed, etc.. In short, the concrete syntax is
just syntactic sugar for the abstract syntax.

Extension of the Meta Language. The instrumentation rules make use of the concrete syntax of Tiger. However,
program transformation should not be restricted to transformation of Tiger programs. Rather we would like to be able
to handle arbitrary object languages. Thus, the object language or object languages that are used in a module should
be a parameter to the compiler. The specification of instrumentation is based on the real syntax of Tiger, not on some
combinators or infix expressions. This entails that the syntax of Stratego should be extended with the syntax of Tiger.

Meta-Variables. The patterns in the transformation rules are not just fragments of Tiger programs. Rather some
elements of these fragments are considered as meta-variables. For example in the term

| [ function f(xx) = e ]|

the identifiers £, x*, and e are not intended to be Tiger variables, but rather meta-variables, i.e., variables at the level
of the Stratego specification, ranging over identifiers, lists of function arguments, and expressions, respectively.

Antiquotation. Instead of indicating meta-variables implicitly we could opt for an antiquotation mechanism that lets
us splice in meta-level expressions into a concrete syntax fragment. For example, using ~ and ~~* as antiquotation
operators, a variant of rule TraceProcedure becomes:

e; exitfun(~String(£f))) 11
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With such antiquotation operators it becomes possible to directly embed meta-level computations that produce a piece
of code within a syntax fragment.

In the previous section we have seen how the extension of Stratego with concrete syntax for terms improves the
readability of meta-programs. In this section we describe the techniques used to achieve this extension.

11.2.1. Extending the Meta Language

To embed the syntax of an object language in the meta language the syntax definitions of the two languages should be
combined and the object language sorts should be injected into the appropriate meta language sorts. In the Stratego
setting this is achieved as follows. The syntax of a Stratego module m is declared in the m. met a file, which declares
the name of an SDF module. For instance, for modules using Tiger concrete syntax, i.e., using the extension of
Stratego with Tiger, the . meta would contain

Meta ([Syntax ("StrategoTiger")])

thus declaring SDF module StrategoTiger.sdf as defining the extension.

The SDF module combines the syntax of Stratego and the syntax of the object language(s) by importing the appropriate
SDF modules. The syntax definition of Stratego is provided by the compiler. The syntax definition of the object
language is provided by the user. For example, the following SDF module shows a fragment of the syntax of Stratego:

module Stratego-Terms
exports

context-free syntax

I —> Term

> Term

—> Term

Td " (" {Term ","}x ")" -> Term

"->" Term > Rule

m "->" Term "where" Strategy —-> Rule

The following SDF module St rategoTiger, defines the extension of Stratego with Tiger as object language.

module Stratec
imports Stra

oTiger

[ Term =>
Var =>
Id =>

StrChar => Strate

imports Tiger Tiger-Variables
ports

syntax

"I > "ToTerm"),prefer}
> "ToTerm") ,prefer}
-> S "ToTerm") ,prefer}
> S "ToTerm") ,prefer}
"an —-> EXr "FromTerm") ,prefer}
Mg -> {Exp ","}+ "FromTerm") }
Mok : > {Exp ";"}+ "FromTerm") }
"~int:" StrategoTerm -> IntConst "FromTerm") }

The module illustrates several remarkable aspects of the embedding of object languages in meta languages using SDF.

A combined syntax definition is created by just importing appropriate syntax definitions. This is possible since SDF
is a modular syntax definition formalism. This is a rather unique feature of SDF and essential to this kind of language
extension. Since only the full class of context-free grammars, and not any of its subclasses such as LL or LR, are
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closed under composition, modularity of syntax definitions requires support from a generalized parsing technique.
SDF2 employs scannerless generalized-LR parsing.

The syntax definitions for two languages may partially overlap, e.g., define the same sorts. SDF2 supports renaming
of sorts to avoid name clashes and ambiguities resulting from them. In the StrategoTiger module several sorts from
the Stratego syntax definition (Term, Id, Var, and StrChar) are renamed since the Tiger definition also defines
these names. In practice, instead of doing this renaming for each language extension, module St rategoRenamed
provides a syntax definition of Stratego in which all sorts have been renamed.

The embedding of object language expressions in the meta-language is implemented by adding appropriate injections
to the combined syntax definition. For example, the production

"I [" Exp "]|" -> StrategoTerm {cons("ToTerm"),prefer}

declares that a Tiger expression (Exp) between | [ and ] | can be used everywhere where a StrategoTerm can
be used. Furthermore, abstract syntax expressions (including meta-level computations) can be spliced into concrete
syntax expressions using the ~ splice operators. To distinguish a term that should be interpreted as a list from a term
that should be interpreted as a list element, the convention is to use a ~* operator for splicing a list.

The declaration of these injections can be automated by generating an appropriate production for each sort as a trans-
formation on the SDF definition of the object language. It is, however, useful that the embedding can be programmed
by the meta-programmer to have full control over the selection of the sorts to be injected, and the syntax used for the
injections.

Using the injection of meta-language St rategoTerms into object language Expressions it is possible to distinguish
meta-variables from object language identifiers. Thus, in the term | [ var ~x := ~e] |, the expressions ~x and
~e indicate meta-level terms, and hence x and e are meta-level variables.

However, it is attractive to write object patterns with as few squiggles as possible. This can be achieved through
another feature of SDF, i.e., variable declarations. The following SDF module declares syntax schemata for meta
variables.

module Tiger-Variables
exports
variables
[s1[0-9] % > StrCons
[xyzfgh] [0-9]% —>
[e][0-9]+ ->
"ta"[0-9] % >
"X"[0-9]% "x" >
lld" [077,] * "*" —> e
"e"[0-9]% "x" > {Exp

According to this declaration x, y, and g1 0 are meta-variables for identifiers and e, e 1, and e1 02 3 are meta-variables
of sort Exp. The last three productions declare variables over lists using the convention that these are distinguished
from other variables with an asterisk. Thus, x» and x1 x range over lists of function arguments. The prefer attribute
ensures that these identifiers are preferred over normal Tiger identifiers.

Parsing a module according to the combined syntax and mapping the parse tree to abstract syntax results in an abstract
syntax tree that contains a mixture of meta- and object-language abstract syntax. Since the meta-language compiler
only deals with meta-language abstract syntax, the embedded object-language abstract syntax needs to be expressed
in terms of meta abstract syntax. For example, parsing the following Stratego rule

|[ x := let dx in ~x ex end ]| > |[ let dx in x := (~%x ex) end ]|

with embedded Tiger expressions, results in the abstract syntax tree
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containing Tiger abstract syntax constructors (e.g., Let, Var, Assign) and meta-variables (meta-var). The tran-
sition from meta language to object language is marked by the ToTerm constructor, while the transition from meta-
language to object-language is marked by the constructor FromTerm.

Such mixed abstract syntax trees can be normalized by exploding all embedded abstract syntax to meta-language
abstract syntax. Thus, the above tree should be exploded to the following pure Stratego abstract syntax:

Rule (Op ("Assign", [Op ("Var", [Var("x") 1),
Op("Let", [Var ("d«"),Var("ex")1)1),
Op ("Let", [Var ("d«"),
Op("Cons", [Op ("Assign", [Op ("Var", [Var ("x")1),
Op ("Seq", [Var("ex")1)1),
Op ("Nil"™, [1)1)1))

Observe that in this explosion all embedded constructor applications have been translated to the form Op (C, [t1,
...,tn]). For example, the Tiger variable constructor Var (_) becomes Op ("Var", [_]), while the Stratego
meta-variable Var ("ex") remains untouched, and meta-vars become Stratego Vars. Also note how the list in
the second argument of the second Let is exploded to a Cons/Nil list.

The resulting term corresponds to the abstract syntax for the rule

Assign(Var (x),Let (dx,e*)) —> Let (dx, [Assign (Var (x),Seqg(ex))])

written with abstract syntax notations for terms.

The explosion of embedded abstract syntax does not depend on the object language; it can be expressed generically,
provided that embeddings are indicated with the FromTerm constructor.

Disambiguating Quotations. Sometimes the fragments used within quotations are too small for the parser to be able
to disambiguate them. In those cases it is useful to have alternative versions of the quotation operators that make the
sort of the fragment explicit. A useful, although somewhat verbose, convention is to use the sort of the fragment as
operator:

n

exp" "|[" Exp "]|" -> Stratec erm {cons ("ToTerm") }

Other Quotation Conventions. The convention of using | [...] | and ~ as quotation and anti-quotation delimiters
is inspired by the notation used in texts about semantics. It really depends on the application, the languages involved,
and the audience what kind of delimiters are most appropriate.

The following notation was inspired by active web pages is developed. For instance, the following quotation $>. . . <%
and antiquotation <% . . . $> delimiters are defined for use of XML in Stratego programs:

context—-free syntax
"$>" Content "<%" -> StrategoTerm {cons("ToTerm"),prefer}
"<g=" - "E>S" —> - {cons ("FromTerm") }
"<g" "E>"T > cons ("FromApp") }

Desugaring Patterns. Some meta-programs first desugar a program before transforming it further. This reduces the
number of constructs and shapes a program can have. For example, the Tiger binary operators are desugared to prefix
form:
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DefTimes [ el = e2 1| > | [ *x(el, e2) 1|
DefPlus I [ 1 + e2 1| > | [ +(el, 2y 11
or in abstract syntax

DefPlus : Plus(el, e2) > BinOp (PLUS, el, e2)

This makes it easy to write generic transformations for binary operators. However, all subsequent transformations on
binary operators should then be done on these prefix forms, instead of on the usual infix form. However, users/meta-
programmers think in terms of the infix operators and would like to write rules such as

Simplify ¢ |[ e + 0 1] —> |[ e 1]

However, this rule will not match since the term to which it is applied has been desugared. Thus, it might be desirable
to desugar embedded abstract syntax with the same rules with which programs are desugared. This phenomenon
occurs in many forms ranging from removing parentheses and generalizing binary operators as above, to decorating
abstract syntax trees with information resulting from static analysis such as type checking.

We have seen how the use of concrete object syntax can make the definition of transformation rules more readable.

13.1.12 12. Dynamic Rules

In the previous chapters we have shown how programmable rewriting strategies can provide control over the applica-
tion of transformation rules, thus addressing the problems of confluence and termination of rewrite systems. Another
problem of pure rewriting is the context-free nature of rewrite rules. A rule has access only to the term it is trans-
forming. However, transformation problems are often context-sensitive. For example, when inlining a function at a
call site, the call is replaced by the body of the function in which the actual parameters have been substituted for the
formal parameters. This requires that the formal parameters and the body of the function are known at the call site,
but these are only available higher-up in the syntax tree. There are many similar problems in program transformation,
including bound variable renaming, typechecking, data flow transformations such as constant propagation, common-
subexpression elimination, and dead code elimination. Although the basic transformations in all these applications
can be expressed by means of rewrite rules, these require contextual information.

In Stratego context-sensitive rewriting can be achieved without the added complexity of local traversals and without
complex data structures, by the extension of rewriting strategies with scoped dynamic rewrite rules. Dynamic rules are
otherwise normal rewrite rules that are defined at run-time and that inherit information from their definition context.
As an example, consider the following strategy definition as part of an inlining transformation:

DefineUnfoldCall =
200 unction f(x) = el ]|
; rules(
UnfoldCall : |[ £(e2 ) 1] —> |[ let var x := e2 in el end ]|

The strategy DefineUnfoldCall matches a function definition and defines the rewrite rule UnfoldCall, which
rewrites a call to the specific function f , as encountered in the definition, to a let expression binding the formal
parameter x to the actual parameter e2 in the body of the function el . Note that the variables f, x , and el are
bound in the definition context of UnfoldCall. The UnfoldCall rule thus defined at the function definition site,
can be used at all function call sites. The storage and retrieval of the context information is handled transparently by
the underlying language implementation and is of no concern to the programmer.

An overview with semantics and examples of dynamic rewrite rules in Stratego is available in the following publica-
tions:

e M. Bravenboer, A. van Dam, K. Olmos, and E. Visser. Program Transformation with Scoped Dynamic Rewrite
Rules. Fundamenta Informaticae, 69:1-56, 2005.
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An extended version is available as technical report UU-CS-2005-005.

e K. Olmos and E. Visser. Composing Source-to-Source Data-Flow Transformations with Rewriting Strategies
and Dependent Dynamic Rewrite Rules. In R. Bodik, editor, 14th International Conference on Compiler Con-
struction (CC’05), volume 3443 of Lecture Notes in Computer Science, pages 204-220. Springer-Verlag, April
2005.

An extended version is available as technical report UU-CS-2005-006

Since these publications provide a fairly complete and up-to-date picture of dynamic rules, incorporation into this
manual is not as urgent as other parts of the language.

13.2 The Stratego Library

13.2.1 1. Introduction

The Stratego Library was designed with one goal in mind: it should contain be a good collection of strategies, rules
and data types for manipulating programs. In the previous part of this tutorial, we have already introduced you some
of the specific features in the library for doing program manipulation. However, the library also contains abstract data
types which are found in almost any library, such as lists, strings, hash tables, sets, file and console I/O, directory
manipulation and more. In this chapter, we aim to complete your basic Stratego education by introducing you to how
these bread-and-butter data types have been implemented for Stratego.

Beware that the online documentation will display strategies on the form
apply-and-fail (Strategy s, ATerm name, ATerm in-term, ATerm out),
whereas we adopt the more conventional format in this manual: apply-and-fail (s | name,
in-term, out)

1.1. Anatomy of the Stratego Library

The organization of the Stratego library is hierarchical. At the coarsest level of organization, it is divided into packages,
whose named as on a path-like form, e.g. collection/list. Each package in turn consists of one or several
modules. A module is a leaf in the hierarchy. It maps to one Stratego (.str) file, and contains definitions for
strategies, rules, constructors and overlays. The available packages in the library is listed below.

* collection/hash-table
e collection/list

e collection/set

* collection/tuple

* lang

* strategy

* strategy/general

* strategy/pack

* strategy/traversal
e system/io

* system/posix

* term

e util
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e util/config

As an example, the collection/1list package consists of the modules common, cons, filter, index,
integer, lookup, set, sort, zip. Inside the sort module, we find the gsort strategy, for sorting lists.

In the remainder of this part of the tutorial, we will present the most important parts of the library, and show their
typical usage patterns and idioms. If anything seems unclear, you are encouraged to consult the online documentation
for further details.

13.2.2 2. Arithmetic Operations

In this chapter we introduce strategies for working with numbers. The Stratego runtime provides two kinds of numbers:
real numbers and integers. They are both terms, but cannot be used interchangeably. The library strategies described in
this chapter also maintain the distinction between real numbers and integers, but many may also be applied to strings
which contain numbers.

2.1. Basic Operations

Stratego does not have the normal mathematical syntax for arithmetic operators, such as +, —, / and *. These operators
are used for other purposes. Instead, the library provides the operators as the strategies, namely add, subt, div and
mul. Further, there is convenience strategy for integer increment, inc and decrement, dec.

While the Stratego language operates exclusively on terms, there are different kinds of primitive terms. The runtime
maintains a distinction between real numbers and integer numbers. The library mirrors this distinction by providing
a family of strategies for arithmetic operations. Arithmetic strategies which work on real numbers end in an r, e.g.
addr, and strategies working on integers end in an i, e.g. subti. For each arithmetic operator, there is also a
type-promoting variant, e.g. mul, which will type-promote from integer to real, when necessary. Finally, there are
convenience strategies for working on strings containing numbers. For each arithmetic operation, there is a string
variant, e.g divs.

The full set of arithmetic operations in Stratego:

add, addr, addi, adds

mul, mulr, muli, mulS
subt, subtr, subti, subtS

Using these strategies is straightforward.

stratego> <addr> (1.5, 1.5)
3.000000000000000e+00
stratego> <subti> (5, 2)

3

stratego> <mul> (1.5, 2)
3.000000000000000e+00
stratego> <inc> 2

3

As we can see, the mul operator can be applied to a pair which consists of different terms (real and integer). In this
case, type promotion from integer to real happens automatically.

Working on Strings

The string variants, e.g. addS and divsS work on strings containing integers. The result in strings containing integers.
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stratego> <addsS> ("40", "2")
"42"

stratego> <divs> ("9", "3")
HBU

2.2. Number comparisons

The strategies found in the library for comparing two numbers correspond to the usual mathematical operators for less-
than (1t), less-than-equal (1eq), equal (eq), greater-than (gt), greater-than-or-equal (geq). As with the arithmetic
strategies, each of these operators comes in an integer variant, suffixed with i, a real variant (suffixed by r), a string
variant (suffixed by S) and a type promoting variant without suffix. The full matrix of comparison functions thus looks
like:

1t, ltr, 1ti,
gt, gtr, gti,

leqi,

A few examples:

stratego> <1t> (1.0, 2)
(1.000000000000000e+00, 2)
stratego> <lts> ("1", "2")
("iv, m2m

stratego> <gegS> ("2", "2")
(n2m,m2m)

stratego> <gtr> (0.9, 1.0)

The maximum and minimum of a two-element tuple of numbers can be found with the max and min strategies,
respectively. These do not distinguish between real and integers. However, they do distinguish between numbers and
strings; maxS and minS are applicable to strings.

o> <max> (0.9, 1.0)

stratego> <min> (99, 22)

22

stratego> <minS> ("99", "22")
"22"

Some other properties of numbers, such as whether a number is even, negative or positive, can be be tested with the
strategies even, neg and pos, respectively.

2.3. Other Operations

The modulus (remainder) of dividing an integer by another is provided by the mod strategy. gcd gives the greatest
common divisor of two numbers. Both mod and gcd work on a two-element tuple of integers. The 1og2 strategy can
be used to find the binary logarithm of a number. It will only succeed if the provided number is an integer and that
number has an integer binary logarithm.

stratego> <mod> (412,123)
43
stratego> <gcd> (412,123)
1

(continues on next page)
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(continued from previous page)

stratego> <log2> 16
4

2.4. Random Numbers

The library provides a strategy for generating random numbers, called next-random. The algorithm powering
this random generator requires an initial “seed” to be provided. This seed is just a first random number. You can
pick any integer you want, but it’s advisable to pick a different seed on each program execution. A popular choice
(though not actually random) is the number of seconds since epoch, provided by t ime. The seed is initialized by the
set-random-seed strategy. The following code shows the normal idiom for getting a random number in Stratego:

stratego> time ; set-random-seed
[]

stratego> next-random
1543988747

The random number generator needs only be initialized with a seed once for every program invocation.

2.5. Summary

In this chapter, we saw that Stratego is different from many other languages in that it does not provide the normal
arithmetic operators. We saw that instead, strategies such as add and mul are used to add and multiply numbers. We
also saw which strategies to use for comparing numbers and generating random numbers.

The module term/integer contains strategies for working with numbers. Refer to the library reference documen-
tation for more information.

13.2.3 3. Lists

This chapter will introduce you to the basic strategies for working with lists. The strategies provide functionality for
composing and decomposing, sorting, filtering, mering as well as constructing new abstractions from basic lists, such
as associative lists.

Every value in Stratego is a term. This is also the case for lists. You can write the list 1, 2, 3 as Cons (1, Cons (2,
Cons (3,Nil) ) ), which is clearly a term. Fortunately, Stratego also provides some convenient syntactic sugar that
makes lists more readable and easy to work with. We can write the same list as [1, 2, 3], which will be desugared
internally in the the term above.

3.1. Making heads and tails of it

The most fundamental operations on lists is the ability compose and decompose lists. In Stratego, list composition on
“sugared” lists, that is, lists written in the sugared form, has some sugar of its own. Assume xs is the list [1,2, 3].
The code [0 | xs] will prepend a O to it, yielding [0,1,2,3]. List decomposition is done using the match operator. The
code ! [0,1,2,3] ; 2I[ylys] will bind y to the head of the list, 0, and ys to the tail of the list, [1, 2, 3].

The module collection/list contains a lot of convenience functions for dealing with lists. (collection/
list is contained in the 1ibstratego-1ib library.) For example, the strategy e lem will check if a given value
is in a list. If it is, the identity of the list will be returned.
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Continuing on the above Stratego Shell session, we can exercise some of the other strategies:

stratego> <length> [1,2,3,4,5]
5

stratego> <last> [5,6,7,8,9]

9

stratego> <reverse> [1,2,3,4,5]

[5,4,3,2,1]

There are two strategies for concatenating lists. If the lists are given as a tuple, use conc. If you have a list of lists,
use concat:

stratego> <conc> ([1,2,31,14,5,61,107,8,9])
[1,2,3,4,5,6,7,8,9]
stratego> <concat> [[1,2,3]1,14,5,61,[7,8,91]

[112I3I4I51 61718I9J

The sublist of the first n elements can be picked out with the take ( |n) strategy:

stratego> <take(|3)> [1,2,3,4,5]
[1,2,3]

Finally, the fetch (s) strategy can be used to find the first element for which s succeeds:

stratego> <fetch(?2)> [1,2,3]
2

The Stratego library contains many other convenient functions, which are documented in the API documentation.

3.2. Sorting

The list sorting function is called gsort (s), and implements the Quicksort algorithm. The strategy parameter s is
the comparator function.

stratego> <gsort(gt)> [2,3,5,1,9,7]
[9I7I5I3I2I1]

3.3. Associative Lists

Stratego also has library support for associative lists, sometimes known as assoc lists. There are essentially lists of
(key, value) pairs, and work like a poor man’s hash table. The primary strategy for working with these lists is
lookup. This strategy looks up the first value associated with a particular key, and returns it.

stratego> <lookup> (2, [(1, "a"), (2, "b"), (3, "c")]) => "b"

3.4. Pairing Lists

The library also contains some useful strategies for combining multiple lists. The cart (s) strategy makes a Cartesian
product of two lists. For each pair, the parameter strategy s will be called. In the second case below, each pair will be
summed by add.
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stratego> <cart (id)> ([1,2,31,1[4,5,61)
[(1,4),(1,5),(1,6),(2,4),(2,5),(2,6),(3,4),(3,5),(3,6)]
stratego> <cart (add)> ([1,2,3]1,[4,5,61)
[5,6,7,6,7,8,7,8,9]

Two lists can be paired using zip (s) . It takes a tuple of two lists, and will successively pick out the head of the lists
and pair them into a tuple, and apply s to the tuple. zip is equivalent to zip (id).

stratego> <zip> ([1,2,3],14,5,6])
[(1,4),(2,5),(3,6)]

stratego> <zip(add)> ([1,2,31,1[4,5,61)
[5,6,7]

The inverse function of zip is unzip.

stratego> <unzip> [(1,4),(2,5),(3,6)]
([1,2,31,04,5,6])

There is also unzip (s) which like unzip takes a list of two-element tuples , and applies s to each tuple before
unzipping them into two lists.

3.5. Lightweight Sets

In Stratego, lightweight sets are implemented as lists. A set differs from a list in that a given element (value) can only
occur once. The strategy nub (also known as make—set) can be use to make a list into a set. It will remove duplicate
elements. The normal functions on sets are provided, among them union, intersection, difference and equality:

stratego> <nub> [1,1,2,2,3,4,5,6,6]
[1,2,3,4,5,6]

stratego> <union> ([1,2,3],1[3,4,5])
[1,2,3,4,5]

stratego> <diff> ([1,2,31,13,4,5])
[1,2]

stratego> <isect> ([1,2,3]1,1[3,4,5])
[3]

stratego> <set-eg> ([1,2,31,I[1,2,31])
([1,2,31,101,2,31)

3.6. Transforming Lists

Element-wise transformation of a list is normally done with the map (s) strategy. It must be applied to a list. When
used, it will apply the strategy s to each element in the list, as shown here. It will return a list of equal length to the
input. If the application of s fails on one of the elements map (s) fails.

stratego> <map (inc)> [1,2,3,4]
[2,3,4,5]

mapconcat (s) is another variant of the element-wise strategy application, equivalent to map (s) ; concat. It
takes a strategy s which will be applied to each element. The strategy s must always result in a list, thus giving a list
of lists, which will be concatenated. A slightly more convoluted version of the above mapping.

If we want to remove elements from the list, we can use filter (s). The filter strategy will apply s to each
element of a list, and keep whichever elements it succeeds on:
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stratego> < lter (22 ; '6)> [1,2,3,2]
[6,6]
tratego> <mapconca t(\ x —> [ <inc> x ] \)> [1,2,3,4]

3.7. Folding from the Left and Right

List folding is a somewhat flexible technique primarily intended for reducing a list of elements to a single value. Think
of it as applying an operator between any two elements in the list, e.g. going from [1,2, 3, 4] to the result of 1 +
2 + 3 + 4. If the operator is not commutative, that is x <op> vy is not the same as y <op> x, folding from the
left will not be the same as folding from the right, hence the need for both foldl and foldr.

The foldr (init, oper) strategy takes a list of elements and starts folding them from the right. It starts after
the rightmost element of the list. This means that if we use the + operator with foldr on the list [1,2, 3,41, we
get the expression 1 + 2 + 3 + 4 +, which obviously has a dangling +. The strategy argument init is used to
supply the missing argument on the right hand side of the last plus. If the init supplied is id, [] will be supplied
by default. We can see this from the this trial run:

stratego> <foldr>(id, debug)

~

~

t
(4
(3
(2
(1
(1

~

~

With this in mind, it should be obvious how we can sum a list of numbers using foldr:

stratego> <foldr (!0, add)> [1,2,3,4]
10

The related strategy foldl (s) works similarly to foldr. It takes a two-element tuple with a list and a single
element, i.e. ([x | xs], elem). The folding will start in the left end of the list. The first application is s on
(elem, x),as we can see from the following trial run:

atego> <foldl (debug)> ([1,2,3,41, 0)
0)
, (1,0))
(2, (1,0)))
(3, (2,(1,0))))
(3, (2, (1,0))))

Again, summing the elements of the list is be pretty easy:

stratego> <foldl (add)> ([1,2,3,41, 0)
10

3.8. Summary

In this chapter we got a glimpse of the most important strategies for manipulating lists. We saw how to construct and
deconstruct lists, using build and match. We also saw how we can sort, merge, split and otherwise transform lists. The
strategies for associative lists and sets gave an impression of how we can construct new abstractions from basic lists.

More information about list strategies available can be found in the collections/1list module, in the library
reference documentation.

13.2. The Stratego Library 225



http://releases.strategoxt.org/docs/api/libstratego-lib/libstratego-lib-docs-stable/docs/
http://releases.strategoxt.org/docs/api/libstratego-lib/libstratego-lib-docs-stable/docs/

Spoofax Documentation, Release 2.5.16

13.2.4 4 Strings

4.1. Basic String Operations

Strings, like all other primitive data types in Stratego, are terms. They are built with the build (!) operator and matched
with the match (?) operator. Additional operations on and with strings are realized through strategies provided by the
Stratego library. The most basic operations on strings provided by the library are concatenation, length computation
and splitting. We will discuss operation each in turn.

The library provides two variants of the string concatenation operation. The first, concat-strings, takes a list of
strings and returns the concatenated result. The second, conc-strings takes a two-element tuple of strings and
returns the concatenated result:

stratego> <concat-strings> ["foo", "bar", "baz"]
"foobarbaz"

stratego> <conc-strings> ("foo", "bar")

"foobar"

Once you have a string, you may want to know its length, i.e. the number of characters it contains. There are two
equivalent strategies for determining the length of a string. If you come from a C background, you may favor the
strlen strategy. If not, the st ring-1length strategy may offer a clearer name.

The final basic operation on strings is splitting. There is a small family of closely related strategies for this, which
all do simple string tokenization. The simplest of them is string-tokenize (| sepchars). It takes a list of
characters as its term argument, and must of course be applied to a string.

stratego> <string-tokenize(|["' '])> "foo bar baz"
["fOO", “bar", "baZ"]

Another strategy in the tokenizer family is string-tokenize—-keep-all (| sepchars). It works exactly like
string-tokenize (| sepchars), except that it also keeps the separators that were matched:

stratego> <string-tokenize-keep—-all(|[' "])> "foo bar baz"
["fOOH’" ","bar"’" ","baZ"]

4.2. Sorting Strings

Even if you don’t maintain a phone directory, sorting lists of strings may come in handy in many other enterprises.
The strategies string-sort and string-sort-desc sort a list of strings in ascending and descending order,
respectively.

stratego> !["worf", "picard", "data", "riker"]
["worf", "picard", "data", "riker"]
stratego> string-sort

["data", "picard", "riker", "worf"]

stratego> string-sort-d

["worf","riker", "picard", "data"]

If you only have two strings to sort, it may be more intuitive to use the string comparison strategies instead. Both
string-gt and string-1t take a two-element tuple of strings, and return 1 if the first string is lexicographically
bigger (resp. smaller) than the second, otherwise they fail.

stratego> <string-gt> ("picard","data")
1

stratego> <string-1t> ("worf","data")
command failed
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Not directly a sorting operation, string-starts—-with (|pre) is a strategy used to compare prefixes of strings.
It takes a string as the term argument pre and must be applied to a string. It will succeed if pre is a prefix of the
string it was applied to:

stratego> <strings

starts-with(|"wes")> "wesley"
"wesley"

4.3. Strings and Terms

We already said that strings are terms. As with terms, we can also deconstruct strings, but we cannot use normal
term deconstruction for this. Taking apart a string with explode—-string will decompose a string into a list of
characters. We can then manipulate this character list using normal list operations and term matching on the elements.
Once finished, we can construct a new string by calling implode-string. Consider the following code, which
reverses a string:

stratego> !"evil olive"

"evil olive"

stratego> explode-string
[i101,118,105,108,32,111,108,105,118,101]
stratego> reverse
[101,118,105,108,111,32,108,105,118,101]
strate

jo> implode-string
"evilo live"

This explode-string, strategy, implode—-string idiom is useful enough to warrant its own library strategy,
namely string-as-chars (s). The code above may be written more succinctly:

stratego> <string-as-chars (reverse)> "evil olive"

"evilo live"

Sometimes, in the heat of battle, it is difficult to keep track of your primitive types. This is where is—-string
and is—char come in handy. As you might imagine, they will succeed when applied to a string and a character,
respectively. A minor note about characters is in order. The Stratego runtime does not separate between characters and
integers. The is—char must therefore be applied to an integer, and will verify that the value is within the printable
range for ASCII characters, that is between 32 and 126, inclusive.

Finally, it may be useful to turn arbitrary terms into strings, and vice versa. This is done by write-to-string and
read-from-string, which may be considered string I/O strategies.

stratego> <write-to-string> Foo (Bar())
"Foo (Bar)"

stratego> read-from-string

Foo (Bar)

4.4. Strings and Numbers

Another interplay between primitive types in Stratego is between numbers and strings. Converting numbers to strings
and strings to numbers is frequently useful when dealing with program transformation, perhaps particularly partial
evaluation and interpretation. Going from numbers to strings is done by int-to-stringand real-to-string.
Both will accept reals and integers, but will treat is input as indicated by the name.

stratego> <int-to-string> 42.9
"42"

(continues on next page)
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(continued from previous page)

stratego> <real-to-string> 42.9

"42.899999999999999"

The resulting number will be pretty-printed as best as possible. In the second example above, the imprecision of
floating point numbers results in a somewhat non-intuitive result.

Going the other way, from strings to numbers, is a bit more convoluted, due to the multiple bases available in the string
notation. The simplest strategies, st ring-to-real and string-to-int, assume the input string is in decimal.

stratego> <string-to-real> "123.123"
1.231230000000000e+02

stratego> <string-to-int> "123"

123

For integers, the strategies hex-string-to-int, dec-string-to-int, oct-string-to-int and
bin-string-to-int can be used to parse strings with numbers in the most popular bases.

13.2.5 5 Hashtables and Sets

5.1. Hashtables

The rewriting paradigm of Stratego is functional in nature, which is somewhat contradictory to the imperative nature
of hashtables. Normally, this doesn’t present any practical problems, but remember that changes to hashtables “stick”,
i.e. they are changed by side-effect.

The Stratego hashtable API is pretty straightforward. Hashtables are created by new-hastable and destroyed by
hashtable-destroy.

stratego> import 1lib

new—hashtable => h

1e(136604296)

The result Hashtable (136604296) here is a handle to the actual hashtable. Consider it a pointer, if you will. The
content of the hashtable must be retrieved with the hashtable—x strategies, which we introduce here. The strategy
hashtable-copy can be used to copy a hashtable.

Adding a key with value to the table is done with hashtable-put ( |k, v), where k is the key, v is the value.
Retrieving the value again can be done by hashtable—get (|k).

stratego> <hashtable-put (|"one", 1)> h
Hashtable (136604296)

stratego> <hashtable-get (|"one")

1

The contents of the hashtable can be inspected with hashtable-values and hashtable-keys.

Nesting is also supported by the Stratego hashtables. Using hashtable-push (| k, v), anew “layer” can be added
to an existing key (or an initial layer can be added to a non-existing key). Removing a layer for a key can be done with
hashtable-pop (k).

stratego> <hashtable-push("one",2)> h
Has e (136604296)

stratego> <hashtable-get ("one")> h
[2,1]

stratego> <hashtable-pop(|"one")> h

(continues on next page)
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jo> <hashtable—-get (|"one")> h

0> <hashtable-remove (|"one")> h

5.2. Indexed Sets
The library provides a rather feature complete implementation of indexed sets, based on hashtables. A lightweight
implementation of sets, based on lists, is explained in the chapter on lists.

Similar to hashtables, indexed sets are created with the new—1iset strategy, copied with i set—copy and destroyed
with iset-destroy.

stratego> new-iset => i
IndexedSet (136662256)

The resulting term, IndexedSet (136662256), is a handle to the actual indexed set, which can only be manipu-
lated through the iset—x strategies.

Adding a single element to a set is done with iset-add(|e), whereas an entire list can be added with the
iset-addlist (|es). Its elements can be returned as a list using iset-elements.

addlist (][1,2,3,4,41)> 1

£ (136662256)
str Yefe} iset—-elements
[1,2,3,4]

Notice that the result is indeed a set: every value is only represented once.

Using iset—get—-index (|e), the index of a given element e can be found. Similarly, iset-get-elem(|1i)
is used to get the value for a particular index.

stratego> <iset-get-index (|3)>
2

stratego> <iset-get-elem(|3)> i
4

Note that the indexes start at 0.

The set intersection between two sets can be computed with the iset—isect (|set2) strategy. The strategy
iset—-union (| set2) calculates the union of two sets, whereas iset—-subset (| set2) checks if one set is a
subset of another. Equality between two sets is checked by iset—eq (|set2). These strategies are all used in a
similar way:

stratego> <iset-eqg(|set2)> setl

A single element can be removed from the set with iset-remove (|e). iset-clear will remove all elements
in a set, thus emptying it.

13.2.6 6 1/0

This chapter explains the strategies available in the library for controlling file and console I/O.
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The need for traditionally file I/O is somewhat diminished for typical applications of Stratego. Normally, Stratego pro-
grams are designed to work together connected by Unix pipes. The programs employ io-wrap (or similar strategies)
that automatically take care of the input and output.

The primitive layer of Stratego I/O inherits its characteristics from Unix. The basic I/O strategies recognize the special
files stdout, stdin and stderr. Streams are opened by fopen and closed with fclose On top of this, a
collection of more convenient strategies have been built.

6.1. Console I/O

The basic strategies for console I/O print and printnl are used to write terms to stdout or stderr (or any
other opened file). They both take a tuple. The first element of the tuple is the file to write to, the second is a list of
terms. Each term in the list be converted to a string, and and these strings will be concatenated together to form the
resulting output. The printnl will also append a newline to the end of the resulting string.

The following module should be compiled with stre, as usual.

module example
imports libstratego-1lib
strategies
main =
<print> (stdout, ["baz"])
; <printnl> (stdout, [ "foo", 0, "bar" 1)

After compiling this file, running it will give the following result:

$ ./example
bazfoolObar
$

Notice how the string baz will be written without a newline (or other space). Also, notice how the terms in the list
argument were concatenated.

When using these strategies in the Stratego Shell, some care must be taken when using the st d« files, as the following
example shows.

stratego> <printnl> (stdout(), [ "foo", 0, "bar" 1)

The shell requires that you put an extra parenthesis after the st dout.

The debug and error are convenience wrappers around printnl. They will always write their result to stderr.
The error strategy is defined as:

error =

where (<printnl> (stderr, <id>))

It is used similarly to the printnl strategy:

stratego> <error> ["foo", 0, "bar"]

The debug strategy accepts any term, i.e. not only lists of terms. The term will be written verbatim:

stratego> <debug> [ "foo", 0, "bar" ]
["fOOH’ O, "bar"]
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6.2. Path and Directory Operations

The library provides a small set of simple file and directory manipulation operations. Assume the directory /tmp only
contains the files foo, bar, baz. Elementary directory operations can be done as illustrated below:

stratego> <readdir> "/tmp"
["fOOH, "bar", "baZH]

stratego> <rename-file> ("/tmp/foo", "/tmp/bax")
"/tmp/bax"

stratego> <remove-file> "/tmp/baz"

[]

stratego> <link-file> ("/tmp/bar", "/tmp/foo")
"/tmp/foo"

stratego> <link-file> ("/tmp/bar", "/tmp/foo")
"/tmp/foo"

stratego> <new-temp-dir> "/tmp"

"/tmp/StrategoXTnsGplS"

The library contains a family of strategies which must be applied to a F'i 1e, and will return information about it. these
include isdir, isatty, isfifo and islnk which are predicates checking if a file is a directory, TTY, FIFO or
a symbolic link, respectively. To obtain a File object in the first place, we should call file-exists followed by
filemode. Thus, checking if /etc is a directory is done as follows:

stratego> <file-exists ; filemode ; isdir> "/etc"

The library also has another family of strategies for getting information about files. These must be applied to a string
containing the filename. The family includes i s—executable, is-readable and is-writeable.

stratego> <is-executable> "/bin/bash"
"/bin/bash"

Finally, the directory strategies also include the usual suspects for dealing with paths.

stratego> <is—abspath> "../foo"

co aind failed

stratego> <dirname> "/foo/bar/baz"
"/foo/bar"

stratego> <base-filename> "/foo/bar/baz"
"baZ"

stratego> <get-extension "/tmp/foo.trm"
"trm"

stratego> <abspath> "../foo"
/home/karltk/source/oss/stratego/strategoxt-manual/trunk/../foo

There are also a few strategies for finding files. We shall describe find-file (s). The other variants of
find-file are described in the library documentation. The strategy find-file (s) finds one file with a spe-
cific file extension in a list of directories. It takes a two-element tuple. The first element is a file name as a string, then
second element is a list of paths, i.e. (£, [d*]). The extension of £ will be replaced by what is produced by s, and
the directories given in [dx]. Consider the code below.

stratego> <find-file(!"rtree")> ("file.str", ["."])

This snippet will consider the filename £ile. str, replace its extension with rt ree and look through the directories
in the list ["."]. Effectively, it will search for file. rtree in the current directory.
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6.3. File and Text I/0

Opening a file is done with the fopen strategy. It takes a two-element tuple, the first element is the filename as a
string, the second is the open mode, which is also a string. The most important modes are read (r); write (“w”) which
opens and empty file for writing, truncating any existing file with the same name; and append (a) which appends to
the file if it already exists. After all file operations stream have been finished, it should be closed with fclose, which
will flush and close the file. Explicit flushing can also be done with £ f1ush.

It should be pointed out that reading and writing text files with Stratego is rather rare. Normally, text files are read with
a parser generated from an SDF description and written using a pretty-printer defined in the Box formalism. In rare
cases, this may turn out be too heavy handed, especially if the file format is simplistic and line-based. In this instance,
we can come up with an easier solution using read-text—-file and read-text—-line.

Assume the file /tmp/foo contains the following lines:

one

cChree

We can read this file in one big chunk into a string with the read-text—file strategy, which must be applied to a
filename:

stratego> <read-text-file> "/tmp/foo"
"one\ntwo\nthree\n"

Alternatively, for example if the file is large, we can read it line by line. In this scenario, we must open the file and get
a handle to a stream.

stratego> <fopen> ("foo.txt", "r") => inp
tream(136788400)

ratego> <read-text-line> inp
6.4. Term 1/O

The primary form of file I/O you will be using in Stratego is reading and writing terms. As explained earlier, the terms
are stored on disk as either binary, compressed text or plain text ATerms. Reading a term, no matter which storage
format, is done with the ReadFromFile strategy. It is applied to a filename.

stratego> <ReadFromFile> "/tmp/foo.trm"
Foo (Bar)

To write a term to file, you can use WriteToTextFile or WriteToBinaryFile. The binary format is approx-
imately eight times more space-efficient on average. Both strategies take a two-element tuple where the first element
is the filename and second is the term to write. Writing the current term requires a minor twist, which is shown here:

go> <WriteToBinaryFile> ("/tmp/bar.trm", <id>)

It is also possible to read and write terms from and to strings, using read-from-string and
write-to—-string. The chapter on Strings contains explanation of how these strategies work.
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6.5. Logging

The strategies for logging are used pervasively throughout the Stratego toolchain. They are easy to use in your own
applications, too. The logging system is built on top of the log (| severity, msg) and log(|severity,
msg, term) strategies. It is possible to use these directory, as the following example demonstrates.

stratego> import util/log
stratego> log(|Error (), "my error")

However, it is preferable to use the high-level wrapper strategies fatal—-err-msg (|msg), err-msg ( |msg),
warn-msqg (|msg) and notice-msg (|msg). Except for fatal-err-msg, these strategies will return with the
current term untouched, and write the message as a side effect. The fatal-err-msg strategy will also terminate
the program with error code 1, after writing the message.

13.3 Concrete Syntax in Stratego Transformations

When writing language-to-language transformations in Stratego, it is possible to use different approaches, for example,
writing AST-to-AST transformations. However, to write such transformations, the language engineer needs to know
the constructors of both languages. Moreover, AST nodes in rules that define such transformations may contain many
nested children, making the work of writing such rules cumbersome and error-prone. Note that Stratego only statically
checks the name and arity of constructors, thus, errors would only be detected when pretty-printing the generated AST
to the target language.

As an example of this approach, the rule below specifies a transformation of a Calc program to a Java program.

program-to-java :
Program(stats) -> CompilationUnit (None ()
[
, [ ClassDeclaration(
[Public ()]
, Id("Program")
, None ()
, None ()
, None ()
, [ MethodbDecl (
[Public (), Static()]
, MethodHeader (
java-type
, Id("eval™)
, NoParams ()
;[
, None ()

, Block (
[ java—-stats=

with
java-type
java-statsx*
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An alternative approach consists of using string interpolation. Instead of generating abstract terms of the target lan-
guage, transformations generate source code directly, interpolating strings with boilerplate code of the target language
and variables defined in the transformation itself. The problem with this approach is that syntax errors in the string
fragments of the target language are not detected statically.

Consider the rule shown previously, rewritten below using string interpolation (the code between $ [ and ]). Note that
if the fragment would contain a typo, the syntax error would only be detected after the code had been generated. Note
also that one can interpolate Stratego variables with the fragment of the target language by escaping them between [
and ].

program-to-java
Program(stats) -> $[public class Program {
public static [Jjava-type] eval() {
[java-stats]

}

with
Jjava-type i=
java-stats

The third option is to use concrete syntax. When using concrete syntax, the transformation is still AST-to-AST but the
AST of the target language is abstracted over using the concrete syntax of the language instead. That is, the concrete
syntax fragment is parsed internally producing an AST, and that AST is resulted from the transformation.

The same rule defined using concrete syntax is shown below. Note that any syntax error in the fragment would in
fact, be detected by the editor, as the fragment is being parsed internally. Moreover, the fragment also has the syntax
highlighting of the target language when shown by the editor.

program-to-java
Program(stats) -> compilation-unit
| [ public class Program {
public static ~type:java-type eval () {
~bstm*: java-statsx*

}

with
java-type r=
java-statsx :=

There are two aspects to consider when enabling concrete syntax inside Spoofax. The first one is being able to write
Stratego transformations with fragments of a target (or source) language. In other words, the first aspect consists of
generating a mixed parse table that embeds the desired target language inside Stratego. The second aspect consists of
including the parse table inside an Spoofax project, adding an additional .meta file to then enable concrete syntax
for a specific Stratego file. Below, we describe both aspects with more detail.

13.3.1 Generating Mixed Parse Tables for a new Language

To generate a mixed parse table that embeds a language inside Stratego, it is necessary to modify the original Stratego
grammar, extending it with the desired language. One problem that may occur when combining the grammars of
two different languages is name clashing, i.e., non-terminals that have the same name in Stratego and the embedded
language. For that reason, the embedding occurs using a modified Stratego grammar, which renames all Stratego
context-free non-terminals using parameterized sorts, avoiding name clashes. Since parameterized symbols are not
supported in SDF3, this grammar is written in SDF2. The StrategoMix grammar can be found here. Inside
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Spoofax, though, it is not necessary to have this grammar copied to a project, as it is automatically imported when
referenced by another grammar file.

Having the StrategoMix grammar as starting point, the next step consists of defining the embedding grammar,
the grammar that actually mixes the two languages. A grammar that embeds one language into another may contain
three types of productions: productions that define quotations for elements of the target language in the host language,
productions that define anti-quotations back to the host language from the target language, and variables, which are
shortcuts to anti-quotations, and may appear inside the target language fragments.

When embedding a language into Stratego, it is common to allow fragments of the host language as Stratego terms.
For that reason, quotation productions are injected into Stratego terms. For example, the productions below, written in
SDF2, indicates that a Java compilation unit can occur in Stratego in a place where a Stratego term can occur.

"compilation-unit"™ "|[" CompilationUnit "] |" -> Term {cons("ToMetaExpr") }
"|[" CompilationUnit "] |" —> Term {cons ("ToMetaExpr")}

Note that the first production with constructor ToMetaExpr explicitly specifies that the inserted fragment consists
of a compilation—unit. That is necessary when defining multiple unnamed fragments (second production) for
different symbols, which might result in ambiguities.

Due to the renaming that occurs in the StrategoMix syntax, we also parameterize the module of the em-
bedding grammar (module EmbeddingGrammar [E]), instantiating the symbol E later on, according to how
StrategoMix is imported. That is, instead of writing the rules above using the symbol Term, we use the pa-
rameter E instead. Therefore, the embedding grammar does not depend on St rategoMix and should only depend
on the grammar of the target language.

"compilation-unit"™ "|[" CompilationUnit "] |" -> E {cons("ToMetaExpr")}
"|[" CompilationUnit "] |" -> E {cons("ToMetaExpr")}

Anti-quotation productions define points to insert elements of the host language inside fragments of the target lan-
guage. For example, with the production below, we allow Stratego terms to occur in a Java fragment whenever a
non-terminal Type can occur.

e E —> Type {cons("FromMetaExpr")}
"~type:" E —-> Type {cons ("FromMetaExpr")}

Note that the constructor FromMetaExpr indicates that productions represent anti-quotations. Furthermore, note
that anti-quotations may also be named after the non-terminal being referenced (e.g., ~type:).

Using anti-quotations might make the fragment of the target language quite verbose. Therefore, it is also possible
to define variables as shortcuts to anti-quotations. For example, the productions below define variables to reference
anti-quotations to Type fragments. That is, instead of reference to a Stratego variable X by using ~t ype : X, one may
name this variable t_1 which corresponds to a variable for a non-terminal Type.

variables
"ti" [079\7]* —> Type

The prefer annotation indicates that in case of an ambiguity, the variable production should be preferred.

Using the three types of productions above, it is possible to specify which fragments one wants to write using concrete
syntax and which symbols may appear inside these fragments as Stratego variables (using anti-quotation or variables
with a specific name).

Finally, it is necessary to define third module Stratego-<LanguageName> that should import the
StrategoMix grammar and the embedding grammar, instantiating their parameters accordingly. This module
should be defined in a file named Stratego-<LanguageName>.sdf and put in the syntax folder so that
Spoofax can locate it and build the mixed table. That is, if we define the third module for our Stratego-Java mixed
grammar:
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module Stratego-Java

imports StrategoMix[StrategoHost]
EmbeddedJava[Term[ [StrategoHost]]]

exports
context—free start-symbols
Module [ [StrategoHost]]

Importing the StrategoMix grammar as StrategoMix [StrategoHost], renames all its context-free sym-
bols to S[[StrategoHost]]. That is, if we want the quotation, anti-quotation and variable productions to
work with Stratego terms, we import the embedding grammar as EmbeddedJava [Term[ [StrategoHost]]].
Note that it is also necessary to redefine the start symbol of the mixed grammar as the new parameterized symbol
Module [ [StrategoHost]].

After defining the embedding grammar and the Stratego—-<LanguageName> module, Spoofax generates the
mixed table inside the t rans folder when rebuilding the project.

13.3.2 Using Mixed Parse Tables to Allow Concrete Syntax

Assuming a mixed parse table has been successfully generated or already exists, the next step is to allow concrete
syntax in transformations using that table. Thus, it is necessary to first copy the mixed table to the project which will
contain Stratego files with concrete syntax. The table needs to be in a folder that can be discovered by the Stratego
compiler, i.e., ideally the t rans folder of the project that contains Stratego files with concrete syntax.

Next, together with the file in which we would like to enable concrete syntax, it is necessary to create a .meta file
with the same name. That is, to enable concrete syntax in a file generate. str, it is necessary to create, in the same
directory, an addition file generate.meta. This file should indicate which mixed table should be used to parse
generate. str. For that reason it should contain:

Meta ([Syntax ("<ParseTableName>")1])

where ParseTableName is the filename of the parse table without extension.

With the configuration above, Spoofax automatically detects that the file contains concrete syntax and use that table
to parse it. In that file, one may write rules containing concrete syntax as defined by the productions in the mixed
grammar.

13.4 Incremental Compilation for Stratego

Warning: This feature has become very unstable in recent releases (2.5.10 and later) and will be replaced by a
better tested rewrite.

Note: This feature is fairly new, please open issues when your build fails or your program has different behaviour
under this build setting.

The Stratego compiler is usually the slowest part in the build of a Spoofax project. To improve on the development
experience, we have added an incremental compilation option for Stratego. This can be opted into by editing the
metaborg.yaml file:
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dependencies:
source:
- org.metaborg:org.metaborg.meta.lang.stratego:${metaborgVersion}
language:
stratego:
build: incremental
format: jar

Your file most likely said nothing of the build, meaning it was on the batch setting. The format was probably on
ctree. If that is the case you will also need to find the provider setting in your ESV files, likely in editor/
Main.esv. Find the ct ree provider setting, it should now be:

provider: target/metaborg/stratego.jar

Note that a clean build using this setting is necessary at first. It will likely take significantly longer than a clean build
using the ct ree format. All subsequent builds should be faster.

As of Spoofax 2.5.7, there are no known limitations to the incremental compilation setting.

13.4.1 Troubleshooting

Eclipse specific “strategy is undefined” issue: If your project was generated by a Spoofax 2.5.11 or older, the project
build path may not be up to date any more. This will result in errors where the compiled strategies are not found. These
errors may look like so:

Caused by: org.metaborg.core.MetaborgException: Invoking Stratego strategy editor-
—outline failed, strategy is undefined

This error would show up once you open an editor for your language once you’ve built your language with the jar
format instead of the ctree format. The solution to the problem is to add the src—gen/ java directory to the build
path in Eclipse. You can do this in the Package Explorer by right-clicking the src-gen/ java directory, selecting
“Build Path”, then selecting “Use as Source Folder”. Then clean, rebuild, and strategies should resolve again.
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cHAPTER 14

DynSem

DynSem is a domain specific language for the concise specification of dynamic semantics of programming languages.

14.1 DynSem Language Reference

This is the root of DynSem’s language reference. The documentation is organized by concept/concern rather than by
syntactic construct.

14.1.1 Modules

DynSem specifications can be split over multiple files. Every file constituted a module. Every module begins with a
module declaration and optionally provides subsections:

module trans/semantics/mymodule

IMPORTS*
SIGNATURE*
RULES~*

The name of the module must consist of the path to its file relative to the root of the project, followed by the file
name without the .ds extension. The example above declares the module mymodule in the file mymodule.ds which is
located at t rans/semantics/ relative to the project root.

Importing modules

Modules can import other modules using one or more imports sections. The module below imports modules A, B and
C, and shows that multiple modules can be imported at once and that an imports section can appear anywhere in the
module:
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module trans/semantics/mymodule

imports
trans/se

antics/A

trans/semantics/B
rules
imports
trans/semantics/C

The semantics of imports are those of the C include directive, i.e. imports are includes and they are transitive. All
signatures and rules defined in (transitively) imported modules are visibile for the importing module. Cyclic imports
are automatically resolved.

Signatures
A module may have any number of signature sections. Signatures are used to declare sorts, constructors, components

and arrows. See Term signatures for defining sorts and constructors, and Signatures of arrows, components and meta-
functions for defining components, arrows and other operations.

Rules

Multiple rules sections are permitted in a DynSem module. Each rule section declares arbitrarily many reduction
rules. See Reduction rules about defining reduction rules and the constructs supported.

14.1.2 Term signatures

The signature section of a DynSem module provides definitions for program terms and for additional entities used in
the specification of a language’s dynamic semantics. We discuss here the subsections of signature which deal with
representation of terms.

Note: For a discussion of signature subsections dealing with operational concepts see Signatures of arrows, compo-
nents and meta-functions.

sorts
Define sorts of program and value terms, separated by white space. For example:

sorts Exprs Stmts

DynSem has a number of built-in sorts and operations on them: String, Int, List, etc. For a complete list
and description of operations available see Built-in data types.

constructors
Define constructors for program and value terms. There are two constructor variants:

regular constructors Define regular constructors. Definitions take the form NAME: {SORT “*” }*
-> SORT, where NAME is the name of the constructor, followed by the sorts of the children of
the constructor, and where the last SORT is the sort of the constructor. Example:
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constructors
Plus: Exprs * Exprs —-> Exprs

implicit constructors Define unary constructors which can be implicitly constructed/deconstructed
in pattern matches and term constructions. For example, the constructor:

constructors
OkV: V —=> O {implicit}

declares the OKV unary constructor. In term constructions where a term of sort O is expected
but a term ¢ of sort V is provided, the constructor OKYV is automatically constructed to surround
term ¢ to become Ok(t). In pattern matches where a term of sort O is provided but a term of sort
V is expected, a pattern match for the term OKV is automatically inserted.

sort aliases
Declare sort synonyms. Sort aliases are useful to define shorthands for composed sorts such as for Maps and
Lists. For example:

sort aliases
Env = Map(String, Value)
SciNum = (Float * Int)

declares Env as a sort alias for Map(String, Value). Wherever the sort Map(String, Value) is used, the alias Env
can be used instead. The example also declares SciNum as a sort alias for the pair of a Float and an Int.

Note: sort-aliases are only syntactic sugar for their aliased sorts and sorts can therefore not be distinguished
based on name. For example if two sort aliases EnvI and Env2 are defined for Map(String, Value) they all become
equal and there is no type difference between Envi and Env2. One can now see Envl = Env2 = Map(String,
Value).

variables
Defines variable prefix schemes. Variable schemes take the form /D = § and express the expectation that all
variables prefixed with ID are of the sort S. A variable is part of the scheme X if it’s name begins with X and
is either followed only by numbers and/or apostrophes, or is followed by _ followed by any valid identifier. For
example given the scheme:

variables
7 : Value

the following are valid variable names: v1, v2, v’, v"°, v1’, v_foo.

Note: Variable schemes can be useful in combination with dynsem implicit reductions to concisely
express the expected sort.

native datatypes
These define datatypes implemented natively (in Java) which can be used inside DynSem specifications.

Error: Not documented
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14.1.3 Reduction rules

Reduction rules are the principal DynSem mechanism to specify relations (reductions) from program terms to values.
Defining rules consists of declaring them as arrows and then giving them implementations as rules.

Signatures of arrows, components and meta-functions

components

Define semantic components. A semantic component has a label and a term type. All uses of the component
will have a term of that type. All semantic components must be declared before use:

signature
components
E : Env

H : Heap

declares the components E and H of types Env and Heap, respectively. The declared components can now be
used in arrow declarations and rules. Each semantic component declaration implicitly introduces a variable
scheme for the component name and type. The example above implicitly introduces the following variable
schemes:

signature
variables
E : Env
H : Heap

for ease of use.

arrows

Declare named reduction relations. Relations in DynSem have to be declared before they are used to define
reductions over them. Declarations take the form S/ -ID-> S2. Such a declaration makes the relation -ID->
(where ID is the relation name) available to reduce terms of sort S/ (input sort) to terms of sort S2 (output sort).
For example, the relation declaration:

signature
arrows
RO* |- Exprs :: RW-IN%* —-eval-> Values :: RW-IN=

declares relation eval to relate terms of the Exprs sort to terms of the Values sort. The declared relation has
read-only components RO* and read-write components RW#*. Component declarations are optional but they
are obeyed. Components associated with arrows are determined by merging the declaration components with
those gathered from use sites of the arrows.

Multiple relations with the same name may be declared as long as their input sorts are different. Relations
cannot be distinguished by their output sort; it is invalid to define two relations with the same input sort, same
name but different output sorts.

Note: It is valid to have multiple identical arrow declarations.

The name-part of the relation declaration may be omitted, such that the following is legal:

signature
arrows

Exprs —-—-> Values
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meta-functions
Define singleton reductions:

signature
arrows

concat (String, String) --> String

which can be read as “define meta-function concat which reduces two terms of sort String to a term of sort
String”. Semantic components may be declared on meta-functions identically to arrow declarations.

native operators
These are natively defined (in Java) operators.

Error: Not documented

Rules

The rules section of a DynSem module is used to specify inductive definitions for reduction relations of program terms.
A rule follows the following scheme:

ROx |- PAT :: RW-IN%x ——> T :: RW-OUT=*
where
PREM+

For example:

E |- Box(e) :: Hh ——> BoxV(addr) :: H h''
where

E |- e Hh ——> : Hh';

o allocate(v) :: H h' ——> addr :: H h'"'

where PAT is a pattern match on the input term of the rule. If the pattern match succeeds the rule applies to the
term and the variables in the pattern PAT are bound in the scope of the rule. RO+ and RW—IN« are optional comma-
separated lists of input semantic components, read-only and read-write, respectively. PREM+ is a semicolon-separated
list of premises that the rule uses to compute the result term T. RW—OUT = is an optional comma-separated list of the
read-write semantic components that are outputed from the rule.

premises
Premises are constructs in a rule used by a rule to reduce the input term to the output term.

relation premises Relation premises apply a reduction of a term to a resulting term. They take the form:

ROx |- T :: RW—IN%x ——> PAT :: RW-OUT=*

RO~ is an optional comma-separated list of read-only semantic components that are propagated into the
target relation. T is a term construction that builds the input term for the target reduction. Examples of
valid term constructions are: variable reference, constructor application, list construction. RW—INx is
an optional comma-separated list of read-write semantic components that are propagated into the target
relation. The elements of RO+ and RW-INx, and T are all term constructions, i.e. may not contain match
symbols or unbound variables. PAT is a match pattern applied to the term resulting after the application of
the arrow ——> to the term T. RW—OUT * is an optional comma-separated list of match patterns applied to
the read-write semantic components emitted by the applied relation.

A concrete example of a relation premise is:
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E|-e :: Hh —> :: H h'!

where the term which variable e holds is reduced over the relation ——> to a term which is stored in variable
v. The term E is a read-only component passed into the reduction. Terms h® and ° "h' pass and match,
respectively the read-write semantic component labeled H.

term equality premise The term equality premise allows checks for equality of two terms. The premise takes
the following form:

Tl == T2

where T1 and T2 are the constructions of the two terms whose equality is asserted. The primary use of the
equality premise is to determine whether whether two bound variables contain terms that match, but can
be used for general purpose equality comparison:

a == b;

1 (17
"hello" == s1;
i1 = 42;

bl == true;

=l

pattern-match premise A pattern matching premise is used to perform pattern matching on terms and to bind
new variables. The syntax of a premise follows the following form:

T => PAT

Where T is a term construction (e.g. variable reference or constructor application), and PAT is the pattern
to match against (such as a constructor, term literal, list). All variables in T must be bound and none of the
variables in PAT may be bound. Examples of valid pattern matching premises are:

I
VvV Vv

Il
\

X O~ W
I
2

=> "Hello";

The pattern matching premise can also be used to bind variables to constructed terms:

42 => x;

Plus (a, b) => plusexp;
"hello" => s1;

["hello", "world"] => s2;

A special @ notation allows variables to be bound in nested pattern matches. For example the following
premise:

exp => Plus (c@Num(_), e@Plus(_, ))

both pattern matches the first and second subterms of P1us and binds variables c and e. More precisely
the variables c and e will be bound to Num and P 1us terms, respectively.

Warning: Non-linear pattern matches are not permitted. For example the following are invalid pattern
match premises:

exp => Plus (e, e);
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because the pattern on the right hand side contains a variable that is already bound (the second occur-
rence of e is bound by the first occurrence). One can express the behavior intended above using the
term equality premise:

av]

lus (el, e2);

el == e2;

exp =>

case pattern matching premise The case pattern matching premise allows behavior to be associated with mul-
tiple patterns. It takes the following form:

case T of {
CASE+

where T is a term construction and CASE+ is a list of cases which may take one the following forms:

PAT =>
PREM=*

otherwise=>
PREMx

The first form is for regular pattern matching cases. An example is:

case fs of {
[f | fs'] =>

where there are two cases for £s, one handling a non-empty list and the other handling an empty list. An
example of the otherwise case is:

Ifz(NumV(ci), el, e2) —-—> v
where
case ci of {
0 =>

el ——>
otherwise =>
2 ——> v

where the otherwise case is handled if none of patterns of the other cases match. A rule may only have one
otherwise case and it must be the last case.

Explication of semantic components

Semantic components are used to carry contextual information through reduction rules. They are typically used to
model variable environments and heaps, but can be used for anything. A cache store can be propagated as a semantic
component for example. There are two kinds of components: read-only (RO) and read-write (RW). The two kinds
differ in how they are propagated through the rules. Reduction rules which do not need a particular component can
ommit mentioning it, it will automatically propagated to/through rules that need it.

We informally describe how components are implicitly propagated. Let the following (quite abstract) module:
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module myspec

signature
sorts

P1 P2 P3

components

<7
XA

o >

X

constructors
fool: P1
P2

. : P2
baz: P3

arrows
P1 ——> Int

P2 ——> Int
—-—> Int

rules
| fool () —-——> 1
where
bar() :: C ——> 1 :: C'
foo2() :: B -—> 99 :: B

bar () —--> baz ()

A |- baz() —-—> 42

Semantic components are explicated in the following phases:
1. Gather explicitly used semantic components per arrow
2. Gather inter-arrow dependencies
3. Explicate components in arrow signatures
4. Explicate components in each rule

Whenever a rule explicitly mentions a semantic component it implicitly declares that the arrow which the rule belongs
to uses that component. That is the case with rule foo2 () : it introduces the dependency on RW component B of arrow
P1 —--> Int. Rulebaz () introduces the dependency of rule P3 —-> Int on RO component A. The premise of
rule fool () introduces a dependency of arrow P1 ——> Int on RO component C, and a dependency of arrow P2
——> Int on RW component C. Note here that one arrow may use a component as RO and (implicitly) pass it to other
rules as RW, and viceversa.

Looking only at explicit uses we can explicate the arrow declarations:

signature
arrows
C |- Pl :: B —-——>1Int :: B
P2 :: C —--> Int C

(continues on next page)
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(continued from previous page)

A P3 ——> Int

For ease of referecing, let us label each arrow with an explicit name:

signature

aArrows
C |-P1l :: B —el-> Int :: B
P2 :: C —-e2-> Int

iy I Pl

We gather the dependencies between arrows: —el-> => -e2->, -e2-> => -e3->. Whenever an arrow —e1->
depends on another arrow —e2—>, the former must provide the required components to the latter, at every invocation.
This means that components are inherited from the arrow it depends on. Looking at inter-arrow dependencies, we can
propagate the components in the arrow declarations:

signature

arrows
c, A | Pl :: B —el-> Int

o

A |- P3 -e3-> Int

After explication of components in arrow declarations is complete, we can explicate their uses in every rule, indepen-
dently:

rules
C, A |- fool() B ——> B
where
A |- bar() -—> i C!
; A I= fooz () B ——> 99 2
A |- bar () -—> baz ()
A |- baz () ——> 42

14.1.4 Built-in data types

DynSem has built-in support for the following types:
e Numbers
* Bool
o String
e List
* Map

o Tuple
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Numbers

Premises on numbers

a==b Equality check. Fails if the two numbers are not equal. a and b may be bound variables or number
literals.

a !=b Inequality check. Fails if the two numbers are equal. a and b may be bound variables or number literals.

a=>b Equivalent to == if b is a number literal. Binds new variable b to the value of a if b is an unbound
variable. Invalid if b is a bound variable.

a =!=>b Equivalent to ! = if b is a number literal. Invalid if b is a variable (bound or unbound).

caseaof { b=>... } Switch-like premise for multiple cases. a must either be a number literal or a bound
variable. b must either be a number literal or an unbound variable.

One can write reduction rules directly on numbers, for example:

module nums

signature
arrows
Int —-inc—-> Int

rules
3 —inc—> 4

Int

The sort Int denotes positive and negative whole numbers, e.g. 3, 99, -49. The range of is the same as Java’s
int range: -2,147,483,648 to 2,147,483,647.

Integers can be typed literally, read or written from variables and matched against. Int terms are coerceable to Float
where needed.

Long

Similar to Inf, except for the range being the same as Java’s long range: -9,223,372,036,854,775,808 to
9,223,372,036,854,775,807.

Long values are coercible to Real where needed.

Float

The sort Float denotes positive and negative decimal numbers, e.g. 3.14, 9.99, —42.42. The range is the same
as Java’s f1loat range. Float inherits the precision of Java’s float.

All Int operations are supported on Float. Note that due to precision issues equality/match checks between decimal
vaues may unexpectedly fail.

Float values are coercible to Real where needed.
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Real

The sort Real denotes large positive and negative decimal numbers. The range is the same as Java’s double.

All Int operations are supported on Real. Note that due to precision issues equality/match checks between decimal
vaues may unexpectedly fail.

Bool

The sort Bool denotes logical values. Values are either t rue or false.
Premises on booleans

a==b Equality check. Fails if the two booleans are not equal. a and b may be bound variables or boolean
literals.

a!=b Inequality check. Fails if the two boolean are equal. a and b may be bound variables or boolean literals.

a=>b Equivalent to == if b is a boolean literal. Binds new variable b to the value of a if b is an unbound
variable. Invalid if b is a bound variable.

a =!=>b Equivalent to ! = if b is a boolean literal. Invalid if b is a variable (bound or unbound).

caseaof { b=>... } Switch-like premise for multiple cases. a must either be a boolean literal or a bound
variable. b must either be a boolean literal or an unbound variable.

There are no built-in logical operations on the sort Bool. One can define meta-functions for these operations, for
example:

module booleans

signature
arrows
ot (Bool) —-> Bool
rules
not (true) —--> false
not (false) —-—> true

One can write reduction rules directly on boolean literals, for example:

module booleans

signature
arrows

rules

true —not-> false

false —not-> true

String

The St ring sort denotes ASCII strings. The maximum length of a string is the maximum size of an Int.
string operations

building: “hello”, “hello world” Builds a string from a literal
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matching: a => “hello”, a =!=> “hello” see == and ! = below
s1 ==s2 Compare strings s1 and s2 for equality. Fail if the strings are not identical.

s1 !=s2 Compare strings s1 and s2 for equality. Fail if the strings are identical.

List

The List terms denote list terms of homogenously typed terms. Use of a list sort must specify the sort of the contained
elements. For example, the following declares a constructor £oo having a list of integers as child:

module lists

signature
sorts
constructors
foo: List (Int) > B

list operations

building: [], [a, b], [a, b | xs] Build an empty list, a list of two elements and a list of two or more elements,
respectively. If a, b and/or xs are variables they must be bound variables. If a is of sort S then b has to be
of sort S and xs must be of sort List (S) or an empty list literal. Empty list literals - [] - are coercible
to any list sort.

Examples of list build premises:

[1 => x

(1, 2, 3] => x

(1, 2 1 []1]1 => %

(1, 2 | [3, 4]1] => x
la, b | [a, b]] => x

matching: [], [a, b], [a, b, ¢ | xs], [_, _ | xs] Matches an empty list, a list of two elements, a list of three or more
elements and a list of two or more elements, respectively. All variables in a list match must be unbound
variables. Variables occuring in the pattern will be bound if the entire pattern match succeeds. If any of a,
b, ¢, xs is a term pattern (i.e. not a variable) then a pattern match will be attempted for that pattern.

Examples of list pattern matching premises:

>

]
—r 7]
]

1, 2]

a, b | [c, d xs]]

ot o ot of ot
I
(VAR

[
[
[
[
[

Il
Vv

11 ==12 Check lists 11 and 12 for equality. Two lists are equal if they are of the same type, they have the
same length and being element-wise equal. Premise fails if the two lists are not equal.

11 !=12 Check lists 11 and 12 for inequality. See above for a definition of list equality. Premise fails if
the two lists are equal.
indexed access: 11[idx] Retrieves the element at index idx in the list 11. Fails if the index is out of bounds.

concat: 11 ++ 12 Concatenates two lists of the same type: if the type of 11 is List (S), then the type of 12
has to be List (S), unless 12 is an empty list literal. The elements in the 12 list will be appended, in
order, to the elements of 11.
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reverse: ‘11 Reverses the list 11. Example:

‘[, 2, 31 // = [3, 2, 1]
L /=]
{1, 2, 3| "4, 511 // => 1[4, 5 3, 2, 1]

One may write reduction rules directly on list literals, but the type of the list has to be explicitly specified:

module lists

signature
arrows
List (Int) —empty—-> Boo
rules
[1 : List(Int) -empty-> true
[_]_] : List(Int) -empty-> false
Map

The sort Map denotes associative arrays, or dictionaries. A use of the map sort must declare the types of keys and the
type of values. The following declares the sort Env as an alias to the sort mapping strings to integers:

signature
sort aliases
Env = Map(String, Int)

Note: Maps are immutable. Adding or removing entries from a map does not modify the existent map, instead it
creates a new map.

map operations

building: {}, {k1 |-> v1}, {kl1 |-> vl, k2 |->v2,...} Build an empty map, a map with one entry and a map
with multiple entries, respectively. All appearing variables must be bound. All keys must be of the same
type, and all values must be of the same type. Results in a new map, the old map is unmodified.

extending: {k1 [-> v1, map}, {map, k1 |-> v1} Extend the map represented by variable map with a new bind-
ing from key k1 to value v1. Entries on the left map replace entries with the same key on the right.
Multiple additions can be performed at once: {k1 |-—> v1, map, k2 |-—> v2}. This is equiv-
alent to writing: {k1 |--> v1, {map, k2 |--> v2}}. Multiple maps can be merged into one:
{mapl, map2, map3}. Again, the left entries replace the right entries. It is equivalent to writing:
{mapl, {map2, map3}}. The resultis always a new map, the old map(s) remain(s) unmodified.

removing: mapl \ k1 Return a new map containing all entries in map map1 except for the entry with key k1.
Fails if map1 has no entry for key k1. Map mapl remains unmodified.

access: mapl[kl] Return the value associated with key k1 in map map1. Fails if mapl does not have an entry
for key k1.

contains: map1[k1?] Check whether map map1l has an entry for key k1. Return true if an entry exists,
false otherwise.

matching Pattern matching is not possible on maps

Defining rules directly on maps is possible, but the type of the map has to be explicitly specified in the rule:
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signature
arrows
Map (String, Int) —-global-> Int
rules
m : Map(String, Int) —-global-> m["global"]
Tuple

The Tuple sort denotes pairs of terms of arbitrary (higher than 0) arity. Tuple sort usages must be accompanied by
declarations of the types of their elements. For example:

signature
sort aliases

T = (S1 % S2 * S3)

declares sort T to be an alias of the 3-tuple of terms of type S1, S2 and S3, respectively.
tuple operations

building: (t1, t2,...) Build a tuple literal. All variables appearing in the construction must be bound. If the
types of children t1, t2, ... are S1, S2, ..., respectively, then the type of the resulting tuple is (S1 =
S2 x ...).

matching: (p1, p2, p3) Match a term against a 3-tuple pattern. The patterns p1, p2, p3 are matched against
the respective child of the incoming tuple. A tuple pattern match succeeds if the term matched is a tuple
of equal arity and if the sub-pattern matches succeed. Variables appearing in the pattern must be unbound.
Variables appearing in the pattern will be bound if the pattern match succeeds.

It is possible to define rules directly on tuple literals, but the type of the tuple has to be explicitly specified in the rule:

signature
arrows
(Bool * Bool) —-or—-> Boo
rules
(true, ) : (Bool =
(_, true) : (Bo«

(false, false)

14.1.5 Configuration file

The dynsem.properties file specifies configuration parameters for the DynSem interpreter and interpreter gener-
ator. Such a file is required for every project from which a DynSem-based interpreter will be derived. The
dynsem.properties file should be present at the root of the language project. If no properties file can be found a
warning will be reported in every DynSem editor for that language.

dynsem.properties
source.language = SIMPL Name of the language. May be any valid Java identifier
source.version = 0.1 Version of the language/semantics. Any valid version, e.g. 1.2.3 is permitted.
source.mimetype = application/x-simpl (optional) mime type for files of this language

source.table = target/metaborg/sdf.tbl (optional) path to parse table for programs in the language.
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source.startsymbol = Prog Start symbol for parsing programs of this language.
source.initconstructor.name = Program Constructor name of the term where program reduction begins.
source.initconstructor.arity = 1 Arity of the reduction entry-point constructor.

interpreter.fullbacktracking = false (optional) Enable full backtracking support in the interpreter. If full back-
tracking is disabled, once the interpreter descends into a reduction premise it is committed to successfully
applying one of the rules for that reduction. If full backtracking is enable, the interpreter treats the inability
to apply successfully apply a reduction as a regular failure of a pattern match and bails out of the currently
evaluated rule to attempt others. In this case, currently evaluated rules are peeled off until a succeeding
alternative is found, or the top-level rule is peeled off and the interpreter halts.

interpreter.safecomponents = false (optional) Enables safe semantic components operations. If enabled, all
semantic component operations that write or yield a null semantic component will cause the interpreter to
halt immediately. The same is enforced for referencing a variable which has not been bound. Enabling
safe components is a good way to catch bugs in rules with multiple branches.

interpreter.termcaching = false (optional) Enables inline caching of terms and pattern matching results. This
can be make a performance difference for programs which are longer running or contain loops. Caching
is disabled by default. When enabled every term construction whose subterms are constant will be fetched
from a cache instead of recomputed.

interpreter.vimargs = (optional) Customize arguments passed to the JVM. For example setting this option to
-ea will enable assertions in the running JVM. The arguments passed should not be surrounded by quotes.

project.path = ../simpl.interpreter/ Path to the interpreter project. The path must be eithe relative to the lan-
guage project or absolute.

project.groupid = org.metaborg Maven Group Identifier for the interpreter project.
project.artifactid = simpl.interpreter Maven Artifact Identifier for the interpreter project.

project.create = true (optional) Enable generation of an interpreter project and associated launch configura-
tion. Defaults to false. When enabled, during generation of the interpreter a project will also be generated
including all required directories. A pom.xml file will also be created. The project will not be automati-
cally imported in the Eclipse workspace. The generator will also create a launch configuration which can
be used in Eclipse.

project.clean = true (optional) Enable cleaning of the target project before writing files. Defaults to false.

project.javapackage = simpl.interpreter.generated (optional) Package to contain all generated Java classes.
Defaults to GROUPID.ARTIFACTID.interpreter.generated.

project.nativepackage = simpl.interpreter.natives Package name for manually implemented interpreter
nodes

project.preprocessor = org.metaborg.lang.sl.interpreter.natives.DesugarTransformer (optional) Fully
qualified class name of a custom program pre-processor. The pre-processor will be invoked on the
program AST prior to evaluation. Defaults to the identity transformation. See IdentityTransformer for an
example.

project.ruleregistry = org.metaborg.lang.sl.interpreter.natives.SLRuleRegistry (optional) Fully qualified
class name of a manually implemented rule registry. Languages which do not provide hand-written rules
in Java need not have a custom rule registry. See SLRuleRegistry from the SL language for an example.

project.javapath = src/main/java (optional) Path relative to the interpreter project where Java code will reside.

project.specpath = src/main/resources/specification.aterm (optional) Path in interpreter project for the
DynSem specification file.

project.tablepath = src/main/resources/parsetable.tbl (optional) Path in interpreter project for parse table

14.1. DynSem Language Reference 253


https://github.com/metaborg/dynsem/blob/master/org.metaborg.meta.lang.dynsem.interpreter/src/main/java/org/metaborg/meta/lang/dynsem/interpreter/terms/ITermTransformer.java#L16
https://github.com/MetaBorgCube/metaborg-sl/blob/master/org.metaborg.lang.sl.interp/src/main/java/org/metaborg/sl/interpreter/natives/SLRuleRegistry.java

I L N v

T

Spoofax Documentation, Release 2.5.16

14.2 DynSem tutorials

The following DynSem tutorials are available:

14.2.1 Getting started

This guide will get you started with DynSem to specify the dynamic semantics of your language. You’ll be guided
through:

1. Your first DynSem module

Context-free semantics
Context-sensitive semantics
Conditional semantics

Semantic libraries using meta-functions
Semantics of functions

Get ready for interpretation

Call into Java code

o ® N A » N

Run a program

Note: DynSem is actively developed and this guide requires features only available in the bleeding edge DynSem.
To follow along this tutorial it’s best to have the latest Spoofax 2.3.0 nightly build installed.

The SIMPL language

This guide is centered around a very simple language we call SIMPL. The SIMPL code is kept in a GitHub SIMPL
repository. We start with a basic definition (in SDF3) of concrete syntax which covers arithmetic expressions:

context—-free start-symbols
Exp

context—-free syntax

Exp.Lit = <<KINT>>

Exp.Plus = <<Exp> + <Exp>> {left}
Exp.Minus = <<Exp> - <Exp>> {left}
Exp.Times = <<Exp> » <Exp>> {left}
Exp = <(<Exp>)> {bracket}

Note that terms of the sort Exp are start symbols for SIMPL programs.

Your first DynSem module

We create the main DynSem module named frans/simpl in the file trans/simpl.ds:

module trans/simpl

imports
src—-gen/ds-signatures/simpl-sig
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The module imports the abstract syntax definitions (term signatures) which is generated from the concrete syntax
definition:

module ds-signatures/simpl-sig
imports ds-signatures/Common-sig
signature
sorts
Exp
constructors
Lit : INT -> Exp
Plus : Exp * Exp —-> Exp
Minus : Exp x Exp —> Exp
Times : Exp * Exp —-> Exp

Importing these makes the sorts and constructors available to the rest of the modules. We extend module trans/simpl
with definitions for value sorts and for the main reduction relation:

module trans/simpl

imports
src—gen/ds-signatures/simpl-sig

signature
sorts

constructors
NumV: Int —-> V
arrows
Exp ——> V

variables

We declared constructor NumV which will be used to represent numerical value terms. We also declare reduction
relation Exp ——-> V from Exp terms to values V, and a variable scheme for variables named v. For details about
the signature section of DynSem specification see the Term signatures and Signatures of arrows, components and
meta-functions.

Context-free semantics

We specify reduction rules for SIMPL constructs that do not depend on the evaluation contexts (such as environments).
These are number literals, and simple arithmetic operations. The reduction rules are given in a big-step style:

rules
Lit (s) —-—> NumV (parseI(s)).

Plus(el, e2) —-> NumV(addI(il, i2))

where
el —=> NumV (il);
e2 ——> NumV (i2).

The first rule specifies that literal terms such as 42 whose abstract syntax is of the form Lit ("42") evaluate to Numv
terms. The second rule specifies the semantics of the addition expressions of the form P1us (el, e2) inductively
on the default reduction relation. First the expression el is reduced and the expectation is that it reduces to a Numv
term. Variable il is bound to the integer value surrounded by the resulting NumV term. This is captured in the first
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premise of the reduction rule. Similarly, the reduction of the right expression of the addition is captured in the second
premise. The conclusion of the rule composes the two integers to a NumV term.

In the rules above, parseI and addI are native operators which we provide the functionality of parsing a string into
an integer, and of adding two integers, respectively. We provide the signatures for these when we look at Call into
Java code.

Note: Dissimilar to regular big-step style rules, premises in DynSem are ordered. The P1us rule above states that
the left expression will be evaluated first and the right expression second.

The rules for subtraction and multiplication proceed similarly:

Minus (el, e2) —-> NumV (subI (il, 1i2))
where

el ——> NumV (il);

e2 —-=> NumV (i2).
Times (el, e2) ——> NumV (mulI(il, i2))
where

el ——> NumV (il);

e2 ——> NumV (i2).

In all three rules seen so far (P1us, Minus, Times ) the reductions for the subexpressions can be specified implicitly:

Plus (NumV (il), NumV (i2)) --> NumV (addTI (il
NumV (11), NumV (i I
(i

)
2)) ——=> NumV (s
V(il), NumV(i2)) —--> NumV (n

Specifying the reductions and term expectations implicitly allows rules to be written more concisely without creating
ambiguities.

Note: Implicit reductions are applied in left-to-right order and expand to the explicit form of the rules.

Context-sensitive semantics

We define SIMPL language constructs whose semantics depend on the evaluation context. First we extend the syntax
definition of SIMPL with let-expressions:

context-free syntax
Exp.Let = <let <ID> = <Exp> in <Exp>> {non-—-assoc}
Exp.Var = <<ID>>

This accepts expressions that bind and read variables. An example of a such a program is:

let x = 40 in x + 2

We expect the program above to evaluate to NumV (42) and extend the semantics of SIMPL with the following
definitions:

signature
sort aliases
Env = Map(String, V)

(continues on next page)
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(continued from previous page)

components
E : Env
rules
E |- Let(x, el, e2) —-—> v2
where
E el ——> vl;
E {x |-—> vl, E} |- e2 ——> v2.
E |- Var(x) —-——> E[x].

The signature sort aliases subsection defines Env as an alias for an associative array from String to
V. We use this associative array as the evaluation context for variables - variable environment. The signature
components subsection defines E as a semantic component of type Env. This labelled component (which in our
case holds an environment) will be propagated downwards in the evaluation tree.

Looking at the first rule, it reduces a Let term to a value by first reducing the variable expression in the surrounding
environment and then reducing the body expression in the updated environment. The variable environment E is
received into the reduction rule together with the Let expression to be reduced, and it is propagated downwards in the
evaluation tree of the premises. Updates to the environment are not visible upwards in the evaluation tree. The second
rule reduces Var expressions to the value associated with the variable name in the variable environment.

Note: Terms left of the | — symbol are called read-only semantic components.

Although we have extended SIMPL with context-sensitive constructs we do not have to modify the reduction rules
which are context-independent. DynSem reduction rules do not need to explicitly propagate semantic components
that they do not depend on.

We illustrate the principle of implicit propagation by further extending SIMPL with mutable variable boxes:

context-free syntax

Exp.Box = <box (<Exp>)>
Exp.Unbox = <unbox (<Exp>)>
Exp.Setbox = <setbox (<Exp>, <Exp>)>

This accepts programs that use mutable variables. The Box expression allocates a new box on the heap and puts the
result of the expression in the box, evaluating to a box value. The Unbox expression reads the value inside the box
provided by the argument expression. The Setbox expression puts the value of the second expression inside the box
provided by the first expression. For example, a valid program could be:

let b = box(40) in setbox (b, unbox(b) + 2)

We extend the DynSem specification with the following signature and reduction rules for box operations:

signature
constructors
BoxV: Int —-> V
sort aliases
Heap = Map(Int, V)
components
H : Heap

rules
Box(e) :: H —--> BoxV(addr) :: Heap {addr |--> v, H'}
where

(continues on next page)
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e :: H-—>v :: H";
fresh => addr.

Unbox(e) :: H —-—> H'[addr] :: H'
where
e :: H ——> BoxV(addr) :: H'.

Setbox(box, e) :: H ——> v :: Heap {addr |--> v, H''}
where
box :: H —-—> BoxV(addr) :: H';
t: H' =——> v :: H''.

where BoxV is a new SIMPL value representing the address of a box in the heap H. The Box reduces to a BoxV value
by reducing the subexpression to a value, obtaining a new unoccupied address using the fresh primitive. It extends
the incoming Heap with a new entry for the evaluated expression at the new address. The Unbox rule reduces the
subexpression to a box value and looks up the associated value in the H.

Note: Terms to the right side of : : symbol are called read-write semantic components. They are woven through the
evaluation tree and updates to them are made visible upwards in the evaluation tree.

Similarly to the addition of the /ez-expression, extending with a heap structure and mutable variables does not require
changing the existing reduction rules. Rules do not have to explicitly mention (or handle) read-write components
which they do not depend on.

Conditional semantics

We illustrate how to specify the semantics of a conditional language construct by introducing an i £z expression in
SIMPL. Extend the syntax definition of SIMPL with the following:

context-free syntax
Exp.Ifz = <ifz <Exp> then <Exp> else <Exp>>

The ifz expression executes the then expression if the condition expression evaluates to 0, or executes the else
expression otherwise. An example of a valid SIMPL program is:

let iszero = a —-> ifz(a) then 1 else 0
in iszero (42)

We extend the semantics with the following DynSem rule:

rules
Ifz (NumV(ci), el, e2) ——>
where
case ci of {
0 =>
el ——> v
otherwise =>

e2 ——>

The condition expression is first evaluated to a NumV. The two cases of interest are handled using the case pattern
matching premise (Rules).
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Semantic libraries using meta-functions

To keep reduction rules concise and simple it is useful to introduce layers of abstraction over common semantic
operations. For example, in the case of SIMPL we can abstract away from much of the operations that depend on
the variable environment and the heap. Instead of directly manipulating the heap and environment in the reduction
rules of the SIMPL expressions one can define meta-functions to encapsulate heap and environment operations. The
meta-functions introduced can be reused in all places where access to the environment or heap is required.

Note: Meta-functions declarations are 2-in-1 auxiliary constructors and relation declaration used for library abstrac-
tions. They benefit from implicit propagation of semantic components just like regular reduction rules. See Signatures
of arrows, components and meta-functions for details on how they are declared.

To create the abstractions we first define a module to hold the sort declaration for V and the variable scheme v:

module trans/runtime/values

signature
sorts

variables

Note: Read about variable schemes in the dynsem_reference_signatures section.

These declarations can be imported in the rest of the specification. We define the environment meta-functions:

module trans/environment

imports
C KEHSS/KUNT, ‘lfﬂi\/v{illl(i S

signature
sort aliases
Env = Map(String, V)
components
E En
arrows
bindVar (String, V) --> Env
readVar (String) —-—> V
rules
E |- bindVar(x, v) ——> {x |-——> v, E}.
E |- readvVar(x) -—> E[x].

And declare the bindVar and readVar meta-functions which update the environment with a new binding and read
the associated value, respectively. Note in the highlighted declaration lines the ——> arrow marking the constructor
declaration as meta-functions. Similarly, define meta-functions for heap operations:
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module trans/runtime/store
imports

trans/runtime/values
signature

sort aliases
Heap = Map(Int, V)

components
H : Heap

arrows
read (Int) ——> 1\
allocate (V) —--> Int
write(Int, V) —-—> V

rules

read(addr) :: H —-—> H[addr].

allocate(v) —--> addr
where
fresh =>

write(addr, v) --—>

write(addr, v) :: H ——> v :: H {addr |--> v, H}.

And declare meta-functions allocate, read, write, which create a box, read the contents of a box and update
the contents of the box, respectively. Note that since the allocate rule does not access the Heap locally it can be
left implicit. We can use the meta-functions to re-specify the semantics of the context-sensitive SIMPL constructs:

rules
Let (x, vl1, e2) ——> v2
where
E bindVar(x, vl1) | ez2 ——> v2.
Var (x) —-—-> readVar (x).

By using the semantic abstractions over the environment the rules become more concise and do not depend on specific
implementations. Note that because the environment does not have to be explicitly propagated the rules can rely on
implicit reductions. The rules above automatically expand to their fully explicated variants. During the expansion first
the implicit reductions are lifted:

rules
Let (x, vl1, e2) —-——> v2
where
bindvar (x, vl) --> E';
E' |- e2 ——> v2.
Var (x) —--—> v
where

Secondly the semantic components (read-only and read-write) are explicated:
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rules

o Let (x, vl1, e2) ——> v2

where
E |- bindvVar(x, vl) --> E';
EY O e2 ——> v2.

E |- Var(x) —-—>

where
E |- readvVar(x) --> v

Note: The performance of derived interpreters is not adversely affected by the introduction and use of meta-functions.

Rules for boxes can be re-specified in a similar way to those for environments:

rules
Box (v) ——> BoxV(allocate(v)).

Unbox (BoxV (addr)) —--> read(addr) .

Setbox (BoxV (addr), v) —--> write(addr,v).

Semantics of functions

We grow SIMPL with functions. Functions will be first class citizens SIMPL but will only take a single argument (will
be unary). We define syntax for function declaration and application:

context—-free syntax
Exp.Fun = [[ID] -> [Expl]
<<Exp> (<Exp>)> {left}

Exp.App

Now programs such as the following are syntactically correct in SIMPL:

let sum = a -=> b -> a + b
in sum(40) (2)

From an execution perspective we expect the above program to evaluate to NumV (42) by first applying function sum
to number 40 which evaluates to a function which is applied to number 2. Functions are only associated to names
via the let-expression, so annonymous functions literals are allowed. The program below is equivalent to the program
above:

(a => b -> a + Db) (40) (2)

From a dynamic semantics point of view we add a new type of value - C1osV - which closes a function body over its
declaration environment. A function application reduces the function expression to a ClosV and the application of
the closure body to the argument:

signature
constructors
ClosV: String x Exp * Env —-> 1
rules
E | Fun(x, e) —--> ClosV(x, e, E).

(continues on next page)
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Get ready for interpretation

To get a functioning interpreter derived from a DynSem specification one has to go through the following steps:
1. A reduction entry-point
2. Configure the interpreter generator

3. Generate interpreter components

A reduction entry-point

The SIMPL interpreter must have a clearly defined entry point. The entry point is a reduction rule over a relation
named —-init—>. The relation named —init—> should satisfy all semantic components of the arrows it applies. By
default —init—> is the relation invoked by the interpreter at startup. First we extend the syntax definition with a
constructor for the top-level of a program:

context—free start-symbols
Prog

context—-free syntax
Prog.Program = Exp

Term of sort Prog are top-level terms in SIMPL and reduction of a program should start at the only one possible -
Program.

signature
arrows
Prog —-init-> V

rules
Program(e) init-> v
where
EAY |- e 2 HA{} —> v :: H

We extend the DynSem specification with a declaration of the arrow —init—-> reducing terms of sort Prog to a
value. Program is the only term of sort Prog and we specify its reduction to value. This reduction rule introduces
initial values for the variable environment E and for the heap H.

Configure the interpreter generator

To configure the interpreter generator with the specifics of SIMPL you will need a dynsem.properties file:

Note: The dynsem.properties file must be located in the root directory of the SIMPL language project, not the
interpreter project
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# the name of the language. may not contain hyphens
source.langname = simpl

# version of this language
source.version = 0.1

# start symbol to use for parsing programs 1in this language
source.startsymbol = Prog

# constructor name/arity of reduction entry point
source.linitconstructor.name = Program
source.initconstructor.arity =1

# path to interpreter project, absolute or relative to the language project
project.path = ../simpl.interpreter/

# (optional) enable/disable creation of the target project
project.create = true

# (optional) enable/disable cleaning of the target project before writing files
project.clean = true

# groupid & artifactid for the interpreter project
project.groupid = org.metaborg
project.artifactid = simpl.interpreter

# package name for manually implemented interpreter nodes
project.nativepackage = simpl.interpreter.natives

The first fragment (lines 1-3) configures the language name, a version identifier and the MIME-TYPE. Line 5 config-
ures the path to the parse table for SIMPL, relative to the project, which will be copied into the interpreter project. Line
6 configures the start symbol used to parse SIMPL programs and it has to be one of the start symbols specified in the
syntax definition. Lines 7-8 specify the constructor name and arity to be used as the entry point for the evaluation. It is
expected that an —init—> rule is declared for this term. For SIMPL the top-level term and rule are the ones defined
in A reduction entry-point.

The third fragment (lines 10-15) sets parameters for the target interpreted project. project.path gives the path
to the interpreter project. This must be a path relative to the language project, in this case to the SIMPL project.
The project.clean flag indicates whether the target generation directory should be recursively removed (clean
compilation target) before generation. If this property is not mentioned in dynsem.properties, it defaults to false. For
a detailed explanation of all valid properties consult the Configuration file reference.

Generate interpreter components

An interpreter derived from a DynSem specification relies on components that are generated from the specification.
This generation project happens on-demand. Ensure that the SIMPL language project is built and that you have the
SIMPL interpreter project open in the Eclipse workspace. Open the top-level DynSem specification file - simpl.ds -
and select . Observe that files have been placed into the SIMPL interpreter project:
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¥ 5 src/mainfjava
v i s.i.generated
» [J] BenchmarkRunner.java
> 1] simplLanguage.java
> (] simplTermRegistry.java
> ] Types.java
> 5 s.i.g.terms
> i s.i.g.t.build
> 5 s.i.g.t.match
[5) .gitignore
¥ (% src/mainfresources
[5) .gitignore
= parsetable.tbl
& specification.aterm
» =i, JRE System Library [JavaSE-1.8]
» =\ Maven Dependencies
> é.%target/generated -sources/annotations
» (= .settings
P iysrc
b (=target
|X| .classpath
= .factorypath
|3 .gitignore
X .project
v} pom.xml

The src/main/java directory contains the SIMPL-specific generated term library. The src/main/resources directory
contains the SIMPL parse table (parsetable.tbl) and an interpretable form of the DynSem specification (specifica-
tion.aterm).

Note: At this stage it is normal that the project contains Java errors about the missing simpl.interpreter.natives
package. We will populate this package with native operations (see Call into Java code). If other errors are reported
make sure you have enabled and configured annotation processing:
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@ [ ] Properties for simpl.interpreter
type filter text [ x] Annotation Processing v v v
> X - . ) .
Re.source Enable project specific settings Configure Workspace Settings...
Builders
Git Select Annotation Processing Mode

Java Build Path
> Java Code Style
» Java Compiler

o Automatically configure JDT APT (builds faster, but outcome may differ from Maven builds)

Experimental : Delegate annotation processing to maven plugins (for maven-processor-plugin only)

> Java Editor Do not automatically configure/execute annotation processing from pom.xml
Javadoc Location
V¥ Maven Other Options

Annotation Processing

Lifecycle Mapping
Project References
Run/Debug Settings

Disable processing in editor

Task Tags
> Validation
Restore Defaults Apply
@ Cancel (SIS

Warning: If the entry is not available it means you propbably do not have the M2E-APT Eclipse plugin installed.
Install it from the Eclipse Marketplace and try again to configure the project by selecting in the window pane
opened by selecting .

Call into Java code

Many times a semantics for a language will depend on operations whose specification/implementation will reside
outside of the formal specification. In the case of the SIMPL language such operation are the conversion of a string
representation of a number to a number literal, arithmetic operations, and the fresh address generator. More complex
languages will require interactions with existent systems such as application of library functions. DynSem sepcifica-
tions can interact with specification-external (native) operations by means of native operators. Although we
have used native operators for arithmetic operations in SIMPL, this guide has so far ommitted their signature declara-
tion:

signature

native operators
el: String -> Int
Int = Int —-> Int
) Int %= Int > Int
mulI: Int %= Int —-> Int

Line 3 declares the parseI native operator which takes one argument of type St ring and produces an Int. For a
detailed explanation of the native operators signature section consult the 7erm signatures page.

We now provide an implementation for parseI and for addI. Create the package simpl.interpreter.natives. This
package has to be same as the one specified in the target . nat ivepackage property in Configure the interpreter
generator. Inside the package create an abstract class named " parseI_1:
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package simpl.interpreter.natives;
import org.metaborg.meta.lang.dynsem.interpreter.nodes.building.TermBuild;

import com.oracle.truffle.api.dsl.NodeChild;
import com.oracle.truffle.api.dsl.Specialization;
import com.oracle.truffle.api.source.SourceSection;

@NodeChild (value = "stringbuild", type = TermBuild.class)
public abstract class parseI_ 1 extends TermBuild {

public parseI_1 (SourceSection source) {
super (source) ;

@Specialization
public int doInt (String s) {
return Integer.parselnt(s);

public static TermBuild create (SourceSection source, TermBuild stringbuild) {
return parsel_1NodeGen.create (source, stringbuild);

The class name parseI_1 is required: it’s the name of the constructor (parsel) followed by _ and its arity (/).
The class extends DynSem’s TermBuild class which corresponds to DynSem fragments that construct terms.
The @NodeChild annotation is a Truffle annotation declaring a child to our class, named stringbuild of the
TermBuild type. This child corresponds to the sole argument of the parseI constructor.

The class is abstract as we rely on Truffle’s annotation processor to generate a concrete class named
parsel_1NodeGen. The method declaration at line 17 implements the business logic of the parseI node. It
receives one argument corresponding to the evaluated st ringbuild child and relies on the Java standard library to
parse the string to an integer.

The method declared on line 21 is a factory method instantiating the generated subclass of parseI_1. The generated
language specific library uses this method to obtain instances of the parseI_1 term build.

In a similar way create an implementation for the addI native operator with arity 2:

package simpl.interpreter.natives;
import org.metaborg.meta.lang.dynsem.interpreter.nodes.building.TermBuild;

import com.oracle.truffle.api.dsl.NodeChild;

import com.oracle.truffle.api.dsl.NodeChildren;
import com.oracle.truffle.api.dsl.Specialization;
import com.oracle.truffle.api.source.SourceSection;

@NodeChildren ({ @NodeChild (value = "left", type = TermBuild.class),
@NodeChild (value = "right", type = TermBuild.class) })
public abstract class addI_2 extends TermBuild {
public addI_2 (SourceSection source) {

super (source) ;

@Specialization

(continues on next page)
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public int dolInt (int left, int right) {
return left + right;
}

public static TermBuild create (SourceSection source, TermBuild left,
TermBuild right) {
return addI_2NodeGen.create (source, left, right);

The significant difference to parseT is that addI has two children. Using the @NodeChildren Truffle annotation
multiple child fields can be specified, in this case 1eft and right. Both of the children are expected to evaluate to
integers, expectation made explicit in the method declaration of line 19. The factory method of line 23 receives two
children arguments, reflecting the arity of the addI constructor. The SIMPL interpreter project should have no errors
once all required native operators are defined.

Note: The implementation for the other native operators used by SIMPL can be found in the repository at tags/native-
operators.

Run a program

After following through the previous steps the SIMPL interpreter is ready to be imported into the workspace and begin
to evaluate programs. Before continuing import the generated interpreter project into the workspace by .

Create a simple program and save it as simple/examples/ex1.smpl:

let sum = a -—> b -> a + b
in sum(40) (2)

A launch configuration for the interpreter project has automatically been generated. It can evaluate files that are
selected or open in Eclipse. Either select the ex/.smpl file in the Package Explorer or open it in the editor. With focus
on the example file, evaluate it by selecting , select in the left hand side pane and select the simpl launch configuration.

Press . Observe the result of evaluating the program in the Console view.

14.2.2 Run an interpreter as a daemon
Interpreters derived from DynSem specifications can be run as daemons. They run as a background process which

accepts client requests for program evaluation. Running interpreters in the background significantly reduces the startup
time of the interpreter.

Requirements

The daemon mode uses Nailgun for Java to launch background processes and make requests. On OS X you can install
Nailgun using Homebrew:

brew install nailgun
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Launching an interpreter daemon

If you have enabled generation of the interpreter project in dynsem.properties:

project.create = true

upon generation of an interpreter three files will be generated in the root of the interpreter project. Assuming your
language is named simpl these files will be:

e simpl-server
o simpl-client
 simpl (Daemon).launch

Launch an interpreter daemon by running the simpl-server shell script or by launching the simpl (Daemon) launch
configuration from Eclipse. To quit the daemon simply quit the process or run the stop command from a shell:

’ng ng—-stop

To evaluate a program you can either use the simpl-client:

’./simplfclient yourprogram. smpl

or invoke the ng command:

’ng simpl yourprogram.smpl

Warning: Nailgun daemon are not secure. For more information see the Nailgun website

14.2.3 Testing & continuous integration

You have a Spoofax language which has a dynamic semantics in DynSem and you want to automate building and
testing of the derived interpreter. This guide will take you through the necessary steps.

Enable JUnit test suite generation

DynSem can automatically generate a JUnit test harness which automatically runs all your tests. To enable generation
you need to add a few extra properties in dynsem.properties:

# associated file extensions (comma-separated)
source.extensions = smpl

# (optional) Enable generation of a JUnit test suite
project.generatejunit = true

# (optional) Specify path to deposit the JUnit test suite into
project.testjavapath = src/test/java

# (optional) Specify the path to the test files
project.testspath = src/test/resources

Line 2 specifies the file extensions for the language. SIMPL only allows smpl. Your language can support multiple by
giving a comma-separated list.

Line 4 enables automatic generation of the JUnit Test Suite. The package in which the test suite will
be placed depends on the other properties in the configuration file. It is a concatenation of properties:
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[project.groupid].[project.artifactid].generated.test. For SIMPL the fully qualified name of the generated JUnit
Suite will be org.metaborg.simpl.interpreter.generated.test.

Line 6 specifies the directory in which the JUnit test suite will be placed. The directory structure corresponding to
the package will automatically be created. If the property is not given the default is project .test javapath =
src/test/java

Line 8 specifies the directory in which the test programs reside. If the property is not given the default is project.
testspath = src/test/resources.

With the above additions the dynsem.properties file becomes:

# the name of the language. may not contain hyphens
source.langname = simpl

# version of this language

source.version = 0.1

# associated file extensions (comma-separated)
source.extensions = smpl

# start symbol to use for parsing programs in this language
source.startsymbol = Prog

# constructor name/arity of reduction entry point
source.initconstructor.name = Program
source.initconstructor.arity = 1

# path to interpreter project, absolute or relative to the language project
project.path = ../simpl.interpreter/

# (optional) enable/disable creation of the target project
project.create = true

# (optional) enable/disable cleaning of the target project before writing files
project.clean = true

# groupid & artifactid for the interpreter project
project.groupid = org.metaborg
project.artifactid = simpl.interpreter

# package name for manually implemented interpreter nodes
project.nativepackage = simpl.interpreter.natives

# (optional) Enable generation of a JUnit test suite
project.generatejunit = true

# (optional) Specify path to deposit the JUnit test suite into
project.testjavapath = src/test/java

# (optional) Specify the path to the test files
project.testspath = src/test/resources

We regenerate the interpreter project by invoking . The SIMPL interpreter the project structure now is:
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v -':':'::-> simpl.interpreter [simpl master 1]
> % src/main/java
> (% src/main/resources
v (3 src/test/java
v £ org.metaborg.simpl.interpreter.generated.test
b |J] Testsimpl.java
b (73 > src/test/resources
> =\ JRE System Library [JavaSE-1.8]
b =i, Maven Dependencies
> ® target/generated-sources/annotations
V%> src
.y main
-5 > test
b [(=target
(] pom.xml
| simpl.launch
| Testsimpl.launch

Note the generation of the Testsimpl Java class and the Testsimpl.launch. The latter is an Eclipse launch configuration
for the test suite. We could already run the test suite but without any tests it would instantaneously succeed.

Create test programs

To create tests we create a 3-tuple for every program consisting of:
1. the program file
2. (optional) the input to the program
3. the expected output of the program

As an example consider the following program in SIMPL:

"hello world"

We save this program in a file named helloworld.smpl and place it in the tests directory. From the semantics of SIMPL
expect this program to evaluate to StringV (hello world) so we create the expected output file:

’ StringV (hello world)

We name it helloworld.output (note the .output file extension) and save it next to the program file - hel-
loworld.smpl.

We similarly add a test program which calculates the factorial of 7:

let
recf = box(-1)
in {
let
f = box(
->
ifz(n)

(continues on next page)
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(continued from previous page)

then 1

else {

let
newn = n - 1

(n * unbox (recf) (newn))

)
in {
setbox (recf, unbox (f))
;unbox (f) (7)

And its expected output:

NumV (5040)

We save these files as factorial.smpl and factorial.output.

If your programs consumes user input you can create a . input file containing the input to be served to the program.

Run tests

We can now run the SIMPL tests. In Eclipse, select , select in the left hand side pane and select the Testsimpl launch
configuration. Press . The JUnit view opens and we can observe the test results:

5= Outline gu JUnit 5 g° &Rl @ iy =8
Finished after 0.923 seconds

Runs: 2/2 @ Errors: O B Failures: 0

v Eorg.metaborg.simpI.interpreter.generated.test.Testsimpl [Runner: J
¥ HE[O0: factorial.smpl] (0.676 s)
t£/testEagerEvallO: factorial.smpl] (0.676 s)
v a1 helloworld.smpl] (0.084 s)
tE/testEagerEval[ 1: helloworld.smpl] (0.084 s)

Tests can also be run from CLI using Maven. To do this, open a console and change into the interpreter project -
simpl.interpreter. At the prompt run mvn test:

[INFO] —--- maven-surefire-plugin:2.19.1:test (default-test) @ simpl.interpreter --—-

Running org.metaborg.simpl.interpreter.generated.test.Testsimpl
Tests run: 2, Failures: 0, Errors: 0, Skipped: 0, Time elapsed: 1.278 sec - in org.
—metaborg.simpl.interpreter.generated.test.Testsimpl

(continues on next page)
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(continued from previous page)

Results
Tests run: 2, Failures: 0, Errors: 0, Skipped: O
[INFO] ————m oo oo e

[INFO] BUILD SUCCESS
[INFO ] — o e e e

Build your language from CLI

We now have a language project and an interpreter project for SIMPL. We can run tests from CLI. But we cannot yet
generate an interpreter from CLI. To achieve this we need to modify the language project build configuration.

We contribute the following goal to the pom.xml file of the SIMPL language:

<build>
<plugins>
<plugin>
<groupId>org.metaborg</groupIld>
<artifactId>spoofax-maven-plugin</artifactId>
<version>S$ {metaborg-version}</version>
<extensions>true</extensions>
<executions>
<execution>
<phase>verify</phase>
<goals>
<goal>transform</goal>
</goals>
</execution>
</executions>
<configuration>
<language>ds</language>
<goal>Generate interpreter</goal>
<fileSets>
<fileSet>
<directory>${basedir}/trans</directory>
<includes>
<include>simpl.ds</include>
</includes>
</fileSet>
</fileSets>
</configuration>
</plugin>
</plugins>
</build>
<dependencies>
<dependency>
<groupId>org.metaborg</groupIld>
<artifactId>org.metaborg.meta.lang.esv</artifactId>
<type>spoofax—language</type>
<version>${metaborg-version}</version>
</dependency>
<dependency>
<groupId>org.metaborg</groupIld>

(continues on next page)
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(continued from previous page)

<artifactId>org.metaborg.meta.lang.template</artifactId>
<type>spoofax—-language</type>
<version>${metaborg-version}</version>

</dependency>

<dependency>
<groupId>org.metaborg</groupId>
<artifactId>meta.lib.spoofax</artifactId>
<type>spoofax—-language</type>
<version>$ {metaborg-version}</version>

</dependency>

<dependency>
<groupId>org.metaborg</groupId>
<artifactId>org.metaborg.meta.lib.analysis</artifactId>
<type>spoofax—-language</type>
<version>$ {metaborg-version}</version>

</dependency>

<dependency>
<groupId>org.metaborg</groupId>
<artifactId>dynsem</artifactId>
<type>spoofax—-language</type>
<version>$ {metaborg-version}</version>

</dependency>

</dependencies>

Line 23 is the only SIMPL-specific entry, it needs to point to the main DynSem file of the language. By convention
this must always be LANGNAME.ds. This addition instructs Maven to run the Generate Interpreter transformation
on simpl.ds during the veri fy phase of the build.

After this addition, issuing mvn verify inthe SIMPL language project causes the interpreter project to be generated
after the language is built. We can run now the SIMPL interpretation tests by issuing mvn test in the SIMPL
interpreter project.

At this stage the language project can be built and the interpreter can be generated and tested, all from the command
line using Maven.

Continuous integration with Travis CI
We now put wire everything together such that the SIMPL interpreter is built and tested on Travis CI for every pushed
commit. The Travis build must take the following actions:

1. Checkout source from Git

2. Build the language project

3. Generate the interpreter project

4. Build the interpreter

5. Run the tests

Firstly, we create a Shell script (file name travis-build.sh) that orchestrates the build steps:

#!/bin/bash

set -ev

cd STRAVIS_BUILD_DIR/simpl

mvn -Pstandalone install

cd STRAVIS _BUILD _DIR/simpl.interpreter
mvn test
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The $STRAVIS_BUILD_DIR variable is bound in the Travis CI build environment and points to the root of the Git
repository. The script first builds, tests and installs the language project. During the verify phase the interpreter project
will be generated. It then builds and tests the generated interpreter project. The —Pstandalone parameter instructs
Maven to activate the standalone repository profile (yet to be created).

Secondly, we create a .travis.yml configuration file:

language: java
before_script:

— echo "MAVEN_OPTS='-server -Xms512m -Xmx1024m —-Xsslém'" > ~/.mavenrc
script: ./travis-build.sh

cache:
directories:
- SHOME/ .m2

jdk:
- oraclejdk8

There’s nothing SIMPL specific here. We specify additional parameters (bigger heap, larger stack) for the building
VM; instruct Travis that it should cache the Maven repository; and that the build should happen in an Oracle JDK 1.8.
And of course we link the previously created build script.

Thirdly, if we were to try it out on Travis the build would be broken failing to download the Metaborg dependencies.
We need to add an additional Maven repository profile (the standalone profile) to the language projects so that it can
find the Metaborg dependencies during the build. We add the following to both pom.xml files:

<profiles>
<profile>
<id>standalone</id>
<repositories>
<repository>
<id>metaborg-release-repo</id>
<url>http://artifacts.metaborg.org/content/repositories/releases/</url>
<releases>
<enabled>true</enabled>
</releases>
<snapshots>
<enabled>false</enabled>
</snapshots>
</repository>
<repository>
<id>metaborg-snapshot-repo</id>
<url>http://artifacts.metaborg.org/content/repositories/snapshots/</url>
<releases>
<enabled>false</enabled>
</releases>
<snapshots>
<enabled>true</enabled>
</snapshots>
</repository>
<repository>
<id>spoofax—-eclipse-repo</id>
<url>http://download.spoofax.org/update/nightly/</url>
<layout>p2</layout>
<releases>
<enabled>false</enabled>
</releases>

(continues on next page)
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(continued from previous page)

<snapshots>
<enabled>false</enabled>
</snapshots>
</repository>
</repositories>
<pluginRepositories>
<pluginRepository>
<id>metaborg-release-repo</id>
<url>http://artifacts.metaborg.org/content/repositories/releases/</url>
<releases>
<enabled>true</enabled>
</releases>
<snapshots>
<enabled>false</enabled>
</snapshots>
</pluginRepository>
<pluginRepository>
<id>metaborg-snapshot-repo</id>
<url>http://artifacts.metaborg.org/content/repositories/snapshots/</url>
<releases>
<enabled>false</enabled>
</releases>
<snapshots>
<enabled>true</enabled>
</snapshots>
</pluginRepository>
</pluginRepositories>
</profile>
</profiles>

This adds the Metaborg repositories (both releases and snapshots) 