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Die Teilnehmenden des Workshops

Vorwort

Seit 1984 veranstaltet die Gl-Fachgruppe ,Programmiersprachen und Rechenkonzepte” jedes Frihjahr
einen Workshop im Physikzentrum Bad Honnef. Das Arbeitstreffen ist eine wichtige Plattform fir In-
formatikerinnen und Informatiker zum Erfahrungsaustausch, der Diskussion, zum Netzwerken und zur
Vertiefung von Kontakten. Vorgestellt werden Vortrdge und Demonstrationen sowohl zu abgeschlosse-
nen als auch laufenden Arbeiten, darunter Themen wie

» Sprachen, Sprachparadigmen

+ Korrektheit von Entwurf und Implementierung
» Werkzeuge

+ Software-/Hardware-Architekturen

+ Spezifikation, Entwurf

Validierung, Verifikation

Implementierung, Integration
+ Sicherheit (Safety und Security)
* eingebettete Systeme

+ hardware-nahe Programmierung

In diesem Tagungsband wurden Beitrdge des 40. Workshops aufgenommen, der vom 28. bis 30.
April 2024 stattfand. Die Autorinnen und Autoren reichten Zusammenfassungen ihrer Beitrdge genauso
wie komplette Artikel ein. Auf dem Programm standen alle Kernthemen des Gebietes, unter anderem
Semantik, Compiler, Doménen & Paradigmen, Sprachen & Engineering, Syntax & IDEs und Interpreter.
AuBerdem wurden Prototypen von Werkzeugen demonstriert.

Wir danken allen Teilnehmenden, die den Workshop mit ihren Vortrédgen, Abstracts, Papers und lebendi-
gen Diskussionen aufs Neue zu einem interessanten und aufschlussreichen Ereignis machten. Ein
besonderer Dank gilt den Mitarbeitenden des Physikzentrums Bad Honnef, die auch am Sonntag durch
ihnre umfassende Betreuung fir eine angenehme und anregende Atmosphéare gesorgt haben.

Daniel Holle, Jens Knoop, Martin Plimicke,
Peter Thiemann, Baltasar Trancén Widemann
September 2024
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Compartmentalization through Diversification for Node.js

Alina Weber-Hohengrund, Stefan Brunthaler
1#GSRL - Munich Computer Systems Research Lab
Research Institute CODE
University of Bundeswehr Munich
Neubiberg, Germany
alina.weber-hohengrund@unibw.de

Abstract

As evidenced by multiple attacks, such as typo-squatting, protestware, and
cryptojacking, JavaScript is both an easy and attractive target. Although
each attacks address individual shortcomings, a common denominator
among all attacks is a lack of compartmentalization. Further, the Node
package manager (NPM) enables the reuse of huge amounts of code and
projects, but without security guarantees of the loaded modules, leaving
backend applications vulnerable to various supply-chain attacks. Further-
more, the missing compartmentalization leads to nearly immediate com-
promise after initial access. This weakness led to multiple approaches to
sandbox JavaScript browser applications in order to protect the host sys-
tem. The same observations hold equally well for JavaScript on servers, as
evidenced by the same attacks being reported for the node.js ecosystem.
In this paper we will describe a simple and lightweight compartmentaliza-
tion to JavaScript for Node.js modules. It uses diversification to break the
API between modules and with this the monoculture of the namespace for
only non-legitimate inter-module calls. The approach is designed without
using annotations by the developer while targeting minimum to zero run-
time overhead for the user.

1 Introduction modules can be dynamically loaded and executed

code can be changed at runtime.

In the beginning, JavaScript was mainly used
JavaScript was developed in ten days [8]. Atthat  for prowser applications but because of its pop-
time access modifiers such as private and public ularity it also gained backend support which is
were omitted in the language design, which re-  known as Node.js [7]. Because of the commonly
sults in all properties of any object or function  known weaknesses of JavaScript, browsers such
being public by nature. The use of closures en- 55 Chromium by default sandbox renderers where
ables support for private properties, also known JavaScript code runs [9]. Hence, the executed
as the Crockford Privacy Pattern [8]. Modules fos-  ¢ode can not interfere with the host system. There
ter code reuse. They are loaded dynamically and have been attempts to sandbox JavaScript pro-
again do not support any form of access modi-  cegses for Node.js as well, but they always come
fiers, therefore at all points of the code any module  ith g performance impact, which is normally
code can be loaded and executed. Through the undesirable for backend applications [1, 6, 11].
missing compartmentalization in JavaScript it is At the beginning, Node.js only supported Com-
quite easy for attackers to expand to further code,  monJS modules, which differ in their specifica-

making it a weakness of the language. Addition- oy from the JavaScript standard, ECMAScript
ally, JavaScript is a reflective language [10] where
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[7]. By now both, ECMAScript modules and Com-
monJS modules, are supported and both can be
managed via the Node Package Manager (NPM).
Through this package manager arbitrary pack-
ages can be downloaded and installed. Once in-
stalled, they can be loaded by any Node.js ap-
plication. The packages are not checked by any
trusted entity before made public, therefore exe-
cution of modules from NPM are basically execu-
tions of third-party code that was neither authenti-
cated nor checked for trustworthines. This opens
possibilities for supply-chain attacks such as Ty-
poSquating, Protestware, and Cryptojacking [4, 5,
12]. In listing 1, a simple code snippet is shown,
which serves some ASCII art but on a specific re-
quest (line 5) different code is executed:

exports.asciiArt = function (figure) {
var fs = require("./fs-wrapper.js");

fs.readFileSync (

"utf8");

var penguin =
"./penguinAsciilArt.txt",
if (figure == ’attack’){

}
else if (figure !=
return

’penguin’) {

"Sorry we are currently
only serving penguins\n" +
penguin;

}
return "Perfect Choice!\n" + penguin

}

Listing 1: This code snippet serves some ASCII art
depending on the requested figure. If
figure equals ’attack’ some unknown
code is executed.

Such triggers are called backdoors and inserted
by attackers to access a system at an arbi-
trary point in the future. As many packages are
widely used and often refer to other packages,
the amount of imported third-party code grows ex-
ponentially, thereby making it infeasible to check
all this code on potentially malicious code. CVE-
2022-23812 is a good example for the impact of
this problem [3]. The developers of the commonly
used package node-ipc added protestware to the
module. If the host machine is identified to have
an |IP originating from Russia or Belarus by the
additional code, the whole filesystem of the host
is overwritten.

In JavaScript all functions and objects of mod-
ules are accessed using identifiers on the closure,
which the module is wrapped in. These accesses
are implemented through dynamic lookups on
the available identifiers of the referenced object
without any static verification. As a result, the

main [ S— logic

{ {
e

Figure 1: Show legitimate communications (black) be-
tween own modules (green) and third-party
modules (blue).

dataStructure !

victim !

accesses must stick to the available identifiers
or else are returned undefined. In a sense,
inter-module calls can be seen as API calls be-
tween different modules. In this work, we show
a language-based approach to support compart-
mentalization in JavaScript. The approach pur-
posefully breaks the API for inter-module calls in a
controlled manner and uses two different modes:
tracking and protecting. The design is meant to
assist the developers while having minimal run-
time overhead for the user. The language-based
characteristic is chosen to treat the problem at
the core through compartmentalization instead of
building an additional environment around it. This
also opens the possibility to run the final code in a
sandbox to further enhance security.

2 Design

As already introduced, we intend to enable com-
partmentalization for JavaScript, without targeting
the general language support for such a feature.
Instead, our idea hardens the borders between
different modules to restrict non-legitimate inter-
actions. This raises the question of which module
calls are legitimate and which are non-legitimate.
As we do not require developers to annotate their
code in any way but want the approach to work
out-of-the-box, we have to decide this via differ-
ent means. This is decided through the Tracking
Mode (sec. 2.1). Later we use the information
gained during tracking to recompile the source
code to rename identifiers (sec. 2.2). Last but not
least, the application is run in the Protecting Mode
(sec. 2.3) were the final source code is loaded
into the application with potential reactive code to
handle irregular behavior.

2.1 Tracking Mode

In order to differentiate legitimate from non-
legitimate accesses a ground truth is required.
This is the task of the tracking mode.
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Figure 1 shows connections (black) between dif-
ferent modules in an abstract application. Green
modules are written by the same author as the
main application and blue modules are included
third-party code. In the tracking mode the ap-
plication is run normally on a test suite but dur-
ing the execution all or most interactions be-
tween modules are tracked and logged. This log
then is processed to extract a map including all
used modules and showing what other modules
are accessed by them on which identifiers. All
logged calls are considered legitimate and form
the ground truth. This way of constructing the
ground truth is important, because it means that
initial compromise is not part of the threat model.
The extracted information can also be visualized
and then inspected by developers. This data can
give interesting insights into dependencies and
can also uncover unexpected and malicious ac-
cesses. Furthermore, the extracted map is also
comparable between different versions of the ap-
plication or just its dependencies to again uncover
anomalies. In this sense, the extracted mapping
can be used in a versatile manner to aid devel-
opers in securing their application against supply
chain attacks. Call graphs are a common tool to
find vulnerabilities [2].

2.2 Renaming

Next follows the renaming of relevant identifiers.
In both CommonJS and ECMAScript, modules
are normal JavaScript code and the exported val-
ues (e.g. objects, functions, constants) are as-
signed to an export object. The modules are
then wrapped in a closure, with all identifiers as-
signed to export being accessible as property of
the functional object of the closure. Closures are
special functions that can access the local vari-
ables of the environment where they were cre-
ated. Functions are also objects in JavaScript and
therefore can be assigned properties analogous
to normal objects.

As a result, all accesses from one module to an-
other module need to access the closure or object
via the defined names for the identifiers. Our ap-
proach hides accessed objects for non-legitimate
calls. To this end, we rename all valid identifiers
to random versions. The original identifiers are
kept and now point to reactive code. All legitimate
inter-module accesses are also adjusted to use
the new identifiers by using the extracted mapping
from the tracking mode. The consistent renaming
will be implemented in the Google-Closure com-

main I J— logic dataStructure ‘

i i Reactive Code

‘ http ‘ ‘ fs victim }

Figure 2: Same as before but with an non-legitimate
connection (red) between the corrupted vic-
tim and dataStructure.

piler. The consistency ensures that all previously
seen interactions are executed without any perfor-
mance impact in the following protecting mode.

2.3 Protecting Mode

Figure 2 shows the same application as fig-
ure 1, but this time the victim was corrupted.
The now malicious module (red) accesses the
dataStructure. Because the original identifiers
of this module were renamed and the original
identifiers now point to reactive code, the irreg-
ular access can be handled by some user defined
policy. This modularity is crucial to be able to deal
with false positives. The policy can for example
support some whitelisting and logging for differ-
ent module interactions or also terminate the pro-
gram in case of highly suspicious accesses. As
test suits are rarely complete, the defense needs
to be able to dynamically handle and differenti-
ate malicious and legitimate accesses. Dynamic
decisions during runtime normally result in a high
performance impact, because of the interception
of the executed code. The consistent renaming
ensures that this reactive code is only triggered
for suspicious cases, thereby keeping the perfor-
mance impact of the protecting mode for a rea-
sonably tested and tracked application low.

3 Discussion

An interesting question for the effectiveness of a
defense is of course how well it works in case the
attacker knows about the defense. As a positive
side effect in our approach, all accesses will be-
come visible either in the tracking mode or later in
the protecting mode. In the first case they are vis-
ible in the mapping, hence renamed consistently.
In the second case, they are not renamed consis-
tently and therefore trigger the reactive code later
on. The main issue will be to harden the approach
against side-channel attacks for retrieving the new
identifier names and bypassing the defense. In
general, the core idea of the approach is to deny
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access or trap malicious code right at the root
by hindering it from interacting with anything else.
The problem is that JavaScript is a reflective pro-
gramming language where nearly everything can
be changed and inspected at runtime. To name
some examples: functions can be reassigned new
code and a list of available identifiers on an ob-
ject can be retrieved anytime during runtime. As-
suming arbitrary code execution, this enables the
attacker to simply traverse all possible identifiers
until the identifier pointing to the expected source
code is found. To close this attack vector it will
be necessary to restrict this reflective nature of
JavaScript which could reveal to much informa-
tion about the internal state of the program. At the
same time, the defense is designed to have nearly
no performance impact in protecting mode which
is a crucial factor for defenses to be actually used
in production for real-world applications.

4 Conclusion

In this paper we proposed and sketched a
language-based approach for enhancing com-
partmentalization of modules for Node.js. The
idea is designed to assist during development with
the tracking mode and secure the application in
protecting mode. During protection, the identifiers
are renamed to random names and the original
names point to reactive code enabling dynamic
handling of previously unseen calls at runtime de-
pending on a user defined policy. The consistent
renaming keeps the performance impact to a min-
imum contrary to sandboxing approaches. Cur-
rently a proof-of-concept is developed to test the
idea against the various challenges of JavaScript
itself, but also real-world conditions.
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Abstract

Both “interpreter” and “compiler” cover a wide range of implementation
techniques, and in some cases one can argue where to draw the line. Con-
sequently, both approaches also have a wide performance spread, leading
to comparable performance in some cases. The present work looks closely
at the SwiftForth JIT compiler and the Gforth interpreter. Even with dy-
namic superinstructions and IP-update optimizations, Gforth suffers from
interpretive overhead, but that is compensated by Gforth’s additional so-
phistication in caching stack items in registers, an optimization that Swift-

Forth does not employ.

1 Introduction

The following properties are desired for program-
ming language implementations:

» Execution speed
» Compilation speed

» Cheap development and maintainence (of
the programming language implementation)

* Portability/retargetability

Programming language implementation tech-
niques have been traditionally been classified
as interpreters or compilers.! Both classes en-
compass a wide range of implementation tech-
niques.

The conventional wisdom is that compilers are
not just faster than interpreters, but that the two
classes are so far apart that the claim

" There is also metacompilation, where an interpreter is par-
tially evaluated [9]; this approach has become practical in re-
cent years thanks to huge efforts by developers of systems like
GraalVM/Truffle [12]. However, in the present work we focus
on more traditional approaches, and leave metacompilation to
further work.

There is a bigger performance gap
between a performance oblivious inter-
preter and a high-performance inter-
preter than between a high-performance
interpreter and a JIT.

in a draft version of a paper led a reviewer to ask
for some support for this claim. In a later draft this
claim had morphed into its final version [7]:

While [interpreters] cannot compete in
execution performance with JIT compil-
ers or ahead-of-time compilers, a fast
interpreter is not that far away: e.g.,
with the IP update optimizations of the
present work, Gforth has similar perfor-
mance to the SwiftForth JIT compiler
and to gcc -00.

which led one reviewer to speculate “It might be
that SwiftForth [...] is simply a very weak com-
piler” and the statement “None of these can let
us conclude that, in general, interpreters are not
lagging far behind compilers.” Another reviewer
was very impressed by the results (also shown in
Section 2).

These reactions show a widespread belief that in-
terpreter performance and compiler run-time per-
formance are islands separated by a vast ocean.
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Figure 1: Speedup (above the baseline) or slowdown (below the baseline) of several Forth systems and gcc over
the fastest Gforth version, on Tiger Lake (Core i5-1135G7). If a benchmark does not work on a system,

no bar is shown for the combination.

| have written the present paper to address this
belief.

First | look at some performance results (Sec-
tion 2), then take a closer look at two of the in-
volved systems (Section 3).

2 Performance

Figure 1 shows the same data as Figure 10 of our
upcoming paper [7], but uses a different baseline
system (in the speedup numbers the run time of
the baseline is divided by the run time of the sys-
tem specified for the bar): here the baseline is the
fastest Gforth version, the one that includes the
optimizations from our recent paper [7]. We con-
sider it to be a virtual-machine (VM) interpreter,
because it needs to access the representation of
the VM code at run-time in order to access imme-
diate operands and to perform control flow. How-
ever, as we will see there is a degree of machine-
code generation involved.

The systems and compilers compared with the
baseline are:

PFE is an interpreted Forth system written in C
that uses one C function per VM instruc-
tion implementation. PFE is designed to rely
on explicit register allocation (a GCC exten-
sion) for performance, but unfortunately, for
AMDG64 no explicit register definitions have
been added yet. We use PFE-0.33.71.

Gforth threaded c. This is the baseline Gforth
with the option -no-dynamic, which means
that it falls back to using direct-threaded code
[1]; this option also disables stack caching.
This is similar in implementation and perfor-
mance to Gforth around the year 2000.

SwiftForth, VFX Forth Two commercial Forth
systems with JIT compilers. We measured
SwiftForth x64-Linux 4.0.0-RC87 and VFX
Forth 64 5.43.

gce-12 Various  optimization  options  for
GCC 12.2. Manually written C code for
four of the benchmarks is available and was
used for generating these results. For gcc
the results do not include the compile time
(unlike for the Forth systems).

Coming back to the claims that prompted this
paper, while PFE is not performance-oblivious,
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the baseline Gforth has a higher speedup over it
for the benchmarks where PFE works than VFX
Forth (the fastest JIT compiler we measured) has
over the baseline.

VFX Forth performs extensive inlining and allo-
cates data stack items to registers within basic
blocks. This leads to a speedup over Gforth by
about a factor of 2 in most benchmarks. ldiomatic
Forth code consists of short definitions, resulting
in many calls, so inlining is particularly effective.
cd16sim contains a large number of (implicit) calls
to an empty definition, making the inlining of VFX
particularly effective here.

SwiftForth, another JIT compiler, is typically in the
same ballpark as the fastest Gforth; for bubble
and pentomino the performance is so similar that
the SwiftForth bar is barely visible. We will discuss
SwiftForth in depth in Section 3.

gcc -00 produces performance similar to the
baseline. gcc -01 shows a good speedup.
gcc -03is better on some benchmarks, but worse
on others. We have looked at the two slowdown
cases. For bubble, gcc -03 auto-vectorizes, and
the result is that there is partial overlap between
a store and a following load, which results in the
hardware taking a slow path rather than perform-
ing one of its store-to-load forwarding optimiza-
tions. For fib, we have not found the reason for
the slowdown.

3 A tale of two Forth systems

This section provides a closer look at SwiftForth
and Gforth and the tradeoffs in their creation, and
how this affects performance.

3.1 SwiftForth

SwiftForth is a commercial Forth system from
Forth, Inc. Forth, Inc. (the first commercial Forth
vendor) developed a number of interpreters using
indirect-threaded code [2] from the 1970s until the
1990s [11]. These systems were written in Forth
with a foundation of (Forth) assembly language.

With the introduction of SwiftForth during the
1990s Forth, Inc. switched from threaded-code
interpreters to native-code compilation (aka JIT
compilation). The intention of this change was im-
proved performance, and that also shows in Swift-
Forth’'s name. And it delivers: In most bench-
marks, SwiftForth is 2—4 times faster than Gforth

threaded code (which probably has performance
similar to the threaded-code polyForth Il sys-
tem that preceded SwiftForth). Fortunately, while
SwiftForth’s source code is proprietary, it is de-
livered with SwiftForth, which makes it easier to
study the compilation techniques used.

The basic compiler of SwiftForth concatenates the
native code of the primitive Forth words in a defi-
nition into the native code for that definition. The
primitives are still written in assembly language,
and are probably very similar to the code for the
primitives in polyForth Il, with one exception: In
polyForth 1l each primitive ends with a threaded-
code dispatch, while in SwiftForth it ends with a
native-code ret instruction (which is not copied in
the concatenation).

In addition, for control-flow primitives the native
code is first copied and the the target offsets are
patched into the copied code; similarly, for literal
numbers the number is patched into the copied
code for the primitive (1iteral). This is the fun-
damental difference to Gforth’s interpreter-based
approach, which does not patch native code, but
instead keeps the interpreted code around and
accesses it when control flow or literal values are
needed.

In addition, SwiftForth optimizes pairs of Forth
primitives to better code with optimization rules
like

OPTIMIZE DUP + SUBSTITUTE 2%

The result of the substitution can be subject to an-
other optimization rule, resulting in the optimiza-
tion of longer sequences. There are 346 opti-
mization rules used in the version of SwiftForth
we measured; in many cases this requires to also
define the substitution word and/or a word that
performs additional compile-time work when an
optimization rule triggers. These optimizations
include tail-call optimization. In the version of
SwiftForth we measured, files containing a total
of 1819 lines contain most of the optimizations.

So while SwiftForth’s compiler is not the most so-
phisticated one in existence (and simplicity is a
major goal in SwiftForth development), it is far
from being “very weak”.

Forth native-code compilers have suffered from
running into microarchitectural pitfalls due to
legacy techniques for implementing certain fea-
tures of Forth. In particular, the measured version
of SwiftForth implements Forth’s does> in a way
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that puts native code close to written-to data, re-
sulting in ping-ponging between the I-cache and
the D-cache due to false sharing. It also pops the
return address of a call instead of returning to it,
resulting in branch mispredictions in subsequent
returns. These pitfalls are responsible for the low
performance of SwiftForth on at least cd76sim.

These pitfalls have been reported to Forth, Inc.,
which fixed them (for the common case) in
SwiftForth-4.0.0-RC89, but that version appeared
too late for producing new results and working
them into this paper.

This episode demonstrates that on modern CPUs
it's not enough to reduce the number of executed
instructions, you also have to be aware of microar-
chitectural pitfalls and avoid them. The bubble re-
sult of gcc -03 demonstrates that even a project
that puts massive manpower into optimization can
run afoul of such problems.

One cost of SwiftForth’s assembly-based ap-
proach is that each of the i386 and the x64
ports has about 7000 lines of architecture-specific
files.

3.2 Gforth

Gforth is a non-commercial free software project
and was developed mainly on Unix systems start-
ing in 1992. Among the goals of Gforth was
that it should be efficient and available on many
machines. These goals were initially achieved
by implementing Gforth mostly in Forth, with an
indirect-threaded code interpreter, i.e., along tra-
ditional Forth implementation techniques, but us-
ing GNU C instead of assembly language for writ-
ing the interpreter foundation.

Given the wide range of general-purpose com-
puter architectures of the 1990s, our portability
goals made machine-specific code without a fall-
back to machine-independent code unattractive,
so we did not switch to native-code compilers.

From 2001 to 2005 we implemented a number
of optimizations and enabling changes: switch-
ing to primitive-centric threaded code [3], static
superinstructions [8], dynamic superinstructions
and stack caching [4, 6]. This frenzy was fol-
lowed by a long period of consolidation and fo-
cussing on other topics, but eventually additional
optimizations were added: generalized constant
folding [10] and the IP-update optimizations [7].
These improvements were research-driven, i.e.,

they used Gforth as a research vehicle, but they
then became production features.

A static superinstruction combines a sequence of
primitives into a better primitive, like simple substi-
tution rules for SwiftForth’s optimizer. The version
of Gforth that we have measured uses 55 static
superinstructions; the reasons why we don’t use
more are: One of the benefits of static superin-
structions is subsumed by stack caching, so we
use static superinstructions only in cases where
we expect an additional benefit; our implementa-
tion of static superinstructions does not work as
well with stack caching as we would like; adding
more static superinstructions increases the com-
pile time of Gforth.

Dynamic superinstructions optimize a sequence
of primitives by concatenating their native code,
but without the threaded-code dispatch. The ef-
fect on straight-line code is similar to the ef-
fect of SwiftForth’s basic compiler. One differ-
ence is that immediate operands of primitives
(e.g., of literals) and the targets of control flow
are not patched into the native code, but are
still accessed through the virtual-machine instruc-
tion pointer (IP), which points to the same place
as in the original threaded code. Performing
the next primitive in sequence is achieved by
falling through to the code of the next primitive,
but all other control flow is performed through
a threaded-code dispatch. A benefit of this ap-
proach is that one can fall back to plain threaded
code for a single primitive (e.g., because it is not
relocatable) by appending the threaded-code dis-
patch code to the dynamic superinstruction pre-
ceding it.

As implemented until 2023, every primitive still up-
dated the IP. Since 2023, we have implemented
a number of IP-update optimizations, which pro-
duce big speedups (up to a factor of 3) on loop-
dominated benchmarks on modern hardware.

Forth is a stack-based language. Stack caching
represents the stack in several different ways,
each with a different number of stack items in reg-
isters. This allows to implement variants of prim-
itives that perform fewer memory accesses and
fewer stack pointer updates than the base variant
of the primitive that uses the same representation
on entry and on exit. Gforth uses up to three reg-
isters for stack items on AMDG64. This optimization
has a part of the effect of VFX’s register allocation
for data-stack items in a basic block.

Generalized constant folding allows to perform op-
timizations such as turning division by a constant
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into a multiplication by the reciprocal, but in the in-
terest of brevity | will not discuss it further here.

Performancewise, compared to SwiftForth, Gforth
suffers from having to perform control flow through
threaded-code dispatch and having to access im-
mediate operands in memory through IP, but it
benefits from stack caching which SwiftForth does
not have.

The main benefit of Gforth’s approach is portabil-
ity: E.g., Gforth ran out of the box when AMD64,
ARM A64, and RISC-V became available to us (in
2003, 2016, and 2017, respectively), and with a
little work (typically less than an hour) all perfor-
mance features could be activated. By contrast,
SwiftForth’s AMD64 port only started in 2020 and
it is still in Beta testing, and the only other port
is the IA-32 port. However, SwiftX, the cross-
compiler for embedded systems, is available for
11 cores from 8 base architectures.

Gforth’s approach comes at a cost in complex-
ity, though. A rough estimate based on the sizes
of various files is that about 5000 lines of code
are spent on static superinstructions, dynamic su-
perinstructions, stack caching, and IP-update op-
timizations. The IP-update optimizations alone
have inserted 864 lines and deleted 316 lines
[7].

One development interesting in the present con-
text is that at one point we worked on completely
eliminating the IP from Gforth [5], turning it into
what was later called a copy-and-patch compiler
[13]. However, that approach appeared to be too
brittle (no fallback option that would work under
all circumstances), so we did not turn it into a pro-
duction feature.

3.3 Example

To make things more concrete, here’s a piece
of Forth source code that demonstrates the dif-
ferences between SwiftForth’s and Gforth’s code
generation. Consider the Forth definition:

: squared dup * ;

This definition defines the word squared to per-
form the primitives dup and *; then the definition
ends (and at run-time the execution returns). The
value to be squared is passed on the data stack,
and dup pushes another copy of that value on the
data stack. * then pops these two copies, multi-
plies them, and pushes the result.

For this example neither SwiftForth nor Gforth
have static superinstructions, so we can look at
the native code for the individual primitives (or,
with stack caching, primitive variants):

Src | SwiftForth Gforth
dup | lea -8(%rbp),%rbp | mov %r8,%r15
mov %rbx,0(%rbp)
* mov 0(%rbp),%rax | imul %r15,%r8
mul Y%rbx
MoV Yorax,%rbx
lea 8(%rbp),%rbp
; ret mov (%r14),%rbx
add $8,%r14
mov (Y%rbx),%rax
jmp *%rax

The big picture is that stack caching leads to
much shorter code for dup and * for Gforth, but
Gforth performs more instructions for the return
from squared to its caller; i.e., we see the inter-
pretive overhead in this return.

For SwiftForth the details are: the data-stack
pointer is in %rbp, and the lea instructions update
the data-stack pointer. The top of the data stack
is in %rbx. mul multiples %rax with the argument,
and puts the result in %rax.

For Gforth, with one data stack item in a register
(representation 1), the top-of-stack is in %r8; with
two data stack items in registers (representation
2), the second item is in %r8 and the top item is in
%r15. In this example, dup starts out in represen-
tation 1, and finishes in representation 2; * starts
in representation 2 and it finihes in representation
1.

For the return, the return-stack? pointer is in %r14,
and IP is in %rbx. So the return first loads the
IP from the return stack, updates the return-stack
pointer, and then performs a threaded-code dis-
patch.

4 Conclusion

The Gforth interpreter shows performance in the
same ballpark as the SwiftForth compiler. When
looking at the details, we see that Gforth, despite
using several optimizations that reduce the inter-
pretive overhead, still suffers from the remain-
der of this overhead; in particular, the overhead
on control flow and when dealing with immedi-
ate operands. However, apparently stack caching

2 Forth stores return addresses on a separate stack so that
they are not in the way of accessing data on the data stack.
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(implemented in Gforth, but not in SwiftForth) pro-
vides enough speedup to compensate for the in-
terpretive overhead slowdown.

In addition, with either approach one should avoid
falling prey to microarchitectural pitfalls.
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Abstract

Context-Free Subphrase Grammars (CFSGs) [4] are a novel grammar for-
malism that generate the full class of Context-Free Languages (CFLs),
i.e., the languages recognized by push-down automatons [3]. This leaves
them as an equally powerful alternative to Chomsky’s Context-Free Gram-
mars (CFGs) [1]. Their main advantage is that they do not inherit the noto-
rious lack of modularity CFGs are known for, which makes them well-suited
for the modular development of Domain-Specific Languages (DSLs). The
key to this improvement is a new rule scheme that models language inclu-
sion via the notion of subphrases.

On the technical side, these rules induce a special kind of lattice, which is
called stone [5] or superalgebraic lattice [2]. These lattices come with inter-
esting properties, one of which is their complete distributivity, for example.
However, although these properties promise to further improve their mod-
ularity, CFSGs do not make full use of them yet. With our present work
we wish to change this and propose to generalize CFSGs. In this way,
substructures can be composed more freely and offer new ways to encap-
sulate languages in grammars.

References

[1] Noam Chomsky. “On certain formal properties
of grammars”. In: Information and Control 2.2
(1959), pp. 137—-167. ISSN: 0019-9958.

[2] Marcel Erné, Mai Gehrke, and AleS Pultr.
“Complete Congruences on Topologies and
Down-set Lattices”. In: Applied Categorical
Structures 15 (2007), pp. 163—-184.

[3] John E. Hopcroft, Rajeev Motwani, and Jef-
frey D. Ullman. Introduction to Automata The-
ory, Languages, and Computation. 3rd ed.
Addison-Wesley, 2006. ISBN: 0321455363.

[4] Bjorn Létters. “Context-Free Subphrase Gram-
mars — A Grammar Formalism for Modular
Syntax Definitions”. Paper submitted for pub-
lication. 2024.

[5] Nik Weaver. Lipschitz Algebras. World Scien-
tific, 1999.







Parametrisierung von Haskell-Programmieraufgaben

Parametrisierung von Haskell-Programmieraufgaben

Leon Koth, Janis Voigtlander
Universitat Duisburg-Essen
janis.voigtlaender@uni-due.de
previously presented in extended form as [3]

Abstract

Wir berichten Uber Design und Verwendung einer Template- und
Generator-DSL zur Parametrisierung von Ubungs- und Klausuraufgaben
einer Lehrveranstaltung zur Haskell-Programmierung.

In [4] wurde ein in das E-Learning-System “Autotool” [5] integrierter Auf-
gabentyp zur Haskell-Programmierung vorgestellt. Es wurden vielfaltige
Konfigurationsmdglichkeiten beschrieben, etwa hinsichtlich der Feedback-
Generierung mittels Compiler, Linter und dem deklarativen Testframework
QuickCheck [1]. Eine konkrete Aufgabeninstanz wird definiert durch eine
Textdatei mit diversen (teils YAML-basierten) Abschnitten zur Ansteuerung
der verwendeten Tools, zur Bereitstellung einer Haskell-Programmdatei mit
der eigentlichen Aufgabenstellung und Platz zum Lésen sowie zur Angabe
einer (gegebenenfalls versteckten) Testsuite. Zusatzlich wird eine Muster-
I6sung angelegt, die alle konfigurierten Uberpriifungen und Tests besteht.
Aus diversen Grinden kann es attraktiv sein, Aufgaben zunédchst zu
parametrisieren, um dann verschiedene Auspragungen irgendwie “ahn-
licher” Aufgabeninstanzen erhalten zu kbnnen. Damit ist hier nicht gemeint,
dass Tests mit zufalligen Werten durchgefiihrt werden, sondern eine tat-
sachliche Variabilitdt in der Aufgabenstellung selbst, in anderen Teilen
der Konfiguration und unter Umstédnden notwendigerweise auch in der
passenden Musterlésung.

In einer Bachelorarbeit [2] wurden entsprechende Funktionalitdten entwor-
fen und implementiert, die seitdem sowohl im Ubungsbetrieb als auch in
einer Online-Klausur verwendet wurden. Der Vortrag bespricht diese Funk-
tionalitaten und diskutiert einige Aspekte beispielgestitzt.
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Abstract

“The apparent ability of LLMs to write functioning source code
has caused celebration over the potential for massive increase
in programmer productivity and consternation among teachers.”

Chris Edwards. Teaching Transformed. CACM 64(2):12-13, 2024.

“Prompting is Programming.

A Query Language for Large Language Models.”

Luca Beurer-Kellner, Marc Fischer, Martin Vechev.
Proc. ACM Program. Lang., Vol. 7, No. PLDI, Article 186,

June 2023, 24 pages.

Prompting is programming — our students, even
(especially!) our first students amend the inverse
of this claim is true, too: Programming is prompt-
ing! And they do act as if it it is true! Pro-
gramming assignments commonly given to first
year students designed for introducing them into
the world of programming are successfully solved
by state-of-the-art LLMs when prompted with the
plain assignment text!

Is this the next evolutionary step in the eternal
quest for more powerful productivity enhancing
programming tools? Or is this a disruptive game
changer marking a turning point which splits the
time and the era of programming into a ‘before’
and an ‘after?’

Striving for answering this question raises an ar-
ray of further awkward, annoying, nasty but nec-
essarily to be answered questions we as program-
ming teachers have to face up:

. What shall we (henceforth) teach in com-

puter science in programming and as pro-
gramming?

. How shall we (henceforth) teach program-

ming in computer science? For majors? For
minors?

. What shall we (henceforth) consider ‘suc-

cess’ of our teaching of programming? How
can we vetrify it?

. How is (henceforth) computer science ed-

ucated traditional and ‘prompting’ program-
ming distinguished from non computer sci-
ence educated amateur and layman DIY
‘chat away’ programming?

. What distinguishes (henceforth) in terms of

programming skills a computer science grad-
uate from a non graduate? Whereby is s/he
distinguished from a non graduate?
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6. How, whereby, by what kind of teaching
can we ‘produce’ this in such a manner dis-
tinguished computer science graduate?

7. Last but not least, will an in such a man-
ner distinguished graduate be(come) the val-
ued and respected member of the workforce
academia and industry are appreciating and
awaiting for?

Following an introduction into the challenges of
teaching programming after the advent of LLMs, a
joint effort in terms of a moderated plenary discus-
sion shall shed more profound light on appropri-
ate and adequate answers to the above follow-up
questions of the question of “evolution or disrup-
tion” raised by the advent of LLMs and their easy
availability.
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Abstract

Die Kompilierung von Curry-Code in Haskell stellt aufgrund der call-
by-need Auswertungsstrategie von Curry eine Herausforderung dar. In
diesem Vortrag prasentieren wir einen neu entwickelten Compiler, der
sowohl die logische als auch die funktionale Semantik effizient vereinen
soll. Ein Programm wird in Haskell mithilfe einer monadischen Abstraktion
modelliert, wobei die logische Komponente der Semantik in der Implemen-
tierung der Monade abgebildet wird. Dadurch entsteht eine klare Trennung
zwischen dem erzeugten Code und der Semantik. Dies erhdht die Wart-
barkeit, stellt jedoch auch eine Herausforderung fiir die Optimierung rein
funktionaler Programmteile dar.

Wir stellen eine Schnittstelle vor, die es ermdglicht, unoptimierten monadis-
chen Code fur logische Programmanteile mit effizienten, rein funktionalen
Codeabschnitten zu verbinden. Dadurch wird die Leistung der generierten
Programme optimiert.
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Abstract

We report on generators for different task types addressing Petri net con-
cepts from a modeling lecture for undergraduate students. A focus is on
how to control difficulty and intended insights about the subject matter on
the learners’ side. We explain the influence of provided configuration pa-
rameters for several task types on an exemplary instance each, and com-
ment on presentation and implementation, as well as very briefly on exam
experience.

This work has previously been published in Brandt et al. [1].
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Comprehension

The tool tscore allows the direct notation of data
models of very different kinds which are orga-
nized along some type of time axis. This nota-
tion is organized similar to the well-proven for-
mat of musical scores from conventional Com-
mon Western Notation (CWN): time flows from
left to right, broken into fragments (staves) top
down. The central notion is that of an event, which
is uniquely defined by a pair of time point and
voice. Arbitrary parameters can be attached to
these events— for each new application, a ded-
icated meta-model explicitly defines small-scale
parsers for these parameters, which are grouped
into distinct lines of the source text, called param-
eter tracks. This leads to a lean bespoken input
format, which makes data representations easily
readable and maintainable by humans, including
non-experts in computer science. Tscore is thus
a meta-meta-model for musical notation. [2, 4]

Tscore has already been employed for very differ-
ent use cases. With conventional CWN, it allowed
the input of the complete Die Kunst der Fuge in
just four days. It has been used to control moving
abstract graphics and to construct didactic pre-
sentations of musical forms. [3]

For the TENOR 2023 conference, tscore has been
used to re-model the compositions Projection 1to
Projection 5 by Morton Feldman. [5] Written in
1959, these belong to the earliest and most impor-
tant pieces of pure graphical notation in classical
avantgarde music.

Our re-modelling led to a computer model which
allows (a) to generate the graphic representation
according to the rules given by Feldman in the

Baltasar Trancén y Widemann
Hochschule Brandenburg

prefaces of the published scores; (b) to apply au-
tomated analyses, which confirmed many of the
results from the literature, obtained by manual
analyses [1, 6]; (c) to acoustically realize the com-
positions with different pitch material and interpre-
tation rules, by an algorithm which simulates the
interactions of improvising musicians.

(The software containing and interpreting our
model can be downloaded from http://bandm.
eu/feldmanProjections.html and may, by cour-
tesy of the publishers, freely be used for research
and education.)

But the effort of pouring the informally given his-
toric information into precise mathematics also
brought new insights into the structure of the his-
toric settings themselves, namely about (A) miss-
ing precision in the verbal instructions given by
the prefaces of the published scores; (B) the
derivations from his own instructions when Feld-
man constructed the graphical appearance of the
scores; (C) the techniques and different cases
when three overlapping chords must be realized
on a keyboard with only two hands, etc.

Once again we showed that the technique of
mathematical remodelling is not only an indis-
pensable prerequisite for the construction of soft-
ware tools, but also a valuable means for clarify-
ing historical and structural facts for mere inter-
human discourse.
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1 Problem

Pflanzen haben stark unterschiedliche
Bedulrfnisse an Umweltfaktoren, von welchen
die Vitalitat abhangt, z.B.:

» Sonne
 Feuchtigkeit

» Ortliche und zeitliche Wechselwirkungen mit
anderen Pflanzen

Die Schwierigkeit ist, diese Flle an Faktoren fir
jede Pflanze richtig zu beriicksichtigen.

Dieses Konfigurationsproblem wird umso besser
gelbst, je besser die Bedirfnisse der einzelnen
Pflanzen erflllt werden.

2 Lésung

Die Bedurfnisse der Pflanzenarten werden durch
eine Konfigurationsspezifikationssprache in einer
umfassenden Datenbank beschrieben. Dabei
wird flir geometrische Berechnungen PostGIS
verwendet.

PermaplanT ist eine Web-App zur Planung von
biodiversen und ertragreichen Grinflachen. Sie
greift via Endpoints und Server-sent events (SSE)
auf die Datenbank zu.

PermaplanT ist eine Open-source-Software fiir
alle, die auf Grlnflachen sowohl Biodiversitat
férdern als auch einen gesteigerten Ertrag erzie-
len wollen. Es ist die erste Software, die holis-
tische, gértnerische Entscheidungshilfen anbi-
etet.

Dabei wird folgendermafBen vorgegangen:

Yvonne Markl
PermaplanT
yvonne@permaplant.net

1. User*innen erstellen ihre virtuelle Karte
(Grundriss). Dort verzeichnen sie alle ihnen
bekannten Umweltfaktoren auf verschiede-
nen Ebenen.

2. Aus der Datenbank von Uber 10.000 Ein-
tragen werden die gewlnschten Pflanzen
gewahlt und platziert.

3. User*innen erhalten sofortiges Feedback fur
bestmdgliche Standorte, Wechselwirkungen,
negative Einflisse, 6kologischen Nutzen, etc.

Neuartig ist dabei, dass PermaplanT:

» Pflanzen zu beliebigen Zeitpunkten/Orten
zulasst,

* unter Berlcksichtigung der Vor-
/Nachkulturen Gber mehrere Jahre hinweg,

* Diversitdt auch jenseits von Gemiise/Obst
férdert,

* kollaboratives Planen erméglicht,
« Umweltfaktoren berucksichtigt und

* In-situ-Forschungsvorhaben unterstitzt.

3 Mehrwert

In Krisenzeiten erleben wir ein Come-back
von Selbstversorgung und Eigenstandigkeit.
Diese Entwicklung ist wichtig und zeigt einen
bewussteren Umgang mit dem eigenen
Ressourcenverbrauch auf.

PermaplanT  férdert  dieses
fihrt Gleichgesinnte zusammen
die Gesellschaft nachhaltig.

Bewusstsein,
und préagt

Durch den Einsatz von PermaplanT wird u.a. die
Wiedereinfiihrung von "Trittsteinbiotopen”, klein
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strukturierte Okosysteme fiir heimische Pflanzen
und Tiere, geférdert und Artenschwund sowie Kii-
mawandel entgegengewirkt.

Die eigene Obst- und Gemuseernte schont Trans-
portwege und spart COs-Emissionen.

4 Zielgruppe

FUr ein realistisches Bild der Zielgruppe haben wir
eine Umfrage durchgefihrt, bei welcher 311 Per-
sonen teilgenommen haben. Darunter waren 157
Osterreicher*innen mit Zugang zu Griinflichen.
Das Medianalter lag bei 37 Jahren und die durch-
schnittliche Gartenerfahrung bei 10 Jahren.

Innerhalb der interessierten Zielgruppe soll die
App fur folgende Zwecke hauptséchlich verwen-
det werden:

* zur Steigerung der Biodiversitat (69 %)

« fir einen besseren Uberblick im Garten
(55 %)

 zur Verbesserung des Ertrags (45 %)

5 Verwandte Arbeiten

Fir das Anlegen eines Grinflachen-Konzepts ist
bislang entweder

* das handische Zeichnen von Plénen auf
Transparentblattern oder

* Architektur-Software (bei CAD Vorkenntnis-
sen)

tblich.

Obwohl diese Methoden zum Ziel fhren kén-
nen, sind sie sehr zeitaufwendig und fehleran-
fallig. Walzen von vielen Sachblchern ist zwin-
gend notwendig. Die Ubersicht geht nach ein paar
Jahren oftmals verloren. PermaplanT kann als
spezialisierte CAD Implementierung verstanden
werden.

Mehrere Apps bieten das Planen von Gemdise-
beeten an. Alle Anbieter berechnen jedoch haupt-
sachlich die Nachbarschaftsbeziehungen zwis-
chen den Pflanzen, ein aus gértnerischer Sicht
niedrig zu priorisierender Faktor. Die viel auss-
chlaggebenderen Faktoren, namlich Umweltein-
flusse wie Licht oder Wasser bleiben bei diesen
Anbietern ganzlich unbericksichtigt, d.h. das

eigentliche Konfigurationsproblem wird kaum un-
terstitzt.

Konfigurationsmanagement wird in mehreren

Communities erforscht:

Benutzereinstellungen [2, 4, 5, 25]
Variabilitdtspunkte [6, 20, 23, 24]
Ableitungsentscheidungen [3]
Entscheidungsprozess [19]

Ontology [21]

Produktlinien [22]
Massenanfertigung [1]

Semantisch [18]

Achtsamkeit beziiglich Kontext [7-17]

Dabei ist der Fokus Ublicherweise domanenspez-
ifisch. Mit PermaplanT wollen wir erforschen,
ob und wie weit ehemalige Ergebnisse auf die
moglicherweise umfangreichste und wichtigste
Problemstellung unserer Zeit umzulegen ist: die
diverse Bepflanzung der Erdoberflache in Zeiten
des Klimawandels.
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Abstract

Functions containing arithmetic operations have often restrictions which
cannot be expressed by the type system of the programming language.
The division operation requires that the divisor is non-zero and the fac-
torial function should not be applied to negative numbers. Such partial
operations might lead to program crashes if they are applied to unintended
arguments. Checking the arguments before each call is tedious and de-
creases the run-time efficiency. To avoid these disadvantages and support
the safe use of partially defined operations, we present an approach to ver-
ify the correct use of operations at compile time. To reduce the efforts for
the programmer, our approach automatically infers non-fail conditions of
operations from their definitions and checks whether these conditions are
satisfied for all uses of the operations. For the latter task, an SMT solver is
used to verify arithmetic non-fail conditions. This approach is implemented
for functional logic Curry programs so that it can also be used for purely
functional or logic programs. Since it is combined with a technique to in-
fer non-fail conditions for programs using algebraic data types, only a few
arithmetic non-fail conditions need to be inferred to verify larger modules.

1 Overview

Programs often contain operations which are par-
tially defined, i.e., which do not yield meaningful
results for particular argument values. A typical
example is the division operation which is not de-
fined if the divisor is zero. User-defined opera-
tions might also have restrictions on argument val-
ues. For instance, consider the following definition
of the factorial function in the functional language
Haskell [3]:

fac :: Int — Int
facn | n==0=1
| n >0 =n *x fac (n - 1)

Due to the conditions “n == 0”and “n > 07, arun-
time error occurs if fac is applied to a negative
number since there is no branch for this case.
Such an error might be avoided at compile time

by restricting the argument type of fac to natural
numbers and checking whether each call satisfy
this restriction. Unfortunately, this restriction is
not expressible in type systems of current strongly
typed declarative programming languages, such
as Haskell. This is also due to the fact that a call
like fac (m-n) must be considered as ill-typed if m
is smaller than n, i.e., the correct typing depends
on values available at run time.

In order to avoid program crashes due to such er-
rors, one could transform the factorial function into
a total function that returns a specific value indi-
cating a meaningless result. In Haskell, this could
be expressed by using the predefined type of par-
tial values

data Maybe a = Nothing | Just a

Nothing represents “no value” and Just z the
value x. Using this type, we could define a “to-
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talized” version of fac as follows:

facT :: Int — Maybe Int
facT n | n < 0 = Nothing
| n ==0 = Just 1
| n>0 =
case facT (n - 1) of

Nothing — Nothing
Just m — Just (n * m)

This total programming style yields ugly and less
comprehensible code (note that also each client
of facT has to check and transform the computed
result). Moreover, the code is less efficient due
to the additional case distinction in each recursive
call.

In order to use the partially defined function fac
without the risk of run-time errors, one can check
the value of the argument before the actual call.
For instance, the following code snippet defines
an operation to read a number and, if it is non-
negative, prints its factorial (readInt reads a
string from the user input until it is an integer):

printFac = do
putStr "Factorial computation for: "
n <- readInt
if n<o0
then do putStrLn "Negative number!"
printFac
else print (fac n)

By checking the value of n before evaluating
(fac n), itis ensured that fac does not fail.

In order to verify programs for the absence of fail-
ures, we developed a fully automatic tool' which
can verify the non-failure of this program. For this
purpose, our tool infers the non-fail condition

fac’nonfail :: Int — Bool
fac’nonfail n = (n == 0) || (n > 0)

from the definition of fac. Then it checks whether
this condition is satisfied at all call sites of fac.
For instance, it is satisfied for the recursive call
fac (n - 1) since n > 0. This property is automat-
ically checked by an SMT solver [2]. The entire
process is iterative since a non-fail condition for
some operation f might require new non-fail con-
ditions for operations that use f. For instance, the
inference of the non-fail condition of fac causes a
new non-fail condition for the operation

fac2 n = n * fac (n + 2)

' The tool, available at https://cpm.curry-lang.org/pkgs/
verify-non-fail.html, is implemented as a Curry package
for easy installation.

The techniques used in this tool are based on
previous work on the inference of non-fail condi-
tions for algebraic data types [1] and combines
this work with new techniques to infer non-fail
conditions for functions involving arithmetic oper-
ations.
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Abstract

Interpreter sind eine gangige Methode, die Semantik einer Programmier-
sprache zu definieren. Verglichen mit Compilern sind Interpreter einfacher
zu implementieren und besonders natzlich flr Prototyping. Abgesehen
von Lexing und Parsing ist ein Interpreter eine Funktion, die den abstrak-
ten Syntaxbaum eines Programms verarbeitet und einen Wert zuriick-
gibt, der das Ergebnis der Programmausfiihrung darstellt. Die Interpre-
tationsfunktion entscheidet dabei, wie jedes einzelne syntaktische Kon-
strukt der Eingabesprache interpretiert werden soll. Wir definieren eine
domanenspezifische Sprache, die algebraische Effekte, Effektadapter und
Effekthandler nutzt, um den syntaktischen Konstrukten einer Sprache auf
modulare Weise eine Semantik zuzuweisen. Am Beispiel der Implemen-
tierung eines Interpreters fiir die funktional-logische Programmiersprache
Curry zeigen wir nicht nur, wie man Konzepte wie Literale, Funktions-
deklarationen oder Pattern-Matching implementiert, sondern auch wie,
unublichere Sprachfeatures wie Currys Nichtdeterminismus, Lazy Evalua-
tion und freie Variablen umgesetzt werden kénnen. SchlieB3lich evaluieren
wir die Vorteile unseres Ansatzes hinsichtlich Modularitdt und Erweiter-
barkeit sowie die Auswirkung auf die Geschwindigkeit des Interpreters.
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Abstract

Seit rund 15 Jahren wird an der Dualen Hochschule Baden Wrttem-
berg Campus Horb an einer Java-Erweiterung namens Java-TX (Type eX-
tended) auf Basis von Java 8 geforscht. Java-TX zielt darauf ab, die Java-
Programmiersprache durch funktionale Programmierkonzepte wie globale
Typinferenz und echte Funktionstypen flir Lambda-Ausdricke zu erweitern.
Im Bereich des Compilerbaus gilt die Selbstiibersetzung eines Compilers
als wichtiges Qualitatsmerkmal. Aus diesem Grund wird im Rahmen dieser
Arbeit der in Java verfassten Java-TX-Compiler, so weit es méglich ist, in
Java-TX Ubersetzt. Dabei werden der Funktionsumfang und die Praxis-
tauglichkeit des aktuellen Java-TX-Zustands untersucht und bestehende
Probleme sowie fehlende Funktionen aufgezeigt. Zusatzlich werden durch
die Uberarbeitung des Quellcodes die Vorteile von Java-TX im Vergleich
zu Java demonstriert.

1 Einleitung lassen [20][S.323 ff]. In Listing 1 ist die Funk-
tion add, welche zwei numerische Werte addiert,
in Haskell gegeben. Wie man sehen kann,

Java-Type eXtended (Java-TX) basiert auf Java  peinhaltet der Quellcode keinerlei Typinformatio-

8 und wurde um zwei wesentliche Funktio-  nen. Dennoch ist Haskell eine statisch typisierte

nen erweitert, die aus funktionalen Programmier- Sprache [5][S.3]. Das bedeutet, dass samtliche

sprachen wie Haskell bekannt sind: Globale Typ-  Typinformationen bereits zur Kompilierzeit iber-
inferenz und echte Funktionstypen. Im folgenden prift werden [10][S.2]. Der Haskell Compiler

Abschnitt werden diese beiden Konzepte genauer inferiert die Typen also zur Kompilierzeit. Im

erlautert. Fall der Funktion add, wird der Typ add :: Num a

=> (a, a)-> a errechnet. Dieser Typ bedeutet,
dass die Funktion add zwei Werte vom Typ a

1.1 Typinferenz in Java-TX entgegennimmt und einen Wert vom selben Typ

zuriickgibt. a muss dabei von der Typklasse Num
) ) sein, was in Haskell die numerischen Typen ein-
Trotz verschiedener Arten der lokalen Typin-  gchjieBt [5][S.76, 81]. Die Funktion add kann also

ferenz, die in den letzten Jahren zu Java hinzuge- sowohl mit ganzen Zahlen als auch mit Gleitkom-
flgt wurden, missen bis heute die Typenin Meth-  15-anlen aufgerufen werden.

odensignaturen und Feldern explizit vom Ent-
wickler angegeben werden. In funktionalen Pro-
grammiersprachen wie Haskell existiert hingegen Listing 1: Funktion add in Haskell

eine globale Typinferenz. Diese erlaubt es auch,

die Typen der Parametern und des Rickgabe- Eines der primdren Ziele von Java-TX ist es
werts einer Methode vom Compiler ableiten zu daher, die globale Typinferenz in Java zu er-

add (x, y) = x+y
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moglichen, um auch Typen von Feldern und Meth-
odensignaturen vom Compiler inferieren lassen
zu kdnnen.

Ein Beispiel fur die Funktion add in Java-TX ist in
Listing 2 zu sehen.

import java.lang.Integer;
class Add{
public add(a, b) {
return a + b;

}

Listing 2: Untypisierte Methode add

In diesem Beispiel werden ahnlich wie in Listing 1
sowohl die Parametertypen als auch der Rlckga-
betyp nicht angegeben. Diese Typen werden zur
Kompilierzeit anhand des Kontextes abgeleitet.
Die resultierenden Typen der Methode sind in List-
ing 3 gegeben. Der Compiler weil3, dass der Op-
erator + nur fir numerische Datentypen und Zei-
chenketten definiert ist. Da der Algorithmus fur
die globale Typinferenz allerdings sehr rechenin-
tensiv ist, werden nur explizit importierte Typen
berlcksichtigt. In diesem Beispiel wird nur java.
lang.Integer importiert, daher spielen andere nu-
merische Typen und Zeichenketten keine Rolle.
Neben den Parametern berechnet der Compiler
auch einen mdglichen Ruckgabetyp. In diesem
Fall hat dieser auch den Datentyp java.lang.
Integer, da die Addition von zwei Integern wieder
einen Integer ergibt.

import java.lang.Integer;
class Add{
public Integer add(Integer a,
Integer b) {

return a + b;
}
}
Listing 3: Von Typinferenz errechnete Typen fir
Listing 2

Ahnlich wie C++ Templates erlaubt dieses Vorge-
hen, Methoden flir verschiedene Datentypen
mit gleicher Implementierung nur einmal zu
definieren. Der Unterschied besteht darin, dass
Java-TX den Code fir alle Typen, die importiert
wurden und die verwendeten Funktionalitaten un-
terstlitzen, generiert. C++ generiert den Code
nur far die Typen, mit denen das Template ex-
plizit aufgerufen wird [21][Abschnitt 2.1.2]. Dies
ermdglicht es, den Code zu vereinfachen und die
Wartbarkeit zu erhéhen. Ein Beispiel dazu ist in
Listing 4 zu sehen.

© ® N o o A~ W N =

import java.lang.Integer;
import java.lang.String;
import java.lang.Double;

public class Add{
public add(a, b) {
return a + b;
}
}

Listing 4: Methodenliberladungen durch Typinferenz

In diesem Fall erzeugt der Compiler die Meth-
ode add jeweils mit der Signatur fir die Daten-
typen java.lang.Integer, java.lang.String und
java.lang.Double, Wi€ in Listing 5 gezeigt ist.

import
import

java.lang.Integer;
java.lang.String;
import java.lang.Double;
public class Add{
public Integer add(Integer a,
Integer b) {
return a + b;

}

public Double add(Double
Double b) {

return a + b;

}

public String add(String a,
String b) {
return a + b;
}
}

Listing 5: Resultat der Typinferenz fur Listing 4

1.2 Echte Funktionstypen in Java-TX

Die Funktionstypen werden in Java-TX laut [12]
mit der folgenden Syntax definiert:

(11,72, .y TN) — To = FunN$$ <71, 70, ..., T, 70>

TN) — void =
FunVoid N$$ <71, 1o, ...

(11,72, .\,
aTN>

AuBerdem sind Argumente der Funktionstypen
automatisch kontravariant und der Rickgabew-
ert kovariant. Dies erlaubt die Subtypisierung
von Funktionstypen ohne use site Varianz, was
zur besseren Lesbarkeit und weniger Fehleran-
falligkeit fuhrt. Tatsachlich ist die Verwendung
von Wildcards fir die Java-TX Funktionstypen
nicht erlaubt [11][Abschnitt 6]. In Listing 6 ist
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ein Beispiel fur die Subtypisierung von Funktion-
stypen in Java-TX zu sehen ist. Hier lasst sich
die Funktion funci der Funktion func2 zuweisen,
da das Argument der Funktion funci ein Super-
typ des Arguments der Funktion func2 ist und der
Rickgabewert der Funktion funt ein Subtyp des
Rickgabewerts der Funktion fun2 ist.

Fun1$$ <Number, Integer> funcl =
X -> x.intValue () + 1;

Funi$$<Integer, Integer> func2 =
funci;

Listing 6: Subtypisierung von Funktionstypen in Java-
TX

Echte Funktionstypen ermdéglichen in Java-TX die
Definition von Funktionen in einem beliebigen
Kontext. Ein Beispiel hierzu ist in Listing 7 zu se-
hen. In diesem Fall inferiert der Compiler den Typ
Fun2$$<Integer, Integer, Integer>. In Java ist
die Verwendung von var in diesem Kontext nicht
maoglich.

import java.lang.Integer;
public class Mainf{
main () {
var add =

}

(x, y) -> x + y;

}
Listing 7: Lambda Ausdruck ohne Typkontext

1.3 Selbstkompilierende Compiler

Im Compilerbau gilt ein selbstkompilierender
Compiler als Qualitdtsmerkmal. Ein Compiler
ist selbstkompilierend, wenn er in der Sprache
geschrieben ist, die er kompiliert. Dies be-
deutet, dass der Compiler in der Lage ist,
seinen eigenen Quellcode zu kompilieren. In
der Regel gibt es in jeder groBen Programmier-
sprache mindestens einen Compiler, der selb-
stkompilierend ist. Bekannte Beispiel hierfir sind
der javac Compiler, der in Java geschrieben
ist [9] und Java Code kompiliert und der C++
Compiler der GNU Compiler Collection (GCC),
der seit einigen Jahren in C++ geschrieben ist
[3] und unter anderem C++ Code kompilieren
kann [15][S.5]. Laut [18][Abschnitt 3.4] bieten
selbstkompilierende Compiler im Wesentlichen 4
Vorteile:

+ Sie stellen einen nicht trivialen Test der Funk-
tionsféhigkeit des Compilers dar.

» Sobald der selbstkompilierende Compiler
einmal implementiert ist, ist die Entwick-
lung ohne die Abhéngigkeit anderer Uberset-
zungssysteme maglich.

» Alle Verbesserungen, die am Backend des
Compilers vorgenommen werden, wirken
sich sowohl auf den Compiler als auch auf
den generierten Code aus.

« Sie bieten eine umfassende Uberpriifung der
Selbstkonsistenz des Compilers. Der Com-
piler sollte in der Lage sein, seinen eigenen
Quellcode zu kompilieren.

Der Prozess, einen selbstkompilierenden Com-
piler zu erstellen, kann mit sogenannten T-
Diagrammen visualisiert werden. In Abbildung 1
ist ein solches Diagramm fir einen selbstkom-
pilierenden Compiler in Java-TX zu sehen. Auf
der linken eines Ts ist dabei die Eingabesprache
zu sehen, auf der rechten Seite die Ausgabe-
sprache und in der Mitte die Sprache, in der der
Compiler geschrieben ist. In diesem Fall ist das
rote T der bereits bestehende Compiler in Java-
TX, der den Java-TX Code in Bytecode Ubersetzt.
Der blaue T ist das langfristige Ziel des Projekts
wJava-TX Compiler in Java-TX*, also ein Compiler
der in Java-TX geschrieben ist und Java-TX Quell-
dateien in Bytecode kompiliert. Die Anordnung
der Ts symbolisiert, dass der urspriingliche Com-
piler den neuen Compiler initial kompiliert.

2 Aufbau der Umgebung

2.1 Voraussetzungen

Der aktuelle ,Java-TX Compiler” ist in Java im-
plementiert. Da Java-TX ein Superset von Java
8' ist, kann der Quellcode im Wesentlichen tber-
nommen werden. Es missen lediglich die in-
ferierbaren Typinformationen entfernt werden, um
die Vorteile von Java-TX auch zu nutzen. Da
sowohl Java, als auch Java-TX Java Bytecode
generieren, ist es moglich, Java-TX und Java
Dateien zu mischen. Dadurch kann der Compiler
sukzessive in Java-TX (bersetzt werden. Der
Vorteil daran ist, dass man nach jeder (berset-
zten Datei einen funktionsfahigen Compiler hat,
der zu einem gewissen Grad bereits aus Java-TX
Dateien besteht. Auf diesem Zwischenstand kdn-
nen dann z.B. auch Tests aufgefiihrt werden, um
die Funktionalitat zu prifen.

' Es existieren einige Einschrénkungen vgl. [12][S.2]
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Figure 1: Selbstkompilierender Compiler in Java-TX

Ein Problem besteht darin, dass der ,Java-
TX Compiler . jav®-Dateien und .class-Dateien
lesen kann, wahrend der javac Compiler . java-
Dateien und .class-Dateien einlesen kann. Je-
doch kann der ,Java-TX Compiler keine . java-
Dateien lesen und der javac Compiler natir-
lich keine .jav-Dateien. Das bedeutet, dass
zirkuldre Abhéngigkeiten zwischen Java und
Java-TX Dateien nicht ohne Weiteres mdglich
sind. Dieses Problem ist in Abbildung 2 visual-
isiert. Ein Pfeil symbolisiert dabei Abhéangigkeiten
zu einer anderen Datei. Wenn der ,Java-TX Com-
piler* zuerst aufgerufen wird, kann er die Java
Datei nicht lesen und umgekehrt. Selbst wenn
die Abhé&ngigkeiten nicht zirkular sind, muss die
genaue Reihenfolge der Kompilierung definiert
sein. Dies bedeutet das der Build-Prozess fiir den
wJava-TX Compiler in Java-TX" sehr komplex wer-
den wirde.

Figure 2: Zirkulare Abhangigkeiten zwischen Java und
Java-TX Dateien

Aktuell wird dieses Problem geldst indem der
gesamten Compiler zu Beginn einmal in seiner
Ursprungsform (also nur . java Dateien) mit javac
kompiliert wird. Dann liegt der komplette ,Java-
TX Compiler® in Form von .class Dateien vor.

2 Java-TX Quelldateien haben die Dateiendung . jav

AnschlieBend muss diese Hierarchie nur noch
als Classpath des ,Java-TX Compiler* angegeben
werden. Der ,Java-TX Compiler* kann nun die
.class Dateien lesen, die zur jeweiligen .java
Datei korrespondieren. Wichtig ist an dieser Stelle
natlrlich, dass die .class-Dateien den gleichen
Stand wie die Quelldateien haben. Dieses Ver-
halten ist in Abbildung 3 gezeigt. Die Grafik zeigt,
dass der ,Java-TX Compiler” zur Kompilierung der
.jav Datei die zuvor generierte .class Datei von
filel verwendet. Wenn spéter dann filel von
javac kompiliert wird, wurde file2.class bere-
its vom ,Java-TX Compiler erstellt. Der javac
Compiler benétigt die vorkompilierten Klassen
also nicht mehr im Classpath und kann die vom
~Java-TX Compiler” generierten .class Dateien
verwenden. Natirlich ist es fir diese Lésung
notwendig, dass der ,Java-TX Compiler® zuerst
alle . jav Dateien kompiliert, bevor der javac Com-
piler auf Basis der generierten .class Dateien,
alle . java kompiliert. Diese Reihenfolge ist aber
ohnehin notwendig, damit javac seinen Bytecode
mit den korrekten Typen generieren kann, die der
w~Java-TX Compiler* inferiert hat. Diese Lésung
ist zwar nicht ideal, da man eine Abhangigkeit
zum gesamten vorkompilierten Projekt bendtigt.
Da der ,Java-TX Compiler* aber keine .java
Dateien lesen kann, ist es vermutlich die einzige
Maoglichkeit, zirkuldare Abh&ngigkeiten zwischen
.java und . jav Dateien zu lésen.

Die aktuelle ,Java-TX Compiler” Implementierung
automatisiert den Build-Prozess mit Maven.
Maven ist fir die Verwendung von Java basierten
Sprachen entwickelt worden [6]. Da Maven keine
Java-TX Unterstiitzung bietet, muss der Build-
Prozess fur den ,Java-TX Compiler in Java-TX"
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Figure 3: Zirkulare Abhangigkeiten zwischen Java und
Java-TX Dateien behoben

manuell angepasst werden. Dazu wurden zwei
Lésungsansatze erarbeitet, die in den folgenden
Abschnitten beschrieben werden.

2.2 Kompilierung mit Make

Der erste Ansatz der verfolgt wurde, war die Kom-
pilierung mittels GNU’s Not Unix (GNU) make
umzusetzen. Make ist sehr flexibel und ist viel-
seitig einsetzbar. Um nicht alle Quelldateien
einzeln angeben zu missen, werden Wildcards
verwendet. AuBerdem bietet Make den Vorteil,
dass nur geanderte Dateien neu kompiliert wer-
den. Dies ist besonders bei gro3en Projekten von
Vorteil, da nicht alle Dateien neu kompiliert wer-
den mussen. Das verwendete Make-File ist in
Listing 8 zu sehen.

Im ersten Abschnitt werden einige globale Vari-
ablen, wie der Ort des javac und ,Java-TX Com-
piler* und der Quell- und Zielordner definiert.
Dann werden mit dem shell Befehl find alle
Dateien, die auf .java und .jav enden, in den Vari-
ablen JAVASOURCES und JAVSOURCES gespeichert.
Der find Befehl geht dabei rekursiv vor und
beachtet auch alle Unterverzeichnisse des Quel-
Iverzeichnisse. In diesem Fall findet der Befehl
also alle Dateien in der Packethierarchie. Danach
wird der patsubst Befehl von Make verwendet,
um den Pfand, an dem die korrespondierende
.class Datei liegen wird, zu substituieren. So
wird z.B. die Liste der Quelldateien

javatx-src/main/java/de/dhbwstuttgart/
typeinference/assumptions/
Assumption. java

javatx-src/main/java/de/dhbwstuttgart/
typeinference/assumptions/
FieldAssumption. java

zu einer Liste mit folgenden korrespondierenden
Zieldateien:

out/de/dhbwstuttgart/typeinference/
assumptions/Assumption.class

out/de/dhbwstuttgart/typeinference/
assumptions/FieldAssumption.class

Die genaue Syntax des patsubst Befehls kann
in [16][S.92] nachgelesen werden. In der nach-
sten Zeile wird die Standardregel fir das Make-
file definiert. In GNU Make ist die erste
Regel diejenige, die aufgerufen wird, wenn der
Make-Befehl ohne Parameter aufgerufen wird
[16][S.109]. Diese Regel versucht, alle Dateien in
$ (JAVCLASSES) und $(JAVSOURCES) zu kompilieren.
Dazu werden die nachste beiden Regeln verwen-
det.

Die erste Regel kompiliert Java-TX Dateien. Dazu
liegt der Compiler als JAR-Archiv vor. Der Com-
piler wird mit dem Befehl java -jar aufgerufen,
welcher die Ausfuhrung von JAR-Archiven er-
moglicht. Der -d Parameter gibt den Zielord-
ner an, in dem die .class Datei gespeichert
wird. Der -cp Parameter gibt die Klassenpfade
an, die der Compiler bendtigt. In diesem Fall
sind dies der Quellordner, der Zielordner und
die Abhangigkeiten des Projekis. Der $< Oper-
ator gibt den Pfad der ersten Abhéangigkeit an
[16][S.131]. In diesem Fall ist das die . jav Quell-
datei. Das % Symbol dient als Wildcard und
steht fUr eine beliebige Zeichenkette. Eine solche
Regel nennt man auch Musterregel (engl. Pattern
Rule) [16][S.129].

Die zweite Regel kompiliert .java Quelldateien.
Sie unterscheidet sich nur marginal von der ersten
Regel. Lediglich der Aufruf des Compilers und
die Dateiendung der Regel wurden angepasst, da
hierzu der javac Compiler verwendet wird. Die
Parameter -d und -cp sind identisch. Lediglich
einige weitere Parameter, die anfags in die Vari-
able JrLAGs gespeichert wurden, werden dem
Compiler Ubergeben. Der Parameter |g:none|
bedeutet, dass keine Debuginformationen gener-
iert werden sollen. Das macht den generierten
Bytecode in solch einem Entwicklungsumfeld le-
ichter lesbar. Der Parameter |implicit:none| be-
deutet, dass Abhéngigkeiten nicht impliziert kom-
piliert werden sollen. Weiteres dazu in Unterun-
terabschnitt 2.2.1. Der Parameter nowarn bedeutet
schlieB3lich, dass keine Warnungen ausgegeben
werden sollen.

Die letzte Regel des Makefiles ist eine Phony-
Regel. Sie I6scht den Inhalt des Zielordners.
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JFLAGS = -g:none -implicit:none -nowarn
JC = javac
JTX = JavaTXcompiler -1.0-jar-with-dependencies. jar

SRCDIR = javatx-src/main/java
DESTDIR = out

# Use find to locate all .java and .jav files recursively
JAVASOURCES := $(shell find $(SRCDIR) -name ’*.java’)
JAVSOURCES := $(shell find $(SRCDIR) -name ’*.jav’)

# Convert .java files to .class files with the same directory structure
JAVACLASSES := $(patsubst $(SRCDIR)/%.java,$(DESTDIR) /% .class,$(JAVASOURCES))
JAVCLASSES := $(patsubst $(SRCDIR)/%.jav,$(DESTDIR)/%.class,$(JAVSOURCES))

default: $(JAVCLASSES) $(JAVACLASSES)

# Rule for compiling .jav files
$ (DESTDIR) /%.class: $(SRCDIR)/%. jav
java -jar $(JTX) -d "$(DESTDIR)" -cp "$(SRCDIR):$(DESTDIR):target/
dependencies/" $<

# Rule for compiling .java files
$ (DESTDIR) /%.class: $(SRCDIR)/Y%. java
$(JC) -d $(DESTDIR) -cp "$(SRCDIR):$(DESTDIR):target/dependencies/*" $(
JFLAGS) $<

.PHONY: clean
clean:
$(RM) -r $(DESTDIR)/*

Listing 8: Makefile fir die Kompilierung des ,Java-TX Compiler in Java-TX"
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Dazu wird der rm Befehl mit dem -r Parameter ver-
wendet, um rekursiv alle Dateien und Ordner zu
I6schen. Der * Operator steht fir alle Dateien und
Ordner im Zielordner. Die Variable RM ist eine
vordefinierte Variable in Make, die den Befehl zum
Léschen von Dateien definiert [16][S. 125 ff.]. Die
Regel wird ausgefiihrt, wenn der make Befehl mit
dem Parameter clean aufgerufen wird.

2.2.1 Performanceprobleme

Das Makefile ist funktionstiichtig und kom-
piliert das Projekt korrekt, allerdings dauert eine
komplette Kompilierung des Projekts mehrere
Minuten, wéhrend die originale Java Version des
Compilers nur wenige Sekunden benétigt. Dabei
ist zu erwdhnen, dass ein GroBteil der Perfor-
manceeinbuf3en nicht durch die Typinferenz des
~Java-TX Compiler* entsteht, sondern schon der
javac Compiler deutlich langsamer als beim ur-
springlichen Compiler ist. Dies hangt damit
zusammen, dass der javac Compiler fir jede
Datei einzeln aufgerufen wird. Dies resultierte vor
allem auf Grund der folgenden beiden Griinde in
einer schlechteren Performance:

* Der javac Compiler kompiliert standardmaBig
alle Abhangigkeiten implizit mit. Da der Com-
piler aber ohnehin fiir jede Datei aufgerufen
wird, bedeutet das, dass viele Dateien
mehrfach kompiliert werden.

» Der Overhead, den Compiler zu starten ist
relativ hoch. Das liegt zu groBen Teilen
wahrscheinlich daran, dass der javac Com-
piler in Java implementiert ist und somit die
Java Virtual Machine (JVM) gestartet werden
muss. Dadurch ist es sehr ineffizient, den
Compiler fiir jede Datei neu zu starten.

Die implizite Kompilierung kann beim Aufruf von
javac durch den Parameter -implicit:none deak-
tiviert werden. Dieser sorgt daflir, dass Ab-
héngigkeiten nicht implizit kompiliert werden. In
Tabelle 1 sind die Kompilierzeiten des ,Java-TX
Compiler” mit javac aufgeflhrt.

Einzeln Einzeln Gemeinsam
(Nicht  Im-
plizit)
Min | 04:52,44 | 02:23,28 00:02,50
Max | 05:10,69 | 02:25,78 00:02,73
Avg | 04:58,83 | 02:24,15 00:02,57

Table 1: Kompilierzeiten des ,Java-TX Compiler® mit
javac®

Die erste Spalte beschreibt die Kompilierzeiten,
wenn der Compiler fir jede Datei einzeln
aufgerufen wird und die implizite Kompilierung
von Abhéngigkeiten aktiviert ist. Die zweite Spalte
beschreibt die Kompilierzeiten, wenn der Com-
piler fir jede Datei einzeln aufgerufen wird, aber
die Abhangigkeiten nicht implizit kompiliert wer-
den. Es werden also mehrfache Kompilierungen
vermieden. Die dritte Spalte beschreibt die Kom-
pilierzeiten, wenn der Compiler fiir alle Dateien
auf einmal aufgerufen wird. Zu sehen ist, dass
sich die Kompilierzeit in etwa halbiert, wenn die
Abhéngigkeiten nicht implizit kompiliert werden.
Allerdings ist die letzte Variante, die alle Dateien
auf einmal an den Compiler tbergibt, immer noch
etwa um den Faktor 56 schneller.

Aus diesem Grund wurde entschieden, dass die
Kompilierung des ,Java-TX Compiler® mit Make
nicht praktikabel ist. Ein alternativer Ansatz,
der dieses Problem umgeht, wird in Unterab-
schnitt 2.3 vorgestellt.

2.3 Kompilierung mit Bash

Aufgrund der Laufzeiteinbuf3en, die beim Verwen-
den des Makefiles zustande kommen, musste
eine alternative Losung gefunden werden. Die
Idee ist, zuerst alle Dateien, die kompiliert wer-
den missen, zu sammeln und dann den Com-
piler nur einmal aufzurufen. Da sich die Kom-
plexitat fir solch ein Skript in Grenzen halt und
die gréBtmdogliche Flexibilitat bietet, haben wir uns
fir ein eigenes Skript entschieden. Als Skript-
sprache wurde Bourne Again Shell (Bash) aus-
gewahlt. Diese ist sowohl unter Linux, als auch
unter MacOS nativ ohne weitere Abhangigkeiten
lauffahig. Zur Ausfihrung auf Windows misste
man auf das Windows Subsystem for Linux (WSL)
zurtickgreifen. Das Skript hat das gleiche Verhal-
ten wie das Makefile. Der einzige Unterschied
besteht darin, dass alle Dateien die kompiliert
werden missen, in eine Liste gespeichert werden
und der Compiler am Ende nur einmal aufgerufen
wird. Dadurch wird der Overhead des Compilers
minimiert und die Kompilierzeit deutlich reduziert,
sodass man ohne Java-TX Dateien mit dem Skript
eine Zeit von etwa 2 Sekunden erreicht, was in
etwa der Zeit in Tabelle 1 entspricht. Wenn das
Skript mit dem Argument clean aufgerufen wird,
wird der Inhalt des Zielordners geldscht.

In Abbildung 4 ist die Ordnerstruktur mit
allen notwendigen Ressourcen des Projekts
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& JavaTXCompilerindJavaTXNoMaven
l JavaTXcompiler.jar
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— Il tests
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B test.sh
B compile.sh

README.md

Figure 4: Dateistruktur des Projekts

dargestellt. Das Projekt besteht aus folgenden
Ordnern und Dateien:

» JavaTXCompiler.jar: Die aktuelle Version
des ,Java-TX Compiler” in Form eines JAR-
Archivs. Es wird verwendet, um die Java-TX
Dateien des ,Java-TX Compiler in Java-TX*
zu kompilieren.

« javatx-src: Enthalt den Code des ,Java-TX
Compiler in Java-TX". Besteht zum Grof3teil
aus den Java Quelldateien des ,Java-TX
Compiler” und einigen Java-TX Dateien, die
bereits migriert werden konnten.

« tests: Enthalt die Testsuite des ,Java-TX
Compiler in Form von JUnit Tests (vgl. Un-
terabschnitt 2.4).

« out: Enthalt das kompilierte Projekt sowie die
kompilierten Tests.

— src: Enthalt das kompilierte Projekt in
Form von .class Dateien.

— test: Enthalt die kompilierten Tests in
Form von .class Dateien.

« lib: Enthalt zusatzliche statische Dateien, die
fir das Projekt bendtigt werden.

— dependencies: Enthalt externe Biblio-
theken, die fir das Projekt bendtigt wer-
den in Form von JAR-Archiven. Werden

im ,Java-TX Compiler durch Maven ver-
waltet.

— resources: Enthalt  zusatzliche
Ressourcen, die fir die Tests benétigt
werden. Im Wesentlichen sind dies
die Beispielprogramme, die getestet
werden.

— classes: Enthalt den gesamten ,Java-
TX Compiler in kompilierter Form, um
Abhangigkeiten zwischen jav und java
Dateien zu ermdglichen (vgl. Unterab-
schnitt 2.1)

» test.sh: Dieses Bash Skript ist fir die
Kompilierung und Ausfihrung der Tests
zustandig.

» compile.sh: Dieses Bash Skript ist fir die
Kompilierung des Projekts zustandig.

« README.md: Eine Markdown Datei, die
Informationen zur Verwendung des Projekts
enthalt.

Da das gesamte Skript weder besonders span-
nend, noch komplex und zusétzlich relativ lang ist,
wird es hier nicht im Detail beschrieben.

2.4 Tests

Da es bei der Entwicklung eines eigenen Com-
pilers schnell zu fehlerhaftem Bytecode kommen
kann, welcher ggf. erst zur Laufzeit auffallt, ist
es sinnvoll den generierten Bytecode zu testen.
Der groBe Vorteil ist an dieser Stelle, dass es
bereits eine Testsuite mit Gber 200 Unittests fur
den ,Java-TX Compiler” gibt. Diese Tests miissen
lediglich auf den generierten Bytecode des ,Java-
TX Compiler in Java-TX“ angewandt werden,
um fehlerhafter Bytecode oft friihzeitig zu erken-
nen.

Die Tests des ,Java-TX Compiler” werden Uber
Maven verwaltet und ausgefihrt. AuBerdem bi-
eten die meisten Integrated Development Envi-
ronment (IDE)s eine direkte Integration fur JU-
nit Tests. Diese automatischen Verfahren sind
fir reine Java Projekte geeignet, da sie die Test-
suite automatisch ausfihren und die Ergebnisse
anzeigen. Da der ,Java-TX Compiler in Java-
TX" aus einer gemischten Codebasis mit Java und
Java-TX Quelldateien besteht, die mit dem eige-
nen Skript kompiliert wird, ist es nicht mdglich
diese Tools zu verwenden.
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Daher muss die Testsuite manuell auf die kom-
pilierten Dateien angewandt werden. Um diesen
Prozess zu automatisieren, wurde ein weiteres
Skript geschrieben. Dieses Skript kompiliert und
kopiert die notwendigen Dateien zur Ausfihrung
der Tests in den korrekten Ordner. Danach kon-
nen die Tests mit einem Aufruf des JUnit 4 JAR-
Archivs ausgefiihrt werden. Das gesamte Skript
ist in Listing 9 zu sehen.

Zu Beginn werden einige Variablen initialisiert.
DESTDIR gibt den Ordner an, an dem die bere-
its kompilierten Dateien des ,Java-TX Compiler
in Java-TX“ liegen. Auf diesen Dateien wer-
den die Tests ausgefiihrt. TESTDESTDIR gibt den
Ordner an, in dem die kompilierten JUnit Test-
dateien abgelegt werden sollen. DEPENDENCIES
gibt den Ordner mit den externen Abhangigkeiten
des Projekts an. Diese sind identisch mit den Ab-
hangigkeiten des compile.sh Skripts und damit
mit den Dateien, die im urspringlichen Com-
piler Gber Maven verwaltet werden. TESTFILES
gibt die Testklassen an, die ausgefiihrt werden
sollen. Zuletzt verweist RESOURCES auf den Ord-
ner, in dem die Testdateien, d.h. .jav Quell-
dateien, die von den Tests kompiliert werden,
liegen. Dann werden alle JUnit Test Dateien kom-
piliert, wenn sie nicht bereits vorhanden sind. Im
Anschluss werden samtliche Ressourcen, die von
den Tests bendtigt werden, z.B. die Testdateien,
deren Code kompiliert werden soll, an die kor-
rekte Position kopiert, sodass die Tests diese zur
Laufzeit finden kdnnen. In den nachsten Zeilen
wird in den Testordner gewechselt und die Tests
mit der Klasse JUnitCore ausgefihrt. Die Klasse
org.juni.runner.JUnitCore ist die Hauptklasse
von JUnit 4, die die Tests ausfihrt. Sie ist im
JUnit4 JAR-Archiv enthalten, welches bereits bei
den Abhangigkeiten in DEPENDENCIES vorhanden
ist.

3 Aufgetretene Probleme

Beim Versuch, im Zuge dieser Studienarbeit
Teile des ,Java-TX Compiler” in Java-TX zu kon-
vertieren, sind viele Bugs und fehlende Features
aufgefallen. Einige interessante Probleme wer-
den in diesem Kapitel genauer beschrieben. In
Abbildung 5 ist eine Gesamtlbersicht tiber die An-
zahl der gefundenen Probleme zu sehen. Die
Grafik ist in zwei Kategorien unterteilt: Bugs
und Feature-Anfragen. Bugs beschreiben hier-
bei Fehler in bereits implementierten Funktionen,

© ® N o o &~ @ N

wahrend Feature-Anfragen ganzlich neue Funk-
tionen beschreiben, meistens handelt es sich hi-
erbei um Standard-Java-Funktionen, die bislang
noch nicht implementiert wurden und keine neuen
Funktionen im Bezug auf Java-TX Sprachfea-
tures. Weiter sind die Kategorien nach offenen
und geschlossenen Problemen unterteilt.

3.1 Neue Funktionen

Um den
umzuschreiben,

~Java-TX Compiler in Java-TX"
sind einige  Funktionen
notwendig, die zu Beginn der Studienarbeit
noch nicht implementiert waren.  Uber den
Zeitraum der Studienarbeit wurden insgesamt 20
neue Funktionen implementiert. Da die For-Each
Schleife in Java-TX minimal von der Java Syntax
abweichen darf, wird sie im folgenden etwas
ausfuhrlicher beschrieben. Einige der anderen
Funktionen werden nur kurz aufgeflhrt.

3.1.1 For-Each Schleife

Die For-Each Schleife ermdglicht es, mit einer el-
eganten Syntax Uber eine Variable vom Typ java
.lang.Iterable zU iterieren [19]. Ein Beispiel zur
Verwendung der For-Each Schleife in Java ist in
Listing 10 zu sehen.

List<String> 1list =
<>0)

//entweder

for (String s list) {
System.out.println(s);

new Arraylist

}

//

for(var s : list) {
System.out.println(s);

oder

}
Listing 10: For-Each Schleife in Java

Dabei kann der Typ der Variable entweder ex-
plizit angegeben oder durch Angabe des Schlis-
selworts var durch den Compiler inferiert werden.
In Java-TX kann diese Typangabe Angabe auch
ganzlich weggelassen werden. Ein Beispiel zur
Verwendung der For-Each Schleife in Java-TX ist
in Listing 11 zu sehen.




Engineering INSIGHTS

#!/bin/bash
##TEST ENVIRONMENT##

DESTDIR="out/src"

TESTDESTDIR="out/tests"

DEPENDENCIES="dependencies/*"

TESTFILES="TestComplete TestPackages GenericParserTest TestTypeDeployment
finiteClosure.SuperInterfacesTest astfactory.ASTFactoryTest targetast.
ASTToTypedTargetAST targetast.GreaterEqualTest targetast.GreaterThanTest
targetast.InheritTest2 targetast.InheritTest targetast.LessEqualTest
targetast.LessThanTest targetast.OLTest targetast.PostIncTest targetast.
PreIncTest targetast.PutTest targetast.TestCodegen targetast.TestGenerics
targetast.TphTest targetast.WhileTest"

RESOURCES="1ib/resources"

#recompile all necessary test files

javac -cp "$TESTDESTDIR:$DESTDIR:$DEPENDENCIES" -d $TESTDESTDIR tests/#**/x.java
javac -cp "$TESTDESTDIR:$DESTDIR:$DEPENDENCIES" -d $TESTDESTDIR tests/*.java

cp -r $RESOURCES $TESTDESTDIR/resources/

cd "$TESTDESTDIR"

#run tests with junit
java -cp "../src:.:../../dependencies/*" org.junit.runner.JUnitCore $TESTFILES

Listing 9: Skript zum Kompilieren und Ausfiihren der Tests
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Figure 5: Gefundene Probleme und neue Funktionen
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List<String> list = new ArraylList
>0

//Kein Typ vor der Variable s
notwendig

for (s : list) {

System.out.println(s);
}

Listing 11: For-Each Schleife in Java-TX

3.1.2 Weitere neue Funktionen

Neben der For-Each Schleife wurden noch weit-
ere Funktionen implementiert. Diese unterschei-
den sich allerdings nicht von der Java Syntax und
werden daher nur kurz aufgelistet:

* super() Konstruktoraufruf

» Methodenaufruf der Superklasse mittels su-
per

+ this() Konstruktoraufruf

» instanceof Schllsselwort

+ throw Schlisselwort

* Verwendung des null Literals

* Character Literal z.B. ’a’

* Long und Float Literals z.B. 1L oder 1.0f
* Type Casts

» Negation Operator !

* Bitweise AND & und OR | Operatoren
* Modulo Operator %

* Ternary Operator 7 :

» Do-While Schleife

» Verwenden von JAR-Archiven im Classpath

3.2 Bugs

Insgesamt wurden 27 Bugs gefunden und be-
hoben, einige weitere sind noch offen. Im fol-
genden Abschnitt wird eine kleine Auswahl dieser
Bugs ausfuhrlicher beschrieben.

3.2.1 JVM Classpath wird von ,,Java-TX
Compiler” beachtet

Zur Beschreibung dieses Bugs missen zunachst
einige Grundlagen zum Classpath und dem
Classloader geklart werden. Damit der ,Java-
TX Compiler” andere Klassen verwenden kann
(darunter zahlen z.B. auch JAR-Archive), missen
sie im Classpath vorhanden oder Teil der Stan-
dardbibliothek sein. Der Classpath kann, wie
auch beim javac Compiler, mit dem Flag -
cp oder -classpath angegeben werden. Ein
Beispielaufruf kdnnte folgendermaBen ausse-
hen: java -jar JavaTXCompiler.jar -cp /path/
to/classes /path/to/source.jav4. Wenn kein
Classpath angegeben wird, wird das aktuelle Ar-
beitsverzeichnis des Nutzers verwendet. Die
angegebenen Pfade werden dann vom Compiler
durchsucht, um die benétigten Klassen zu finden.
Wenn die Klasse nicht gefunden werden konnte,
wird ein Fehler ausgegeben. Nur Klassen, die im
Classpath vorhanden sind, kénnen importiert und
verwendet werden. Ausnahme sind die Klassen
aus der Java Standard Library, wie z.B. alle
Klassen des Pakets java.lang, die standardmaBig
vorhanden sind. Das Packet java.lang bietet die
Klasse ClassLoader, die es ermdglicht, Klassen
dynamisch in die JVM zu laden [1]. Der ,Java-TX
Compiler” verwendet auch diesen Classloader,
um die angegebenen Klassen zu suchen und
einzulesen. So muss kein eigener Parser flr Java
Bytecode implementiert werden.

Um genau zu sein, gibt es nicht einen Class-
loader, sondern mehrere, die nacheinander aus-
gefihrt werden. Die oberste Schicht ist der
Bootstrap Classloader, der Java Development Kit
(JDK) interne Klassen I&dt. Darunter befindet sich
der Extension Classloader, der die Klassen aus
den JAR-Dateien im jre/lib/ext Verzeichnis ladt.
Der Application Classloader 1adt die Klassen aus
dem Classpath und zuletzt gibt es eine eigene Im-
plementierung des java.net.URLClassLoader Na-
mens Directory Classloader, der die Pfade, die
dem Compiler mit -cp Gibergeben werden, durch-
sucht [1, 8]. Eine Visualisierung dieser Schichten
ist in Abbildung 6 zu sehen. Das Programm
beginnt mit dem untersten Classloader (Direc-
tory Classloader), versucht also die gesuchte
Klasse in diesen Ressourcen zu finden. Wenn
die Klasse nicht gefunden wird, wird der nach-
ste Classloader (Application Classloader) verwen-
det. Dieser Prozess wird so lange wiederholt,

4 JavaTXCompiler.jar ist in diesem Fall der ,Java-TX Com-
piler* in Form eines JAR-Archivs
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bis die Klasse gefunden wurde oder alle Class-
loader durchsucht wurden. Zu beachten ist, dass
der Classpath des Application Classloaders nicht
derselbe ist wie der Classpath, der dem Com-
piler Obergeben wird und vom DirectoryClass-
loader verwendet wird. Der Classpath des Ap-
plication Classloaders ist der Classpath, mit dem
die JVM gestartet wurde. Dieser beinhaltet in
diesem Fall z.B. sdmtliche Maven-Abhangigkeiten
und Bytecode-Dateien des ,Java-TX Compiler*.

Da durch dieses Vorgehen auch die Klassen
aus dem JVM Classpath vom Classloader und
damit vom ,Java-TX Compiler” beriicksichtigt wer-
den, kann man diese importieren, ohne sie
im Classpath angegeben zu missen. Dies
ist ein unerwinschtes Verhalten, da der Com-
piler so Klassen akzeptiert, die gegebenen-
falls nicht vom Programmierer gewlnscht sind,
was zu Verwirrung fihren kann. Ein Beispiel
hierzu ist in Listing 12 zu sehen. Dieser
Code kompiliert mit dem Befehl java -jar
JavaTXCompiler.jar Main.jav® korrekt, obwohl
die Klasse com.google.common.math.IntMath
weder im Classpath angegeben noch in der Stan-
dardbibliothek vorhanden ist. Sie ist jedoch im
JAR Archiv des ,Java-TX Compiler* und damit
im JVM Classpath zur Ausfihrung des Compilers
vorhanden, da der ,Java-TX Compiler” die Google
Guava Bibliothek verwendet.

import com.google.common.math.IntMath;
import java.lang.String;

class Maind{
return2 () {
return IntMath.checkedAdd (1,
1)
}
}

Listing 12: Verwenden von Klassen im JVM Classpath

Dieses Verhalten ist vor allem auch flr das Projekt
w~Java-TX Compiler in Java-TX" problematisch, da
der ,Java-TX Compiler und der ,Java-TX Com-
piler in Java-TX* die gleichen Klassen/Klassen-
hierarchie verwenden und somit die Mdglichkeit
besteht, dass der Compiler die Klassen des
~Java-TX Compiler” verwendet anstatt die des
~Java-TX Compiler in Java-TX".

Die Lésung dieses Problems ist gliicklicherweise
unkompliziert. Es muss lediglich die ClassLoader
Hierarchie so angepasst werden, dass der Appli-
cation Classloader iibersprungen wird. Diese An-
derung ist in Abbildung 7 zu sehen. Der Directory

5 JavaTXCompiler.jar ist hier der ,Java-TX Compiler” in Form
eines JAR Archivs
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Classloader ruft nun direkt den Extension Class-
loader auf. So kénnen weiterhin Klassen aus der
Java Standard Bibliothek verwendet werden, je-
doch nicht mehr die Klassen im JVM Classpath.

3.2.2 Kompatibilitat von Java-TX
Funktionstypen und funktionalen
Interfaces

Als Problem stellte sich die Kompatibilitdt von
Java-TX Funktionstypen und funktionalen Inter-
faces heraus, die seit Java 8 als Zieltypen fir
Lambda Ausdriicken dienen. Ziel ist es, beste-
hende Java Bibliotheken, die mit funktionalen
Interfaces arbeiten, mit Java-TX Funktionstypen
verwenden zu kdnnen. Die theoretische Lésung
fur dieses Problem wurde bereits 2017 in [11][Ab-
schnitt 6] beschrieben. Die praktische Umsetzung
gestaltet sich jedoch komplizierter als gedacht.
Ein Beispiel fiir eine Bibliothek, die ausgiebig
funktionale Interfaces verwendet, ist die sehr ver-
breitete Stream API, welche mit Java 8 eingefiihrt
wurde [2]. Streams erlauben es, Daten mit deklar-
ativem Code zu verarbeiten, was die Lesbarkeit
und Wartbarkeit des Codes erhéht [14].

import java.util.List;
import java.util.stream.Stream;
import java.util.function.Predicate;

public class ListUtils{
static List<Integer>
getAllEvenNumbers (List<Integer> list)
{
List<Integer> result =
list.stream()
.filter(x -> x %
.toList () ;
return result;

2 == 0)

Listing 13: Verwendung der Stream API in Java

In Listing 13 ist ein Beispielprogramm in Java zu
sehen, welches die Stream API verwendet. Die
Methode getAllEvenNumbers filtert alle unger-
aden Zahlen aus einer Liste. Dazu verwendet sie
die Lambda Funktion x -> x % 2 == 0, die folgen-
dermaf3en definiert ist:

wennn mod 2 =0

isEven(n) sonst

6 )true,
false,

& Im Quellcode hat der Lambda-Ausdruck keinen Namen
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Bootstrap Classloader
Interne JDK Klassen, Standard Library

Extension Classloader
JDK Erweitungen, Uberlicherweise im $JAVA_HOME/1lib/ext Verzeichnis

Application Classloader
Klassen aus dem Classpath

Directory Classloader
Klassen, die dem Compiler mit -cp bergeben werden

Figure 6: Die Classloader Hierarchie des ,Java-TX Compiler” (vgl. [8])

Bootstrap Classloader
Interne JDK Klassen, Standard Library

I

Extension Classloader
JDK Erweitungen, Uberlicherweise im $JAVA_HOME/1ib/ext Verzeichnis

Application Classloader
Klassen aus dem Classpath

Directory Classloader
Klassen, die dem Compiler mit -cp lbergeben werden

Figure 7: Die Classloader Hierarchie des ,Java-TX Compiler* ohne den ApplicationClassLoader
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Die filter Methode von java.util.stream.
Stream lasst nur Werte passieren, fir die die
angegebene Funktion zu ,true® evaluiert. Zuletzt
werden diese Werte in einer Liste gesammelt und
zuriickgegeben.

Der javac Compiler inferiert fir den Lambda-
Ausdruck x -> x % 2 == oden Typ
java.util.function.Predicate<Integer>, da
explizit dieser Typ von der filter Methode er-
wartet wird.

public interface Stream<T>
extends BaseStream<T, Stream<T>> {
Stream<T>
filter (Predicate<? super T>
predicate);

In Java-TX kompilierte dieser Code zu Beginn
der Studienarbeit nicht, da der ,Java-TX Com-
piler* den Typ Funi$$<Integer, Boolean> flir den
Lambda Ausdruck inferiert hat. Der ,Java-TX
Compiler” wiirde also den Lambda Ausdruck als
Funktionstypen interpretieren anstatt als funk-
tionalen Interface, was soweit korrekt ist. Obwohl
die beiden Typen semantisch aquivalent sind, sind
sie aufgrund des nominalen Typsystems von Java
und der JVM jedoch nicht austauschbar. Es
kommt also zu einem Laufzeitfehler. Dieses Prob-
lem ist von hoher Relevanz, da sémtliche Metho-
den aus Java Bibliotheken, die funktionalen Inter-
faces verwenden, so in Java-TX nicht verwendet
werden kénnen.

Im Laufe der Arbeit wurde zumindest eine Teill6-
sung dieses Problems implementiert, so dass der
Code in Listing 13 kompiliert und lauffahig ist. Der
~Java-TX Compiler” generiert in solch einem Fall
nun den Code fir das korrekte funktionale Inter-
face statt dem FunN$$ Typen. Das funktioniert
allerdings nur, wenn der Lambda Ausdruck wie
bei Listing 13 direkt im Funktionsaufruf steht. Der
Beispielcode in Listing 14 funktioniert also nicht
und stellt aktuell noch ein Problem dar.

util.List;

lang.Integer;
lang.Boolean;
util.stream.Stream;
util.function.Predicate;

import
import
import
import
import

java.
java.
java.
java.
java.

public class ListUtils{
static getAllEvenNumbers (list){
// Java-TX inferiert hier
Funi$$<Integer , Boolean>
var func = x -> x % 2 0;

11
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// An dieser Stelle wird aber
ein Predicate<Integer>
erwartet -> Laufzeitfehler

var result = list.stream().
filter (func) .tolList () ;

Listing 14: Aktuell nicht laufféhiger Java-TX Code |

Das liegt daran, dass der Compiler zum Zeit-
punkt der Initialisierung des Lambda Ausdrucks
nicht wei3, in welchem Kontext der Ausdruck
spater verwendet werden soll. Betrachten wir
zur Verdeutlichung des Problems die etwas kom-
plexere Funktion uselessFunction in Listing 15.
Uber die Sinnhaftigkeit dieses Codes lasst sich
streiten. Die Funktion sollte im Endeffekt das gle-
iche Resultat liefern wie die Funktion in Listing 13,
mit dem Unterschied, dass in der Resultatliste fir
jede Zahl der Wert true zuriickgegeben wird. Das
Problem ist nun, dass die selbe Lambda Funktion
im Laufe der Funktion mit verschiedenen funk-
tionale Interfaces verwendet wird, was die Sache
verkompliziert. So wiirde die map Methode in Zeile
10 den Typ Function<Integer, Boolean> erwarten,
wahrend die Filter Methode in Zeile 9 weiterhin
Predicate<Integer> erwartet. Hier misste vermut-
lich fur alle Aufrufe eine separate Lambda Funk-
tion mit dem richtigen Target Type im Bytecode er-
stellt werden. Allerdings erfordert dies vermutlich
eine gréBere Anderung am Compiler und konnte
aktuell noch nicht umgesetzt werden.

util.
lang.
lang.

List;

Integer;

Boolean;
util.stream.Stream;
util.function.Predicate;
util.function.Function;

import
import
import
import
import
import

java.
java.
java.
java.
java.
java.

public class ListUtils{
static uselessFunction(list){
// Java-TX inferiert hier
Funi$$<Integer, Boolean>
var func = x -> x % 2 == 0;
// An dieser Stelle wird ein
Predicate<Integer>
erwartet
var resultl = list.stream().
filter (func);
// An dieser Stelle wird ein
Function<Integer,
erwvartet
var result2 =
).toList () ;
return result2;

Boolean>

resultl.map (func
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}
Listing 15: Aktuell nicht lauffédhiger Java-TX Code I

3.2.3 Uberschreiben von Methoden mit
primitiven Datentypen

Ein weiteres Problem ist das Uberschreiben von
Methoden mit primitiven Datentypen. Im Vergle-
ich zu Java unterstitzt Java-TX nur Referenz-
typen, keine primitiven Datentypen. Die Gram-
matik erlaubt zwar die Verwendung von primitiven
Datentypen, diese werden jedoch intern in Ref-
erenztypen umgewandelt. In Abbildung 8 sind
auf der linken Seite einige Initialisierungen von
primitiven Datentypen in Java-TX gezeigt. Auf
der rechten Seite gegeniibergestellt ist der Code,
wie er im Compiler intern verarbeitet und spater
auch im Bytecode generiert wird. Der Com-
piler generiert also fur jeden primitiven Daten-
typen den entsprechenden Wrappertyp. Daher
ist es auch bei der Verwendung von primitiven
Typen notwendig, die entsprechenden Wrapperk-
lasse zu importieren.

import java.lang.Integer;
import java.lang.Boolean;
import java.lang.Float;
class PrimitiveTypes{

int i = 5;
boolean b = true;
float f = 10.5f;

import java.lang.Integer;
import java.lang.Boolean;
import java.lang.Float;
class PrimitiveTypesd{

N o o A w N =

Integer i = 5;
Boolean b = true;
Float £ = 10.5f;

Figure 8: Primitive Datentypen in Java-TX

Diese Eigenschaft von Java-TX fUhrte im Zusam-
menhang mit der Uberladung von Java Metho-
den, deren Rlckgabewert oder Parameter primi-
tive Datentypen sind, zu einem Problem. Nehmen
wir als Beispiel den Code in Listing 16. Die Meth-
ode hashCode wird von der Mutterklasse Object’
geerbt. Sie hat folgende Signatur:

int hashCode();

7 In Java erben alle Klassen implizit von Object
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Da sowohl der Name als auch die Parameterliste
der Methode Ubereinstimmen, wirde man er-
warten, dass diese von der Klasse Foo Uber-
schrieben wird.

import java.lang.Integer;

public class Foo{
public hashCode (){
return 42;
}
}

Listing 16: Uberschreiben  von  Methoden
primitiven Datentypen in Java-TX

mit

Stattdessen inferiert der Compiler allerdings die
Typen in Listing 17 fir die Methode hashCode in
Listing 16. Dies ist Aufgrund der Tatsache, dass
primitive Datentypen in Java-TX automatisch mit
dem Wrappertyp ersetzt werden, logisch.

import java.lang.Integer;

public class Foo{
public java.lang.Integer hashCode
(Ot

return 42;

}

Listing 17: Ergebnis der Typinferenz flr die Methode
hashCode in Java-TX

Im Bytecode flihrt dies allerdings anstatt einer
Uberschreibung zu einer Uberladung der Meth-
ode hashCode, da der Rulckgabetyp in List-
ing 17 nicht mit dem Rickgabetyp in List-
ing 16 0Obereinstimmt, schlieBlich sind int
und java.lang.Integer trotz Autoboxing unter-
schiedliche Typen (mehr dazu in [7][S.6 ff]). Denn
obwohl Java die Uberladung von Methoden an-
hand des Rickgabetyps nicht unterstitzt, ist es
in Java Bytecode durchaus mdéglich. Dies macht
sich Java z.B. fiir das kovariante Uberladen von
Methoden zunutze. Seit Java 5 ist es mdoglich,
dass eine Methode in einer Subklasse einen
Rickgabetyp hat, der ein Subtyp des Riickga-
betyps der Methode in der Superklasse ist [7][S.
49]. Dazu sei zunéchst die Signatur der Meth-
ode clone in der Klasse O0bject gegeben, welche
kein Parameter hat und ein Objekt vom Typ Object
zurtickgibt:

class Object{

protected Object clone(){...}
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Es ist nun mdglich, die Methode clone in einer
Subklasse zu Uberschreiben und den Riickga-
betyp zu spezialisieren. In Listing 18 wird die
Methode clone in der Klasse A Uberschrieben und
der Riickgabetyp auf A spezialisiert.

class A{
@0verride
public A clone(){...}
}
Listing 18: Kovariante Methodentberladung in Java

Dies wird durch eine Bridge Methode erméglicht,
die sich den Fakt zunutze macht, dass die JVM
Methoden anhand des Rickgabetyps unterschei-
det und somit Oberladen kann. Der Compiler
erzeugt also eine Bridge Methode, mit der Sig-
natur Object clone(), die die Methode A clone()
aufruft. In Listing 19 ist dazu der dekompilierte
Bytecode der Klasse A gegeben.

class A{
public A clone(){...}

public Object clone (){
return this.clone(); //Aufruf
der Methode clone () :A

Listing 19: Dekompilierter Bytecode der Klasse A

In unserem Bug ist dies allerdings nicht das
gewiinschte Verhalten, da eine Uberladung an-
hand des Ruickgabewerts nicht mdglich sein
sollte. In Java werden Uberladungen anhand des
Rickgabewerts vom Compiler abgelehnt, da nicht
immer ersichtlich ist, welche Methode aufgerufen
werden soll. AuBerdem wéren Uberladungen von
Methoden, welche primitive Typen verwenden, in
Java-TX génzlich unmdglich, weil selbst die ex-
plizite Angabe des Typs int vom Compiler in java
.lang.Integer umgewandelt werden wirde.

Um dieses Problem zu l6sen, wird aktuell eine
einfache Substitution verwendet. Wenn der Com-
piler eine Uberladung erkennt und der Riickga-
betyp oder ein Parametertyp der Superklasse ein
primitiver Datentyp ist, wird der dazugehérige
Wrappertyp durch den jeweiligen primitiven Typen
ersetzt. Dadurch funktioniert die Uberschreibung
von Methoden mit primitiven Datentypen korrekt.
Da es aber noch einige Bugs mit dieser Imple-
mentierung gibt, bleibt abzuwarten, ob dies die
endgultige Lésung ist.

3.2.4 Korrekter Methodenaufruf fiir
tberladene Methoden mit Subtypen als
Parameter

Dieser Bug ist zum Zeitpunkt der Abgabe dieser
Arbeit noch nicht behoben. Er tritt vor allem
im Zusammenhang mit dem Visitor-Pattern auf,
welches im ,Java-TX Compiler* ausgiebig genutzt
wird. Der Compiler ruft nicht immer die kor-
rekte Methode auf, wenn mehrere potenziell ko-
rrekte Methoden zur Auswahl stehen. Sehen
wir uns dazu an, wie Java mit diesem Prob-
lem umgeht. Dazu sei der Code in Listing 20
gegeben. Die Main Funktion ruft dabei die Meth-
ode visit der Klasse visitor mit einer Instanz
der Klasse java.lang.Integer (bzw. int, was aber
geboxed wird [7][S.6 ff]) auf. Die visit Meth-
ode ist dreimal Uberladen, einmal mit java.lang
.Object, einmal mit java.lang.Number und einmal
mit einem java.lang.Integer. Die Frage ist nun,
welche dieser Uberladungen aufgerufen werden
sollte. Theoretisch ware jeder Aufruf korrekt, da
java.lang.Integer sowohl von java.lang.Number
als auch von java.lang.Object erbt. Das Verhal-
ten in so einem Fall ist in [4][Abschnitt 15.12.2.5]
beschrieben. Java wéhlt in einem solchen Fall
die spezifischste Methode, also die Methode, die
den spezifischsten Typen als Parameter hat. In
diesem Fall wéare das die Methode, mit der Sig-
natur void visit(Integer i). Dies bestétigt sich
auch, wenn der Code in Listing 20 kompiliert und
ausgefthrt wird. Die Ausgabe ist wie erwartet "
Integer"

class Main{
public static void main(String[]
args)q{
Visitor v =
v.visit(1);

new Visitor () ;

}

class Visitor{

public void visit(Object o){
System.out.println("Object");

}

public void visit (Number n){
System.out.println (" Number") ;

}

public void visit(Integer i){
System.out.println("Integer");

}

Listing 20: Uberladene Methoden in Java

Dieses Verhalten ware vor allem aus Kompati-
bilitdtsgriinden auch in Java-TX winschenswert.
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Hier kommt es aktuell aber zu einem Fehler.
Wenn der Code mehrmals kompiliert wird, wahit
der Compiler jedes Mal eine andere Methode.
Die Ausgabe ist also nicht deterministisch. Dies
ist dadurch zu ergriinden, dass der Typinferen-
zalgorithmus alle 3 Lésungen fir den Methode-
naufruf findet, aktuell aber nicht berlcksichtigt,
dass die Parameter der Methoden Subtypen sein
kénnen. Die Lésungen werden also als gleich-
wertig angesehen. Der Bytecodegenerator wahlt
dann aktuell die erste Losung und verwirft die
restlichen. Da der Typinferenzalgorithmus auf
mehreren Threads parallel ausgefiihrt wird, kann
sich die Reihenfolge der Ergebnisse dndern und
somit auch das Ergebnis des Bytecodegenera-
tors. Daher werden bei mehreren Kompilierungen
unterschiedliche Ergebnisse erzielt.

Leider konnte das Problem bisher nicht gel6st
werden, da es erst relativ spat bemerkt wurde. In
einer spateren Version des Compilers sollte sich
Java-TX in diesem Punkt aber wie Java verhal-
ten, so dass auch das Visitor Pattern in Java-TX
korrekt funktioniert.

3.2.5 Weitere Bugs und fehlende Features

Neben diesen umfangreich beschriebenen Prob-
lemen, gab es noch viele weitere Probleme, die
hier nur kurz aufgefiihrt werden.

1. Die Access Modifier wurden nicht korrekt
auf die Methoden angewendet. Alle Metho-
den wurden mit dem Access Modifier public
deklariert. Wenn ein anderer Access Mod-
ifier verwendet wurde, wurde dieser einfach
hinzugefligt. So konnte es zu Signaturen wie
public private void foo() kommen.

2. Die Fehlermeldungen des Compilers wur-
den verbessert. Es wird nun angezeigt, in
welcher Zeile und Datei ein Constraint erstellt
wurde.

3. Uberladene Konstruktoren konnten nicht
aufgerufen werden.

4. If-Statements ohne Blocke wurden teilweise
nicht korrekt verarbeitet.

5. toString() und andere Methoden von Object
konnten auf Interfaces nicht aufgerufen wer-
den.

6. Die @Override Annotation bei Methoden
fOhrte zu einem Fehler. Annotations werden
nun ignoriert.

7. Die Typinferenz war fir die neu hinzugeflgte
ForEach Schleife fehlerhaft.

8. Es gab einige Probleme mit Interfaces,
welche behoben wurden.

9. Der Bytecode beim Aufruf von statischen
Methoden war fehlerhaft.

10. Bei der Uberschreibung von vererbten Meth-
oden mussten die Parametertypen den gle-
ichen Namen haben.

Zusatzlich sind auch einige Features aufgefallen,
die bis zum aktuellen Stand noch nicht implemen-
tiert wurden.

1. Arrays und damit auch die Main-Funktion
sind nicht implementiert.

2. Exceptions sind nur sehr rudimentér imple-
mentiert, z.B. sind checked Exceptions ak-
tuell nicht méglich.

3. Subtypisierung bei Funktionstypen funktion-
iert noch nicht wie es sollte

4. Der Funktionstyp FunVoidN$$ fir Funktion-
stypen, die void zurlickgeben ist aktuell noch
nicht umgesetzt.

4 Fazit und Ausblick

Im Laufe dieser Studienarbeit konnte bisher nur
ein Bruchteil des Quellcodes Ubersetzt werden.
Abbildung 9 zeigt das aktuelle Verhaltnis von Java
zu Java-TX Quelldateien. Bisher konnten nur 18
von 251 Quelldateien erfolgreich Ubersetzt wer-
den. ,Erfolgreich” bedeutet in diesem Kontext,
dass alle Tests der Testsuite erfolgreich durch-
laufen wurden.

Die Ubersetzten Dateien beschranken sich aktuell
auf die Pakete de.dhbwstuttgart.typeinference
und de.dhbwstuttgart.syntaxtree. Der Umfang
der Ubersetzten Dateien ist vergleichsweise ger-
ing. Dennoch konnten durch die Studienar-
beit viele Bugs im Compiler gefunden und be-
hoben werden, wodurch sich die generelle Qual-
itat des Compilers verbessert hat. Einige neue
Features, welche zum Ubersetzen der Quell-
dateien in Java-TX notwendig waren, wurden
ebenfalls hinzugefligt. Die gréBte Schwachstelle
des Compilers sind aktuell wohl die Fehlermel-
dungen. Diese sind oft schwer zu verstehen
und einzugrenzen. Hier besteht definitiv noch
Verbesserungspotential. AuBerdem fehlen auch
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Java-TX

Java

Figure 9: Verhéltnis der Java und Java-TX Dateien im
~Java-TX Compiler in Java-TX"

aktuell noch einige der grundlegenden Funktio-
nen von Java, wie z.B. die Main Methode, die we-
gen der fehlenden Unterstltzung fir Arrays noch
nicht implementiert wurde.

Das langfristige Ziel wird sicherlich sein (ggf. in
nachfolgenden Studienarbeiten), den gesamten
Quellcode des ,Java-TX Compiler” in Java-TX zu
Ubersetzen®, um die Qualitat und den Funktion-
sumfang des Compilers sicherzustellen. Der Weg
dahin ist jedoch noch weit. Es gibt sicherlich noch
viele unentdeckte Bugs und Probleme, die es zu
I6sen gilt. Zudem misste man an bestimmten
Stellen nicht nur die Typinformationen entfernen,
sondern den Code anpassen. Der ,Java-TX
Compiler” verwendet, historisch bedingt, teilweise
noch alte Java-Features, die in Java-TX nicht
mehr unterstiitzt werden, z.B. Raw Types [13].
AuBerdem mulsste man zum aktuellen Stand des
Compilers samtliche Arrays in Listen umwandeln,
da Java-TX aktuell keine Arrays unterstiitzt. Dies
ist darauf zurtckzuflhren, dass Arrays auch in
Java eine gewisse Sonderstellung haben, da sie
aus einer Zeit vor generischen Typen stammen
und im Vergleich zu Collections einige Nachteile
haben [7][Abschnitt 2.5, 6.9]. Doch auch wenn
Arrays im Quellcode durch Listen ersetzt werden
kénnen, gibt es gewisse Methoden in Java Biblio-
theken, die Arrays verwenden. So z.B. auch die
Methode split der Klasse java.lang.String,
die ein Array von Strings zurlickgibt [17]:

8 Externe Tools wie Antlr oder ASM, die zur Implementierung
des Compilers verwendet wurden, werden natlrlich weiterhin
Java Code verwenden.

public final class String implements ... {

public String[] split(String regex){...}
public String[] split(String regex,
int limit){...}

Diese Methoden sind z.B. aus Java-TX nicht
aufrufbar, da sie Arrays zurlickgeben. Langfristig
wird es also notwendig sein, Arrays in Java-TX
zu unterstlitzen, um die Kompatibilitat mit Java
Klassen zu gewahrleisten. Arrays sind in Java
auch essenziell fir die Main Funktion, die daher
in Java-TX auch noch fehlt.

Erstrebenswert ware es auch, die Fehlermeldun-
gen des Compilers weiter zu verbessern. Dies
wirde sicherlich auch die Fehlersuche beim Uber-
setzen der Quelldateien erleichtern. Auch eine
vollstandige Kompatibilitdt von Java-TX Funktion-
stypen und funktionalen Interfaces wére win-
schenswert, um den Vorteil der echten Funktion-
stypen vollumfanglich mit bestehenden Java Bib-
liotheken ausnutzen zu kénnen.

Java-TX Java-Type eXtended

GNU GNU’s Not Unix

JVM Java Virtual Machine

JDK Java Development Kit

WSL Windows Subsystem for Linux

IDE Integrated Development Environment

GCC GNU Compiler Collection
Bash Bourne Again Shell
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Abstract

Type inference is a hallmark of functional programming. lts use in object-
oriented programming is often restricted to type inference for local variables
and the instantiation of generic type parameters.

Global type inference for Featherweight Generic Java is a whole-program

analysis that infers omitted method signatures.

Compared to previous

work, its results are more general as it infers types with wildcards. Global

type inference is proved sound.

1 Introduction

Type inference is a hallmark of functional pro-
gramming, where it improves readability and con-
ciseness while enabling safe rapid prototyping by
allowing the compiler to deduce types automati-
cally without explicit type annotations. It allows
developers to safely refactor their programs be-
fore fixing function signatures. In object-oriented
programming (OOP), however, the use of type in-
ference is more restricted. It is often employed
for local variables and the instantiation of generic
type parameters, offering similar readability and
conciseness benefits as in functional program-
ming. In languages like Java, the overall architec-
ture of method signatures must be designed by
the programmer up-front.

Java features a limited form of local type inference
for local variables defined with the var keyword,
lambda expressions, and method calls. Java in-
fers the type of variables defined with var. The ra-
tionale here is that instantiations of generic types
(e.g., maps of maps) are often unwiedly and they
can be easily inferred from the initializing expres-
sion. The type of a lambda expression is inferred
from the target type, i.e., the type of the method
argument that accepts the lambda. The rationale
is the intended use of lambdas as callback func-

tions for listeners etc. For calls to generic meth-
ods, Java infers the most specific instantiation of
the generic parameters for each individual call.

The local type inference features of Java add
some convenience, but programmers still have to
provide method signatures beforehand. So there
is scope for a global type inference algorithm that
infers method signatures even if no type informa-
tion (except class headers and types of field vari-
ables) is given. We present such a global type in-
ference algorithm for Featherweight Generic Java
with wildcards, a Java core calculus with gener-
ics and wildcards in the tradition of Featherweight
Java [5] and its extensions [2, 21]. Our approach
can also be used for regular Java programs, but
we limit the formal presentation to this core calcu-
lus.

Our algorithm enables programmers to write Java
code with only a minimum of type annotations
(class headers and types of field variables), it can
fill in missing type annotations in partially type-
annotated programs, and it can suggest better
(more general) types for ordinary, typed Java pro-
grams.

Listing 1 shows an example input of a method im-
plementation without any type annotation. Our al-
gorithm infers the type annotations in Listing 2: it
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Listing 1: Missing return type
genList () {
if(C ...0) A{
return new List (1);
} else {
return new List("Str");
}
¥

Listing 2: Type inference solution

List<?> genList () {

ifC ...00) o
return new List<Integer>(1);
} else {

return new List<String>("Str");
}
}

Listing 3: Part of a valid Java program
<T> List<T> emptyList() { ... }

List<String> 1ls = emptyList ();

adds the type arguments to List at object cre-
ation and it infers the most specific return type
List<?>, which is a wildcard type. Our algorithm
is the first to infer wildcard types that comes with
a soundness proof. Previous work on global type
inference for Java either does not consider wild-
cards or it simplifies the problem by not modeling
key features of Java wildcards.

Global Type Inference for Featherweight Java [19]
is a sound, but incomplete inference algorithm
for Featherweight Generic Java. It does not sup-
port wildcards, which means that it infers the re-
turn type Object for the method genList in List-
ing 1. Like our algorithm, their algorithm restricts
to monomorphic recursion, which leads to incom-
pleteness.

A type unification algorithm for Java with wild-
cards [11] states the same capabilities, but it does
not handle capture conversion correctly because
it only supports types which are expressible in
Java syntax (more details in section 4.2). More-
over, it appears that the subtype relation changes
depending on whether a type is used as an ar-
gument to a method invocation. We resolve this
problem by modeling Java wildcards as existen-
tial types [2, 21], which also serve as the basis of
our soundness proof.

Standard Java provides type inference in a re-
stricted form which only works for local environ-
ments where the surrounding context has known
types. The example in Listing 3 exhibits the
main differences to our global type inference al-

Listing 4: Limitations of Java’s Type Inference

emptyList () .add(new List<String>())
.get (0)
.get(0); //Typing Error

gorithm. The method call emptyList lacks its
type parameters. Java relies on a matching al-
gorithm [18] to instantiate T with String result-
ing in the correct expected type List<String>.
This local type inference depends on the type
annotation on the left side of the assignment.
When calling the emptyList method without this
type context its return value will be inferred
as List<Object>. Therefore, Java rejects the
code snippet in Listing 4: it infers the type
List<0Object> for emptyList () instead of the re-
quired List<List<String>>. Hence, the second
call to get produces a type error.

The type inference algorithm presented in this pa-
per correctly instantiates the type parameter T of
the emptyList method with List<List<String»
and render this code snippet correct.

We summarize our contributions:

» We introduce the language TamedFJ (section
3), a Featherweight Java derivative including
generics, wildcards, and type inference.

» Our algorithm handles existential types in a
form which is not denotable by Java syntax
[3]. Thus, we support capture conversion and
Java style method calls.

» We present a novel approach to deal with ex-
istential types and capture conversion during
constraint unification.

+ We prove soundness and aim for a good
compromise between completeness and time
complexity.

2 Java Wildcards

As Java is an imperative language, subtyping for
generic types is invariant. Even though String is
subtype of Object, a List<String> is not a sub-
type of List<Object>: because someone might
store an Integer in the list, which is compatible
with Object, but not with String (see Listing 5).

Invariance is overly restrictive in read-only or
write-only contexts. Hence, Java incooperates
use-site variance by allowing wildcards (?) in
types. For example, the type List<?> (short
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Listing 5: Java Invariance Example

List<String> 1s ce
List<0Object> 1lo P

lo = 1s; // typing error!
lo.add(new Integer (1));

Listing 6: Use-Site Variance Example

List<String> 1s = ...;

List<? extends Object> lo = ...;
lo = 1s; // correct

lo.add(new Integer(1)); // error!

Listing 7: Wildcard Example with faulty call to a concat
method
<X> List<X> concat (List<X> 11, List<X> 12)
{
return 11.addAl11(12);
}

List<?> 11 = new List<String>("foo");
List<?> 12 = new List<Integer>(1); // List
containing Integer

concat (11, 12); // Error! Would comncat two
different lists

for List<? extends Object>, with ?  being
a placeholder for any type) is a supertype of
List<String> and List<0Object>.  Listing 6
shows a use of wildcards that renders the assign-
ment 1o = 1s correct. The program still does not
compile, because the addition of an Integer to 1o
is still incorrect.

Wildcard types like List<?> are virtual types,
i.e., the run-time type of an object is always
a fully instantiated type like List<String> or
List<Object>. The issue is that the run-time
type underlying a wildcard type can change at any
time, for example when multiple threads share a
reference to the same field. Hence, a wildcard ?
must be considered a different type everytime it is
accessed. For that reason, the call to the method
concat with two wildcard lists in Listing 7 is re-
jected.

To determine the correctness of method calls in-
volving wildcard types Java'’s typechecker makes
use of a concept called capture conversion.

One way to formalize this concept is by replac-
ing wildcards with existential types and model-
ing capture conversion with suitably inserted let
statements [2]. Our Featherweight Java derivative
called TamedFJ is modeled after Bierhoff’s calcu-
lus [2] (see section 3). To express the example in
Listing 6 in our calculus we first translate the wild-
card types: List<? extends Object> becomes
JA: [1..0bject].List<A>, where the existentially

Listing 8: TamedFJ representation of the concat call
from listing 7
let 11’ : JX.List<List<X>> = 11 in

let 122 : JY.List<List<Y¥>> = 12 in
concat (11’, 12°) // Error!

bound variable A has a lower bound L and an up-
per bound Object. Before we can call the add
method on this type we perform capture conver-
sion by inserting a let statement:

let v : JA:[L.0Object].List<A> = lo in v.<A>add
(new Integer (1));

The variable 1o (from Listing 6) is assigned
to a new immutable variable v with type
JA: [L..0bject]|.List<X>, but inside the let state-
ment the variable v will be treated as List<A>.
Here A is a fresh variable or a captured wildcard.
The only information we have about A is that it
is a supertype of 1L and a subtype of Object It
is important to give the captured wildcard type
A an unique name which is used nowhere else.
This approach also clarifies why the method call
to concat in listing 7 is rejected (see Listing 8).

3 TamedFJ

This section defines the calculus TamedFJ, which
is used as input and output of our global type in-
ference algorithm. Figure 2 contains the syntax
with optional type annotations highlighted in yel-
low. The respective typing rules are defined in
Figures 5 and 6. TamedFJ is a subset of the cal-
culus defined by Bierhoff [2], but in addition we
make the types for method arguments and return
types optional. The point is that a correct and
fully typed TamedFJ program is also a correct
Featherweight Java program, which is vital for our
soundness proof.

A method assumption consists of a method name,
a list of type variables, a list of argument types,
and a return type. The first type in the list of ar-
gument types is the type of the surrounding class
also known as the this parameter. See Figure 1
for an example, where the add method is treated
internally as a method with two arguments, be-
cause we add this to its argument list. The type
variable A of the surrounding class is part of the
method’s list of type parameters.
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class List<A extends Object> {
List<A> add(A v){..,}
}

IT={
add : <A< 0Object> List<A>, A — List<A>

Figure 1: TamedFJ class and
method type environment

its corresponding

Additional Notes:

« We require type annotations for fields and
generic class parameters, as we consider
them as data declarations which are given by
the programmer.

» We add the elvis operator ( 7: ) to the syn-
tax to easily showcase applications involving
wildcard types. This operator is used to em-
ulate Java’s if-else expression but without
the condition clause. Our operator just re-
turns one of the two given statements at ran-
dom. The point is that the return type of the
elvis operator has to be a supertype of its two
subexpressions.

» The new expression does not require generic
parameters.

« Every method has an unique name. The cal-
culus does not include method overriding for
simplicity. Type inference with method over-
riding is described elsewhere [19] and can be
added to our algorithm in a similar way.

» The T-PROGRAM typing rule ensures that
there is one set of method assumptions used
for all classes that are part of the program.

» Unlike previous work [19], the typing rules
for expressions shown in Figure 5 allow for
polymorphic recursion. Type inference for
polymorphic recursion is undecidable [23]
and when proving completeness the calculus
needs to be restricted in that regard (cf. [19]).
Our algorithm is not complete (see discus-
sion in section 8), so we keep the TamedFJ
calculus as simple as possible and close to
Featherweight Java to simplify the soundness
proof.

4 Global Type Inference Algorithm

This section gives an overview of the global type
inference algorithm with examples and identifies
the challenges that we had to overcome in the de-
sign of the algorithm.

Listings 9, 10, 11, and 12 showcase the global
type inference algorithm step by step. Note that
regular Java code snippets are displayed in a
grey box, TamedFJ programs are yellow and con-
straints have a red background. In the Java code
in Listing 9, the type of variable 1 is an existen-
tial type so that it has to undergo a capture con-
version before being passed to a method call.
To this end we convert the program to A-Normal
form (Listing 10), which introduces a let state-
ment defining a new variable v. The constraint
generation step also assigns type placeholders to
all variables missing a type annotation. In this
case the algorithm puts the type placeholder v for
the type of v before generating constraints (see
Listing 11). These constraints mirror the typing
rules of the TamedFd calculus (section 3). The
call to add generates the capture constraint v <°¢
List<az>. This constraint (<€) is a kind of sub-
type constraint, which additionally expresses that
the left side of the constraint is subject to a cap-
ture conversion. Next, the unification algorithm
Unify (section 6) solves the constraints. Havin
the constraints in listing 11 as an input Unify
changes the constraint 3X : [L..String].List<X><
v to v = 3IX:[L..String].List<X> therby find-
ing a type solution for v. Afterwards every oc-
curence of v in the constraint set is replaced by
3X : [L..String].List<X> leaving us with the fol-
lowing constraints which are now subject to a cap-
ture conversion by the Unify algorithm:

X : [String..0bject]|.List<X><®
List<as>, String <€ ay

Capture
Y : [String..0bject] F List<¥><

List<a?>, String < a7

The constraint 3X : [String..0bject].List<X> <°
List<ar> allows Unify to do a capture conversion
to List<X> < List<a;>. The captured wildcard X
gets a fresh name Y, which is stored in the wild-
card environment of the Unify algorithm. Substi-
tuting Y for a- yields the constraints almost solved:
List<Y><List<Y>, String<Y. The first constraint
is obviously satisfied and String < Y is satisfied
because Y has String as lower bound.
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Parameterized classes N = C<T>
Types S,T,U == X|3JAN
Lower bounds K.L == T|Ll
Type variable contexts A = X:[L.T]
Class declarations D = class C<X<T><N{T f;M}
Method declarations M = <X<aN>Tm(Tx){returne;}
Terms e = X
| new C<T>(e)
e
|  em<T>(e)
| letx:dJAN=-eine
| e?e
Variable contexts r == x:T
Method type environment II == m:<XaN>T—T
Figure 2: Input Syntax with optional type annotations
S-TRANS S-UPPER S-LOWER
S-REFL AFS<T AFT<:U X:[L.U €A X:[L.U €A
AFT<:T _ _—
AFS<U AFX<:U AFL<:X
S-EXTENDS S-EXxIsTS
class C<X<U><aN {...} AAF[T/XL<:T  AART<: [T/X]U
XNndom(A) =0 fv(T) C dom(A,A’) dom(A’)Nfv(IX: [L.UL.N) =0

A+ A" .C<T> <: JA'[T/XN

A+ 3JA[T/XN <: 3X : [L..UL.N

Figure 3: Subtyping

WF-Top
WE-Bor AL, Uok
AF 1 ok —
AFW:[L.U].Object
WF-CLASS
A" =W:[L.1]

AAFT <: [T/X0

AN FT,L,U ok
class C<X<aU><N{...}

WF-VAR
W:[L.U €A AFL Uok

AFW:[L.U] ok

AANFL<T

A F 3w : [L..U].C<T> ok

Figure 4: Well-formedness
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T-VAR T-FIELD

x:Tel AlFv:T AFT<: 3N fields(N) =T £
ATFx:T ATFv.f;:U;
T-NEW T-CALL

A AFC<T>0k AFS<:T X<aU>U—»Uell(m) AFS<:[S/XU
AlFv:S fields(C<T>) = U f A+ S ok ATFv,v:T AFT<:[S/X|U

Al F new C(¥) : C<T> Al Fvm(v): T
T-LET

A|F|—t1 ' Ty AFT < JA'.N
AN Dyx:3ANE t9: Ty AN FTy<:T dom(A’) C fv(N) AFT,3A’N ok
AlTFletx=t;inty: T

T-ELvIS
AT'Fty:8 AlTFty:T AFS<:U AFT<:U

A|F|‘t1?:t2:U

Figure 5: Expression Typing

T-METHOD
class C<X<U><N{...} <Y <N>(C<X>,T) — T € II(m) AN =Y:1.P
AN EPT,Tok  dom(A)=X NOA,A|x:T,this:C<X>Fe: 8 AFS<:T
I|A F m(X){returne; } ok in C

T-CLASS T-PROGRAM
A=X:1.0 A FTU,T,N ok OAFMokinC H=m:<X<aN>T = T
I+ class C<X<aU> < N{T £; M} n+D

Figure 6: Class and Method Typing rules

F-CLAsS
fields(Object<>) = () class C<X<_> < N{S £; M} fields([T/X|N) =U g
fields(c<T>) =Ug, [T/X|S £

Figure 7: Field access



Global Type Inference for Featherweight Java with Wildcards

Listing 9: Valid Java program
<A> List<A> add(List<A> 1, A v)

List<? super String> 1 = ...;
add (1, "String");

Listing 10: TamedFJ representation

<A> List<A> add(List<A> 1, A v)
List<? super String> 1 = ...;
let v:iv =1

in add(v, "String");

Listing 11: Constraints

X : [L..String].List<X> < v
v <®List<az>
String < a7

Listing 12: Type solution

<A> List<A> add(List<A> 1, A v)

List<? super String> 1 = ...;

let 12:3X: [String..Object].List<X> = 1
in <X>add (12, "String");

A correct Featherweight Java program including
all type annotations and an explicit capture con-
version via let statement is shown in Listing 12.
This program can be deduced from the solution
of the Unify algorithm.In the body of the let state-
ment the type 3X : [String..0bject].List<X> be-
comes List<X> and the capture converted wild-
card X : [String..0bject] can be used as a type
parameter of the call <X>add(v, "String").

4.1 Notes on Capture Constraints

Capture constraints must be stored in a multiset
so that it is possible that two syntactically equal
constraints remain in the same set. The equality
relation on Capture constraints is not reflexive.

Capture Constraints are bound to a variable. For
example a let statement like 1et x = v in x.get()
will create the capture constraint z <$ List<ar>.
This time we annotated the capture constraint with
an z to show its relation to the variable x. Let’s do
the same with the constraints generated by the
concat method invocation in listing 13, creating
the constraints 14.

During the Unify process it could happen that two
syntactically equal capture constraints evolve, but
they are not the same because they are each
linked to a different let introduced variable. In
this example this happens when we substitute
IX.List<X> for z and y resulting in:

JX.List<X> <} List<ar>, IX.List<X> <; List<a;>

Listing 13: Faulty Method Call

List<?> v = ...;

let x = v in
let y = v in
concat(x, y) // Error!

Listing 14: Annotated constraints

r <¢ List<ar>,IX.List<X> <z
y <y List<ar> JX.List<X> <y

Thanks to the original annotations we can still see
that those are different constraints. After Unify
uses the (CAPTURE) rule on those constraints it
gets obvious that this constraint set is unsolv-
able:

List<X> < List<as>,List<Y¥> < List<a>

This paper will not annotate capture constraints
with variable names. Instead we consider ev-
ery capture constraint as distinct to other capture
constraints even when syntactically the same, be-
cause we know that each of them originates from
a different let statement. Hint: An implementa-
tion of this algorithm has to consider that seem-
ingly equal capture constraints are actually not the
same and has to allow doubles in the constraint
set.

Note: In the special Case let x = v in concat(x,x
) the constraints would look like 3X.List<X> <¢
List<ar>,IX.List<X> <¢ List<a;> and we could
actually delete one of them without loosing infor-
mation. But this case will never occur in our al-
gorithm, because the let statements for our input
programs are generated by transformation to ANF
(see 5.1).

4.2 Challenges

Global type inference for Featherweight Generic
Java without wildcards has been considered else-
wher [19]. Adding wildcards to the calculus cre-
ated new problems, which have not been rec-
ognized by existing work on type unification for
Java with wildcards [11]. Java’s wildcard types
are represented as existential types that have to
be opened before they can be used. Opening
can either be done implicitly ([3], [18]) or explic-
itly via a let statement ([2]). For all variations it
is vital to know the argument types with which a
method is called. In the absence of type annota-
tions, we do not know where an existential type
will emerge and where a capture conversion is
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necessary. Rather, the type inference algorithm and decline the call to shuffle(1).
has to figure out the placement of existentials. We o
identified three main challenges related to Java 3. Take the Java program in listing 16 for ex-
wildcards and global type inference. ample. It uses map to apply a polymor-
phic method id to every element of a list
1. One challenge is to design the algorithm in 1:List<JA.List<A>>.

a way that it finds a correct solution for pro-
grams like the one shown in Listing 9 and re-
jects programs like the one in Listing 7. The
first one is a valid Java program, because the
type List<? super String> is capture con-
verted to a fresh type variable X which is used
as the generic method parameter for the call
to add as shown in Listing 10. Because we
know that the type String is a subtype of the
free variable X, it is safe to pass "String" for
the first parameter of the function.

The second program shown in Listing 7 is
incorrect. The method call to concat with
two wildcard lists is unsound. The element
types of the lists may be unrelated, there-
fore the call to concat cannot succeed. The
problem gets apparent if we try to write the
concat method call in the TamedFJ calcu-
lus (Listing 8): 11’ and 12’ are two dif-
ferent lists inside the body of the let state-
ments, namely List<X> and List<Y>. For the
method call concat (x1, x2) no replacement
for the generic A exists to satisfy List<A> <:
List<X> List<A> <: List<Y>.

. The program in Listing 15 exhibits a chal-
lenge involving wildcards and subtyping. The
method call shuffle(1) is incorrect, because
1 has type List<3X.List<X>> representing a
list of unknown lists. However, 3X.List2D<X>
is a subtype of IX.List<List<X>> which rep-
resents a list of lists, all of the same type X,
and can be passed safely to shuffle. This
behavior can also be explained by looking
at the types and their capture converted ver-
sions: 8

Listing 15: Intermediate Types Example
class List<X> extends Object {...}
class List2D<X> extends List<List<X>>

{...}

<X> void shuffle(List<List<X>> list)
{...}

List<List<?>> 1 = ...;
List2D<?> 12d = ...;

shuffle(l); // Error
shuffle(12d); // Valid

Given such a program the type inference al-
gorithm has to allow the call shuffle(124)

How do we get the Unify algorithm to deter-
mine the correct type for the variable 127 Al-
though we do not specify constraint genera-
tion for language constructs like lambda ex-
pressions used in this example, we can imag-
ine that the constraints have to look like in
Listing 17.

Listing 16: List Map Example

<X> List<X> id(List<X> 1){ ... }
List<List<?>> 1s;
12 = 1l.map(x -> id(x));

Listing 17: Constraints

JA.List<A> <° List<x>
List<a> < 2,
List<z> < [2

The constraints JA.List<A> <¢
List<zy>,List<z»> < 2z stem from the
body of the lambda expression id(x). For
clarification: This method call would be
represented as the following expression in
TamedFJ:

let x1 :JAList<A> = x in id(x) :z

The T-Let rule prevents us from using free
variables created by the method call to id
to be used in the return type z. But this re-
striction has to be communicated to the Unify
algorithm, which does not know about the
origin and context of the constraints. If we
naively substitute o(z) = List<A> the return
type of the map function would be the type
List<List<A>>, which would be unsound.

5 Constraint generation

The constraint generation works on the TamedFJ
language. This step is mostly the same as in [19]
except for field access and method invocation. We
will focus on those two parts where also the new
capture constraints and wildcard type placehold-
ers are introduced.

Before generating constraints the input is trans-
formed by an ANF transformation (see section
5.1).
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Java type | TamedFJ representation | Capture Conversion
List<List<?>> | List<3IX.List<X>> List<dX.List<X>>
List2D<?> JX.List2D<X> List2D<X>

Figure 8: Capture Converted Versions

Listing 18: TamedFJ example
m(1l, v){

return 1l.add(v);

}

Listing 19: A-Normal form

m(l, v) =
let x1 = 1 in
let x2 = v in x1.add(x2)

5.1 ANF transformation

Featherweight Java’s syntax involves no let
statement and terms can be nested freely simi-
lar to Java’s syntax. Our calculus TamedFJ uses
let statements to explicitly apply capture conver-
sion to wildcard types, but we don’t know which
expressions will spawn wildcard types because
there are no type annotations yet. To emulate
Java’s behaviour we have to preemptively add
capture conversion in every suitable place. This
is done by a A-Normal Form [17] transformation
shown in figure 9. After this transformation every
method invocation is preceded by let statements
which perform capture conversion on every argu-
ment before passing them to the method. See the
example in listings 18 and 19.

5.2 Constraint Generation Algorithm

The parameter types given to a generic method
also affect their return type. During constraint
generation the algorithm does not know the pa-
rameter types yet. We generate <¢ constraints
and let Unify do the capture conversion. <¢ con-
straints are kept until they reach the form G <€ G
and a capture conversion is possible.

At points where a well-formed type is needed we
use a normal type placeholder. Inside a method
call expression sub expressions (receiver, pa-
rameter) wildcard placeholders are used. Here
captured variables can flow freely. A normal
type placeholder cannot hold types containing
free variables. Normal type placeholders are
assigned types which are also expressible with
Java syntax. So no types like IX.Pair<X,X> or
JX.List<List<X>>.

It is possible to feed the Unify algorithm a set
of free variables with predefined bounds. This is
used for class generics see figure 12. The FJ-
Type function returns a set of constraints aswell
as an initial environment A containing the gener-
ics declared by this class. Those type variables
count as regular types and can be held by normal
type placeholders.

TYPEExpr(II,T',e.f,a) =
let rfresh
Cr = TYPEExpr(IL,T, e, 1)
c=oc{{r <®C<@m>,a=
(@ /X]T, @ < [a7/XN}
| Tf € class C<X<aN>{T £;...},
ar fresh}
in CR U {C}

TYPEExpr(II,T,let x = e; ines, a) =
let e, e,z fresh
C = TYPEEXpr(H, T, eq, 61)
Cy = TYPEExpr(H U {X : .’L‘}, eq, 62)
c={e <z,e2 <a}
in 01 U Cg ] {C}

TYPEExpr(II,T', v.n(¥), a) =
let r,7fresh
c=[b:/Y{S<°T,T<a,¥ <N}
in (CRUCUCc,T)
where v,v:S €
m:<Y<aN>T = T eIl

TYPEExpr(II,T,e; ?: e2,a) =
let ., fresh
C = TYPEEXPT(H, T, eq, T‘Q)
Cy = TYPEEXpr(H, T, e, 7’2)
in CtUCU{r <a,m<a}

TYPEExpr(II,T, z, a) = II(x)



Engineering INSIGHTS

T(x) = x
T(new C(t)) = 1letX = 7(t)in new C(X)
T(t.f) = letx=r7(t)inx.f B
T(tm(t)) = letx=7(t) inlet X =7(¢) in xm(X)
T(t Tite) = 7(t) 7 7(t2)
(let z =ty inty) = letz =7(t1)in 7(t2)

Figure 9: ANF Transformation 7

| let X, =1 innew C(X,)

| letx.=tinzx..f

| letx.=tinletX, =1 in x..m(X;)
| t7:t

Figure 10: Syntax of a TamedFJ program in A-Normal Form

C = ¢ Constraint set

c = T<T|T<°T|T=T Constraint

T,U,L == a]lG Type placeholder or Type

a = al|a Normal and wildcard type placeholder
G = X|N Wildcard, or Class Type

N,S = JA.C<T> Class Type

A = W Wildcard Environment

w = X:[L.U] Wildcard

Figure 11: Syntax of types and constraints used by FJType and Unify

FJType(Il, class C<X < N> extends N{T f; M}) =
let \={m:(C<X>,a@— a)| {n(x) =e} €N, a,afresh}
A={X:[L.N]}
C = {TYPEExpr(IlU AU {this : C<X>, X :a},e,a)
| {m(X) =e} €M, m: (C<X>,@ — a) € A}
in (AC)

Figure 12: Constraint generation for classes
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TYPEExpr(I1,T',new C(€), a) =
let 7,afresh
C = TYPEExpr(IL,T,2,7)
C={T<[@/XT,a<N
| class C<X<N>{T £;...}}
in CU{a=cC<a>}

Example 1. Given the following input program
missing type annotations for the exzample method:

class Classi{

<4> 4 head(List<X> 1){ ... }

List<? exztends String> get() { ... }
}

class Class2{
ezample (c1){
return cl.head(cl.get());
}
}

We assume the class Class1 has already been
processed by our type inference algorithm leading
to the following type annotations:

m: <A< 0Object> (Classl, List<A>)
X,

get : (Classl)
— JA: [String..0bject].List<A>

II =

At first we have to convert the example method to
a syntactically correct TamedFdJ program. After-
wards the the FJType algorithm is able to gener-
ate constraints.

class Class2 {
ezample(cl) = let z = cl1 in
let zp = z.get() in z.m(zp);

“~

cl <z, x <°Classl,

cl <z, x <®Classl,

A : [L..String].List<A> < ap,
zp <€ List<ar>

Following is a possible solution for the given con-
straint set:

class Class2 {

ezample(cl) = let = :Classl
let zp :3JA:[Ll.String|.List<A>
in z.m(zp);

= cl in
= z.get ()

}

o(z) = Classli,
o(xp) = 3A: [L..String].List<A>

For 3A:[Ll.String].List<A> fo be a
correct solution for xp the constraint
JA:[L..String].List<A> <¢ List<ay> must
be satisfied. This is possible, because we deal
with a capture constraint. The <¢ constraint
allows the left side to undergo a capture conver-
sion which leads to List<A> < List<a,>. Now a
substitution of the wildcard placeholder a, with A
leads to a satisfied constraint set.

The wildcard placeholders are not used as pa-
rameter or return types of methods. Or as types
for variables introduced by let statements. They
are only used for generic method parameters
during a method invocation. Type placeholders
which are not flagged as wildcard placeholders
(a?) can never hold a free variable or a type con-
taining free variables. This practice hinders free
variables to leave their scope. The free vari-
able A generated by the capture conversion on
the type 3A : [L..String].List<A> cannot be used
anywhere else then inside the constraints gener-
ated by the method call x.m(xp).

5.3 Constraint Generation

The constraint generation is defined on a subset
of Java displayed in figure 13. The input lan-
guage includes only a small set of expressions
like method calls, field access and a elvis oper-
ator ?: which acts as a replacement for if-else
expressions.

We explain the process using the following exam-
ple input. The classes List and Id are already
fully typed and we want to create constraints for
the class CExample now.

class Id{
<X> X id(X x){ return x; }
¥

class List<X> {
<Y extends X> List<X> concat(List<Y> 1){
.}
}

class CExample{
example (p1, p2) {
return pl.id(p2).concat(p2);
}
}

The first step of constraint generation is to assign
type placeholders to every expression in the input
program. Type placeholders also fill in for missing
type annotations in method headers.
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Parameterized classes N
Types S, T,U
Lower bounds K,L
Type variable contexts A
Class declarations D
Method declarations M
Terms e
Variable contexts r
Method type environment IT

n= C<T>
m= X|3JAN

T| L
X: [L.T]

= class C<X<T><N{T f; M}

<X<N> Tm(T x){return e; }
x
new C<T>(e)

|
Y
|
|

= m:<X<IN>T =T

Figure 13: Input Syntax with optional type annotations

class CExample{
example (pl, p2) {
return pl.id(p2).concat(p2);
}
}

class CExample{
a example(b pl, ¢ p2) {
return ((p1:b).id(p2:c):d).concat(p2:c)
toe;

The placeholders a — ¢ are freshly created in this
example and added to every expression. The type
of local variable expressions like p1 and p2 is al-
ready known and can be assigned directly. p1 : b
and p2 : ¢ in this case. The method call to id
gets the fresh type placeholder d as type and the
method call to concat is assigned the placeholder
€.

Afterwards we create a method type environment
IT containing all method declarations. Each en-
try has the formm : <X<N>T — T. The type ar-
guments of the surrounding class and the type
arguments of each method are merged together
leading to the list <X, Y < X> for the concat method
(« is short for extends). Also the type of the sur-
rounding class is added to the parameter list of the
method. This leads to the id method having two
arguments. One is the Id class itself and the sec-
ond one is the actual arguemnt of the method.

id : <X>Id, X — X,

concat : <X, Y <X>List<X>,List<Y¥>
— List<X>,

example : CExample, b, c — a,

II =

Note: type placeholders are used for the example
method.

Our constraint generation rules have the form:
II+e:a = C, that given a method environ-
ment IT and an expression e with type a generates
the constraint set C.

According to the Method-Cons rule the con-
straints generated by the call to id are: TI + (pl :
b)ad(p2:c):d = {b<z,c<a2,m <°Id, 19 <
bo, by < d}.

5.4 Or-Constraints

In case the input program contains multiple
method declarations holding the same name and
same amount of parameters then so called Or-
Constraints must be generated. Usually Java is
able to determine which method to call based on
the argument’s types passed to the method. Dur-
ing the constraint generation step the argument
types are unknown and we have to assume multi-
ple methods as invocation target.

class String{
bool equals(String s){ .. }

class Int{

bool equals(Int i){ .. }
}
class OrConsExample{

m(a, b){

return a.equals(b);

}

}

The method call to equals now has multiple pos-
sibilities. It could either be a call to the method
in the class Int or in String. The method type
environment therfore contains two versions of the
equals method:
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METHOD-CONS
IIFe:e = C
b7, z, T fresh

IIFe:e = C

m:<YaN>T,,T = Tell
Cpmp={e<z,e<z}U[br/Y{2 <°T,z<°T,T<a,Y <N}

VAR-CONS

Otemn(@):a = CUCUC,

ELviS-CONS
ke :e0 = C;

IIFx:a = 0

IIFey:e0 = 02

IIt-e; 72e:a0a — 01UCQU{61<CL,62<G}

NEw-CONS
IIFe:e = C

class D<X<N>{T £;...}

I+ newD(®):a = CU[by/X]{e <T,D<X>< a,X <N}

II = {equals, String,String —
bool, equals, : Int, Int — bool}

The Or-Cons rule considers multiple declarations
of the same method separately and joins all of
them into a Or-Constraint.

6 Unify

Input: Anenvironment A’ and a set of constraints
C={T<T,T<°T,T=T...}

Output: Set of unifiers Uni = {oy,...,0,} and
an environment A

Unify executes the following steps until a type so-
lution is found:

Step 1: Apply the rules depicted in the figures 23,
25 and 14 exhaustively, starting with the (CIR-
CLE) rule.

Step 2: The second step is nondeterministic. For
every T < a constraint Unify has to pick ex-
actly one transformation from figure 28. The
same principle goes for constraints of the
form a < N, a < b and the two transformations
in figure 29. If atleast one transformation was
applied in this step revert to step 1. Other-
wise proceed with step 3.

Hint: When implementing this step via back-
tracking the rules (GENERAL) and (SUPER)
should be ftried first. The (SETTLE) and
(RAISE) rules should only be used when
none of the rules in figure 28 can be applied.

Step 3: Apply the rules in figure 30 exhaustively.
(GROUND) and (FLATTEN) deal with con-
straints containing free variables. If a type
placeholder is solely used as lower bound
(GROUND) can replace it with the bottom

type. Otherwise the (FLATTEN) rule has to
remove the wildcards responsible for the free
variable. Note: Only one of those rules has to
be applied per constraint. If the constraint set
has been changed by one of these rules the
algorithm must return to step 1. But if only the
(SUBELIM) rule is applied or the constraint
set is not changed at all, the algorithm can
proceed with step 4.

The cleanup step prepares the constraint set
for the last step by applying the following con-
cepts:

Bottom type The bottom type L is used
to generate 7 extends wildcard defi-
nitions. This is the only possible so-
lution when dealing with multiple upper
bounds: @ < T,a < S is usually not a
correct solution (given S and T are no
subtypes of eachother). But if a is a
lower bound of a wildcard it can be set
to L. Those constraints only stay in
the constraint set after the first step if S
and T do not have a common subtype.
The (GROUND) rule uses this concept to
generate extends Wildcards.

Step 4: (Generating Result) Apply the rules in fig-
ure 31 until W = @ and C = . The resulting
A, o is a correct solution.

For this step to succeed there should only be
four kinds of constraints left.

1.a=b

2. a < IW.C<T>, with fv(IW.C<T>) C A;n
3. a=3IW.C<T>, witha ¢ T
4

.a=1X
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OR-CONS
m; ...m, € dom(II)

Mtem(e):a = 4

Mtem,(e):a = C,

I+ em(e) :

Unify fails if there is any « = T such that a
occurs in T. For the cases 2, 3, and 4 the
placeholder a cannot appear anywhere else
in the constraint set. Otherwise the genera-
tion rules (GENSIGMA) and (GENDELTA) will
not be able to process every constraint.

6.1 Transformation Rules (Step 1)

Our Unify process uses a similar concept as the
standard unification by Martelli and Montanari [6],
consisting of terms, relations and variables. In-
stead of terms we have types of the form C<T> and
the variables are called type placeholders. The in-
put consist out of subtype relations. The goal is
to find a solution (an unifier) which is a substitu-
tion for type placeholders which satisfies all input
subtype constraints. Types are reduced until they
reach a form like a = T. Afterwards Unify substi-
tutes type placeholder a with T. This is done until
a substitution for all type placeholders and there-
fore a valid solution is reached. The reduction and
substitutions are done in the first step of the algo-
rithm. The algorithms state consists out of a wild-
card environment and a constraint set (W + C).
Initially they are set to the input environment A;,
and the input constraints.

Each calculation step of the algorithm is ex-
pressed as a transformation rule consisting of
three parts. The input is shown above the line,
the output below, and additional premises are dis-
played on the right side. If the wildcard envi-
ronment W and the constraint set C' match the
pattern declared as the input the transformation
will reduce them into the specified output. The
(SuBsT) rule (figure 19) for example takes a con-
straint set that has atleast one constraint of the
form ¢ = T and replaces every occurence of a
by T in the wildcard environment W aswell as the
remaining constraint set C.

The (UPPER) and (LOWER) conversions (figure
14) replace wildcards with their respective bounds
when appearing in a subtype constraint. (LOWER)
has to check if the wildcard is part of the input
wildcards A;,. If that is the case the wildcard
can be part of the type solution and stays in the
constraint set. Note: The subtype constraints in

a = oc(Ch,...

Cn)

these rules are annotated with numbers <;. All
rule inputs containing subtype constraints (<) are
always meant for both kinds, subtype (<) and cap-
ture constraints (<¢). If multiple constraints are
stated in the input format they will be annotated
with numbers which map them to the constraints
used in the output of the rule. Constraints with
the same number stay the same kind. So if the
input to (UPPER) is A <°G the output will be some-
thing like U <¢ G. If the input is a normal subtype
constraint the output has to be a normal subtype
constraint too. But the (ADOPT) rule for exam-
ple takes multiple subtype constraints and also
adds a new one. Here the numbered annota-
tions are necessary. Example: Having the con-
straints a <€ by, a<<String, b» <0bject would lead
to b < String,a <° b?,a < String, by <© Object
after applying (ADOPT). Note that the new gen-
erated constraint b, < String is a normal subtype
constraint.

A | < T constraint is always satisfied and can be
ignored. It will be removed by the (BOT) rule. For
the type placeholder « in the constraint a < L only
the L type is a possible substitution, which is set
by the (PIT) rule. The (ERASE) rule will remove
redundant T = T constraints (EQUALS) ensures
equality of two types by ensuring they are mutual
subtypes. We define two types as equal if they
are mutual subtypes of each other.

Definition 6.1. Type Equality: A+ S =TIifAF
T<:SandAFT<:S

An existential type can never be a subtype of a
regular type: 3IX.C<X> «£: C<X>. This is a prob-
lem for constraints of the form 3X.C<X> < N. Take
the constraint 3X.C<X> < C<ay> for example. Af-
ter applying a reduction we get X = a; which is
not a valid solution. The problem is that we loose
the information of the left side being an existential
type with the reduction step. Therefore we have
to assure beforehand that errors (like X = a- in
this example) cannot occur. But we alsod don'’t
want to exclude reductions for these kind of con-
straints in general. The solution is to check if there
are any free variables or wildcard placeholders on
the right side of the constraint. If that is the case
one of the rules (TRIM), (CLEAR), or (EXCLUDE)
have to be applied. In our example this would be
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(UPPER) i (a0 T OO (o)

(LOWER) g T F OOt <)

owen) 2 R EER e g,
BoN i P e (e

Figure 14: Wildcard reduce rules

Wk CuU {3A.C<S> < JA'.C<T>} fv(N') C

(PREPARE) ——~1 {3A.C<S> <€A/ .C<T>}  wiv(W) =0

WECU {3A,A'.C<S> < T}

(TRM) " 60 (Facd <1 ME)NA"=0

CLEAR WU{A:[L.U} - CU {3A.C<S> < T} A#£]

( ) AW [U/AIC U [U/A{3ACE> <T.UZL] A e fv(T)
(EXGLUDE) Wk CU {3A.C<S> < T} A#£D

[a/a?] W [a/a?]C' U [a/ar]{3A.C<S> < T} a? € fv(T), a fresh

Figure 15: Dealing with wildcard types on the left side of a subtype constraint
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the (EXCLUDE) rule replacing the wildcard place-
holder with z; with a normal placeholder. After-
wards (PREPARE) can be used eventually lead-
ing to the erasure of the wildcard X by equalizing
its upper and lower bounds: 16. Note that the
(PREPARE) rule is always applied together with
the (CAPTURE) and the (REDUCE) rule: (TRIM)
removes unused wildcard declarations. (CLEAR)
and (EXcLUDE) remove wildcard placeholders or
wildcards to allow the constraint to be processed
by (PREPARE).

Unify keeps a < T constraints as long as possible.
The (MATCH) rule reduces two a < T constraints
to one. There has to be a common subtype C of D
and D' for this rule to work expressed as premises
C <« DandC « D'. The « relation is the reflexive
and transitive closure of the extends relations:

C<X <4 N> < D<N>
CKD

C<DDKE
C<E

cCkC

For example the constraints « < String and
a < Integer are unsolvable, because there ex-
ists no common subtype of String and Integer.
Whereas the constraints ¢ < List<Integer> and
a <° List<b> can be processed by (MATCH): 20

After (SuBsT) and (SAME) the remain-
ing constraints are b = Integer and
a < 3JA: [Integer..Integer|.List<A>

The (REDUCE) rule represents the S-Exists type
rule. This rule uses wildcard placeholders (a7) to
find a possible substitution for the wildcards on the
right side. The constraint N < 3X : [L..U].N is sat-
isfied if there is a substitution [T/X|N = N’ with T
inside the bounds U and L. For example the con-
straint List<a> < 3X : [L..0bject].List<X> is con-
verted to {a = 17,27 < Object, L < z7}. After ap-
plying (SWAP) and (SUBST-WC) on a = z» we get
{a<0Object, L <a} and can now apply the (BoT)
rule. This leaves us with {a < Object}.

The Unify algorithm applies a capture conversion
by applying the (CAPTURE) transformation when
needed. Capture conversion removes a types
bounding environment A and adds the included
wildcard definitions to the global environment W.
Only the (CAPTURE) transformation adds wild-
cards to the wildcard environment W and every
added wildcard gets a fresh unique name. This
ensures the wildcard environment W never gets
the same wildcard twice.

Unify must not replace normal type placehold-
ers with free variables except variables initially

passed by A;,. The (SUBST) rule checks if a type
T contains any free variables or wildcard place-
holders before replacing a normal type place-
holder with it. This ensures that a normal type
placeholder is never replaced by a type containing
free variables. A type solution for a normal type
placeholder will never contain free variables. This
is needed to guarantee well-formed type solutions
and also keep free variables inside their scope
(see challenge 3). (SuBsT-WC) does not need
to do that and can freely replace wildcard place-
hodlers with types despite their free variables. We
do not keep replacements for wildcard placehold-
ers and they will not show up in the final type so-
lution. If the (SuBST) rule is not applicable then
either the (NORMALIZE) or (CONTRACT) transfor-
mation has to be used to remove wildcard place-
holders and wildcards.

6.2 Branching Step (Step 2)

Unify is described as a nondeterministic algo-
rithm. Some constraints allow for multiple trans-
formations from which the algorithm has to pick
the right one. There are also cases where there is
more than on correct transformation and therefore
more than one correct solution to the given input
constraints. For that case still only one correct so-
lution is returned by this specification of the algo-
rithm. Our implementation of the algorithm con-
siders this and tries every possible transformation
option and gathers all possible type solutions. We
skip the definition of this practice, because it is
already described in [19] and only needed for a
proof of completeness.

6.3 Generate Result (Step 4)

The generation rules defined in figure 31 are sim-
ilar to the other transformation rules but contain
an additional part, the result output consisting of
a wildcard environment and a set of unifier o.

6.4 Adding Wildcards to the mix

Wildcard types are added preemptively and if nec-
essary can be removed later down the line. The
parts where existential types are created are the
(MATCH) and (GENERAL) transformations. Every-
time a constraint of the form T < a occurs, it could
be possible that a wildcard type for « is needed.
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X : [l..u].List<List<X>> < List<List<z>>

(PREPARE)
X : [l..u].List<List<X>> < List<List<z>>
(CAPTURE)
X:[l..u] F List<List<X>> < List<List<z>>
- (REDUCE)
X:[l.u] F List<X> = List<z>
(EQUALS)
X:[l..u] F List<X> < List<z>,List<z> < List<X>
- (REDUCE)
X:[lulFz=X
- — (CONTRACT)
equalize upper and lower bound of X:  z =u,u =1

Figure 16: Applying the transformation rules

a <®List<Integer>, a <° List<b>

(MATCH)
a <3JA:[l.u]l.List<A>,
JA: [l..u].List<A> < List<Integer>,
A [l..u).List<A> <® List<b>
(CAPTURE)
A:[l.u]lb a<3A:[l..u].List<A>,
List<A> < List<Integer>,
List<A> < List<b>
(REDUCE)
A:fl.ulFa<3A:[l..ulList<A>, A = Integer,A =0 (TAME)
A:[l.u]lFa<3A:[l..u].List<A> u = Integer,! = Integer,u = b
Figure 17: Applying the transformation rules
Wk CU {a <1 JADLT>, a <3 A .D'<T'>} -
(MATGH) a < I [1.u].C<E>, ] <, Ere;hDA {l-ul
WECU A [l..u].C<A> <1 A.D<T>, c< D
EIA A [l..u].C<B> <5 A/ .D'<T'>
(REDUGE) W CU {c<8> < 3A : [L..U.C<T>} _ @ fresh
WECU {S = [a?/TT, a7 < [a?/A] ,[G/_?/ML << a?}
WECU {3B:[L..UL.C<S><°T _
(CAPTURE) (5B [L.U <1 — C fresh
Wuc: [[C/B]L..[C/BJU] - C'U {[C/B]C<S> < T}
= JA.C<T> < JA'.D'<T/> !
(ADAPT) WECU {JA.CT> < } C<D

W C U {3A.D[T/X|S> <« JA'.D'<T/>} class C<X < N> < D<S>

Figure 18: Constraint reduce rules
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W CU{a=T}) a¢T
(SussT) [T/a]WF [T/a]CU{a =T}  fv(T) C A/, wtv(T) = 0)

Wk CU{a =T}
(SUBST-WC) TaWr malc ¢T

WFCU{QiT} b?EWtV(T)
(NORMALIZE) [b/6:]W F [b/0:]C U {a = [b/b:]T} b fresh
(CONTRACT) —V U {A:[LU}FCU{a=T} A € fv(T)

[U/A]W F [U/A]C U [U/A]{a = T,L = U}

Figure 19: Substitution rules

For example the constraint List<String> < a re-
sults in @ = 3X: [l..u].List<X>. The upper and
lower bounds of the freshly generated wildcard X
are type placeholders. If a second constraint like
a < List<String> exists the wildcard X has to be
removed by setting both lower and upper bound
to String: 20

Let's have a look at the constraints generated by
the introduction example in listing 1:

List<z> < r,String < z,
List<y> <r, Integer <y

Unify executes the following steps to generate a
solved constraint set: 21.

The constraint String < z is solved by applying
(SUPER) and afterwards substituting String for
z, same for Integer < y, resulting in the two con-
straints List<Integer><r and List<String><r.
Now comes the part where Unify creates exis-
tential types by applying the (SAME) transforma-
tion. An existential type is created with fresh type
placeholders as upper and lower bound. After a
substitution all » are replaced with this new ex-
istential type. Unify can now determine type re-
placements for the freshly created bounds « and
l: 22.

In this example a correct solution is o(u) =
Object and o(l) = L. Remember that
the substitution for the type placeholder r is
X : [I..u].List<X> leading to List<?> as a return
type for the someList method after applying o:
24

List<? extends Object> someList (){
return new List("String") :? new List
(42) ;

Figure 28 are special transformations aimed at
free variables defined in the input environment
A;n. Usually (UPPER) takes care of X < a con-
straints, but if X is an element of A;,, we can also
treat it as a regular type. This leaves us with the
two possibilities (SUBST-X) and (GEN-X) which is
the same as (UPPER).

7 Related Work

Igarashi et al [5] define Featherweight Java and
its generic sibling, Featherweight Generic Java.
Their language is a functional calculus reduced to
the bare essentials, they develop the full metathe-
ory, they support generics, and study the type
erasing transformation used by the Java compiler.
Stadelmeier et. al. extends this approach by
global type inference [19].

7.1 Wildcards in formal Java models

Wildcards are first described in a research paper
in [22]. In [21] the Featherweight Java-Calculus
Wild FJ is introduced. It contains a formal de-
scription of wildcards. The Java Language Spec-
ification [4] refers to Wild FJ for the introduction
of wildcards. In [3] a formal model based of ex-
plicite existential types is introduced and proven
as sound. Additionally, for a subset of Java a
translation to the formal model is given, such that
this subset is proven as sound. In [2] another core
calculus is introduced, which is proven as sound,
too. In this paper it is shown that the unsound-
ness of Java which is discovered in [1] is avoid-
able, even in the absence of nullness-aware type
system. In [20] finally a framework is presented
which combines use-site variance (wildcards as
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List<Integer> < r

. SAME)
List<Integer> < r,r = 3X : [[..u].List<X>
(SuBsT)
List<Integer> < JX : [l..u].List<X>
(REDUCE)

Integer < u,! < Integer

Figure 20: Applying the transformation rules

String <z Integer <y
£= (SAME) —= (SAME)
String < z,z = String Integer < y,y = Integer

: - (SuBsT)
String < String, Integer < Integer,z = String, y = Integer

- - (REDUCE)
T = String, y = Integer

Figure 21: Applying the transformation rules

List<Integer> < r,List<Integer><r

(SAME)
SuBST)
(REDUCE)

List<String> < r,List<Integer> < r,r = 3X : [l..u].List<X>

List<String> < 3X: [l..u].List<X> List<Integer> < IX : [l..u].List<X>

String < u,l < String, Integer < u, ! < Integer

Figure 22: Applying the transformation rules

WU{A:[LU}FCU{A=T} . .
(TAME) WU LU FrCU{LZT,0=1] T is no wildcard placeholder
(EQUALS) W CU {3AN=3A N}
WECU {3AN<3A'N,3A' N < 3JAN}
WHCU{T=T} WFCU{T<T}
(ERASE) ¢ WFEC
(SWAP) W CU{G=a} W CU{T = a} WECU{N=4} WFCU{a=4}
WECU{a=6G6} WFCU{aez=T} WFCU{A=N} WFCU{A=4d}

Figure 23: Constraint normalize rules
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CAPTURE
WHECU{3B: [L..U.C<S> <° T}

W UC: [[C/BJL.[C/BJU] - C U {[C/BJc<S> < T}

C fresh

REDUCE
WHECU {3A.C<S> < 34 : [L..U].C<T>}

W CU {S = [@/A]T, @ < [az/A]U, [@7 /AL < a7}

wiv(3A : [L..U].C<T>) = 0)

REDUCE-EMPTY
WHECU {C<S>< 3A: [L..U].C<T>}

W CU {8 = [az/A]T, ar < [az/A]U, [az /AL < a7}

EXCLUDE 3
WECU {3A.C<S> < T}

[a/a?] W+ [a/a?]C U [a/a?]{3A.C<S> < T}

A # 0, a7 € fv(T), a fresh

Figure 24: Applying the transformation rules

WhECU {a; < ag,a0 <ag,...,a, <ar}

(CIRGLE) WECU {a1 =az,a0 =0a3,...,a, = a1}

n>0

Figure 25: Rules for normal placeholders

If we find an illicit constraint assigning a type containing free variables to a type placeholder not flagged
as a wildcard placeholder the algorithm fails.
{a =N} € C withfv(N) N A;, #0 = fail!

Figure 26: Fail conditions

(SAME) WFCUG<a
WFCU{a=0J

(GENERAL) WFCOU3ACT> <a class C<X <S> <D<N>
WECU{IACT> < a,a =3X: [l..u].C<X>, u < S} fresh X : [l..u]

(SUPER) W CU3ACT> < a class C<X> < D<N>
WECU{3A'D[T/XN><a} X¢WUA, A’ = Anfv([T/X]N)

Figure 27: Step 2 branching: Multiple rules can be applied to the same constraint

WU{X:[L.U}FCUX<a
WU{X:[L.U}FCU{a=3X}

WU{X:[L.U}FCUX<a
WuU{X:[L.U}FCU{U<a}

Figure 28: Step 2 branching: Multiple rules can be applied to the same constraint
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WHECU{a<N,a<; b}
WECU{a<1b,b<N}

(SETTLE)

WECU{a<1N,a<b}
WEFCU{a <1 N,N<b}

Figure 29: Step 2 branching: Multiple rules can be applied to the same constraint

WECU{a<b}

(SUBELIM) [a/b]W F [a/b]C U {b = a}

WuU{X:[a.U}FCU {a<T}
WuU{X:[a.U]}FCU{a=1}

(GROUND) a¢C,a¢T,a¢W

WU{X:[L.U]} F CU{a<T}

(FLATTEN) [U/X]W F [U/X]C U[U/X]{a <T,U =L}

X € fv(T)

Figure 30: Cleanup rules

(GENDELTA)

WECU{b<T} = Ao tph(T) = 0, fv(T) C AU A,
W [B/b]C — AU{B:|[L.T],,cU{b >B} Bfresh,b¢dom(s), A, As, T ok

WECU{b <T} = Ao tph(T) = 0, fv(T) € AU Ay,

(GENDELTA’) W B/b]C — AU{B: [L.1},0 B fresh, A, A, F T ok

WHECU{a=T} = A,o tph(T) =0

(GENSIGMA) WhEC = A,0U{a—T} a¢dom(o), A, A, T ok

Figure 31: Generate result
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in Java) and definition-site variance (as in Scala).
For instance, it can be used to add use-site vari-
ance to Scala and extend the Java type system to
infer the definition-site variance.

Our calculus is mixture ...

7.2 Type inference

Some object-oriented languages like Scala, C#,
and Java perform local type inference [8, 9]. Lo-
cal type inference means that missing type anno-
tations are recovered using only information from
adjacent nodes in the syntax tree without long dis-
tance constraints. For instance, the type of a vari-
able initialized with a non-functional expression or
the return type of a method can be inferred. How-
ever, method argument types, in particular for re-
cursive methods, cannot be inferred by local type
inference.

Milner’s algorithm W [7] is the gold standard for
global type inference for languages with paramet-
ric polymorphism, which is used by ML-style lan-
guages. The fundamental idea of the algorithm is
to enforce type equality by many-sorted type uni-
fication [6, 16]. This approach is effective and re-
sults in so-called principal types because many-
sorted unification is unitary, which means that
there is at most one most general result.

Plimicke [13] presents a first attempt to adopt Mil-
ner’s approach to Java. However, the presence of
subtyping means that type unification is no longer
unitary, but still finitary. Thus, there is no longer
a single most general type, but any type is an in-
stance of a finite set of maximal types (for more
details see Section ??). Further work by the same
author [12, 15], refines this approach by moving
to a constraint-based algorithm and by consider-
ing lambda expressions and Scale-like function

types.

Pluemicke has a different approach to introduce
wildcards in [11]. He allows wildcards as any sub-
sitution for type variables and disclaim the cap-
ture conversion. Instead he extended the subtyp-
ing ordering such that for 6<: 6’<: 6” holds in-
deed the transitiv closure of ? extends <: 6’ and
0'<: 7 super ” but not the reflexive closure. He
gave a type unification algorithm for this type sys-
tem, which he proved as sound and complete.

The problem of his type system is in the loss-
ing reflexivity as shown in example 1. First ap-
proaches to solve this problem he gave in [10],
where he fixes that no pairwise different nodes in

the abstract syntax gets the same type variable
and that no pairwise different type variables are
equalized. In [14] he showed how his type infer-
ence algorithm suffices theese properties.

8 Discussion

We couldn’t verify it with an implementation yet,
but we assume atleast the same functionality as
the global type inference algorithm for Feather-
weight Java without Wildcards [19].

When it comes to wildcards there is a limitation
we couldn’t find a good workaround:

Example 2. This example does not work:

class Ezample{
<A4> Pair<Ad,Ad> make(List<Ad> 1){...}
<4> bool compare(Pair<4,4> p){...}

bool test(List<?> 1){
return compare(make(l));
}
}

JA: [L..0bject].List<A> < List<z>,
Pair<az, z> < r,
r <Pair<z, z>

We will not infer intermediat types like
JX.Pair<X,X> for a normal type placeholder.
r will get the type 3JX, Y.Pair<X, Y> which renders
the constraint set unsolvable.

x will get the type IX.List<X> and from the con-
straint 3X.List<X> < List<a;> Unify deducts a7 =
X leading to Pair<X, X> < m.

Finding a supertype to Pair<X,X> is the cru-
cial part. The correct substition for » would be
JX.Pair<X, X>. But this leads to additional branch-
ing inside the Unify algorithm and increases run-
time. This also just solves this specific issue and
not the problem in general.

9 Conclusion and Further Work

The problems introduced in the openening 4.2 can
be solved via our Unify algorithm. Additionally we
could prove that type solutions generated by our
type inference algorithm are correct respective to
TamedFJ’s type rules. The important parts are
lemma A.1 and A.8. They prove that the Unify
algorithm solves a constraint set according to our
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subtyping rules and that the generated constraints
match TamedFJ’s type system.

The crucial parts introduced in this paper are cap-
ture constraints, wildcard placeholders and exis-
tential types. Those data structures allow us to
solve the problems introduced in chapter 4.2.

Our algorithm is designed for extensibility with the
final goal of full support for Java. Unify is the core
of the algorithm and can be used for any calculus
sharing the same subtype relations as depicted in
3. Additional language constructs can be added
by implementing the respective constraint gener-
ation functions in the same fashion as described
in chapter 5.

A Soundness

The differenciation of wildcard placeholders and
normal type placeholders is vital for the sound-
ness proof. During a let statement the environ-
ment A is extended by capture converted wild-
cards, but only for the scope of the body of the let
statement. The capture converted wildcards must
not be used outside of the let statement. This is
ensured by two things: The first is lemma A.10
which ensures that free variables only travel one
hop at the time through a constraint set. And the
second one is the fact that normal type placehold-
ers never contain free variables.

Unify calculates solutions for all normal type
placeholders. Those are used for all untyped
method’s argument and return type. A correct typ-
ing for method calls can be deducted from those
type informations.

Lemma A.1. Soundness: Unify’s type solutions
for a constraint set generated by TYPEEXpr are
correct.

if TYPEEXpr(11, e,a) = (A’,C)
then ATt e: o(a) where A = A, UA’

Proof: By structural induction over the expression
e.

let x = t; in to dom(A’) C fv(N) by lemma A.6.
A+ T,3A’.N ok by lemma A5. AT F t; :
o(er) by assumption. A F o(e;) <: JA'N
by constraint ¢; < = and lemma A.8. The
body of the let statement will only use the
free variables provided by A and A’. We
can prove this by lemma A.7 and the fact

that the wildcard placeholders used gener-
ated the body of the let statement are not
used outside of it. Therefore we can say
A, AT x : NF ty : o(ez) by assumption and
AJA F o(e2) <: o(a) by lemma A.8 given
the constraint e; < a.

let x = t; in x.f The let statement in the input is
untyped and we have to create a let state-
ment let x : JA'.N = t; in x.f that suffices
the T-Let and T-Field type rules. The case
where no capture conversion is needed, be-
cause A’ = (), is trivial. Here the Let state-
ment can be skipped entirely. We investigate
the case o(z) = JAN. Let Ty = JA'N =
o(z),o(t;) =Ty, o(a) = Ty then

* AT ¢ty : T; by assumption

« A+ Ty <: JA’.N by constraint t; <z and

lemma A.8
« AJA'lTyz : N F x.fi : Ty First we
can say A’ + x : N by T-Var. By

lemma A.5 and WF-Var we can deduct
fv(3A’.N) € A and by constraint z <°©
C<az> and lemmas A.8 and A.10 we
can finally say A, A’ N <: o(C<az>).
With the constraint « = [a;/X|T and
o([az/X]T) € fields(o(C<az>)) by F-Class
we proof A, AT,z : NF x.fy : To.

*« A A’ Ty <: T by constraint

We are allowed to use capture conversion
for v here. A+ v : o(a) by assumption.
A+ o(a) <: o(C<az>) and A F U; <:
o(a), because of the constraints [a7/X]T < q,
r<°C<az> and lemma A.8. fields(o(C<az>)) =

o([az/X]T).

letx =ecinletx=¢inxn(X) generates  con-
straints e<z,e<z,r<a,Z<°T,T<r, by <N.
We omit the case where a capture conversion
is not needed and assume o(z) = 3JA’N,
o(Z) = IN.N. We have to show T-Let and
T-Call which leaves us with:

* Al F e : g(e) and AT - e:o(e) by
assumption

* ATy <:3A'Nand A+ Ty <: JA’.N by
constraints e < z, e < z and lemma A.8

o« A,A AT, x 2 Nyx: N F xm(x) ¢ oo(r)
by T-Call and lemma A.3, because the
following promises are satisfied. Note:
The lemma A.3 and the fact that the
wildcard placeholders b are solely used
here guarantees that no other than the
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variables declared in A, A’, A appear in
O'I(b?).

— <X<U>U — U € II(m) is given, oth-
erwise the program fails at the con-
straint generation step.

- AAA RS < [S/X]U by con-
straints b, < [b,/X]N and lemma A.8
there must be some § satisfying this
premise.

van(v) Proof is analog to field access, except
the A F S ok premise. We know that
Unify(A, [b;/Y[{e <°T,T < a,Y <N} UC) =
(A, o) and if we assume o(e) = JA.N then
the call to Unify(AUA, [b/Y]{N' <T,T<a,Y <
N} U C) succeeds with b being normal place-
holders this time, which proofs A F S ok via
lemma A.5.

During the unification process free variables can
only move one hop at a time. Free variables orig-
inate from capture constraints. By applying the
capture rule to a constraint of the form AN < T
the variables declared in A are now free in the
constraint N < T. The other way of free variables
traveling into a constraint is by substitution. This
is only possible if a constraint contains wildcard
placeholders. And only free variables which re-
side in the same constraint as a wildcard place-
holders have the possibility of being set in.

This effect is transitive. Free variables travel from
constraint to constraint. If there is no connection
of constraints containing wildcard type placehold-
ers between a free variable and a constraint, then
free variables cannot travel there.

Lemma A.2. Free variables travel only

Lemma A.3. Free variables Free variables never
leave their scope. If a set of constraints does not
share a single wildcard type placeholder with the
rest of the constraint set, then it will never con-
lain free variables used outside of it. (A,o0) =
Unify(A;,,CU ")

and wtv(C") N wiv(C) = 0 and o(z) = JAN
then A, A’, A are all the variables used in C'.

Proof: This is due to free variables only travel in-
between constraints and themselves via substitu-
tion.

If S <¢ T spawns free variables, they will be con-
tained within the reach of the wildcard type place-
holders used for the method call. No other free
variables can move into that scope. With this
lemma we can further proof that during a method
call only the generated free variables are used.

Lemma A.4. If (A, o) = Unify(A',C)

Then o(a) =3A".N = dom(A") C fy(N)
Proof: Easy - All types given in the input to the
Unify algorithm already comply with this require-

ment and none of the rules change. Note: the
(SUPER) rule removes unnecessary wildcards.

Lemma A.5. Unify generates well-formed types
as long as well-formed types are supplied.

If (A, 0) = Unify(A’,C)
and 3AN e C = A'F3JAN ok
then At o(a) ok

Proof: by induction over every step of the Unify
algorithm. Hint: a type placeholder a will never
be replaced by a free variable or a type contain-
ing free variables. This fact together with the pre-
sumption that every supplied type is well-formed
we can easily show that this lemma is true.

Lemma A.6. Unify generates well-formed exis-
tential types

If (A, 0) = Unify(A',C)

and ViA" N € C : dom(A’) C fv(N)

and o(a) =3A’'N

then dom(A’) C fv(N)

Proof is straightforward induction over the trans-
formation rules of Unify under the assumption
that all supplied existential types are satisfying the
premise. All parts of Unify that generate wildcard
types always spawn types 3A’.N with dom(A’) C
fv(N). Only the (ADAPT) rule is able to produce

types neglecting the premise, but is immediately
corrected by the (TRIM) rule.

Lemma A.7. Unify does not add free variables to
types not containing free variables.

If (o, A) = Unify(A',C)
and « being a type placeholders used in C
then fv(c(a)) C A A’

Proof: Trivial. Unify fails when a constraint ¢ = X
arises.
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Lemma A.8. Unify Soundness: Unify’s type so-
lutions are correct respective to the subtyping
rules defined in figure 3.

If (0,A) = Unify(A', S<TUS <°¢T')
Then there exists a substitution o’ with:
e g Co
« A,A'Fo'(8) <:o/(T)
« AA'Fo/(8) <: AN
« AN AFN<:o/(T)
Lemma A.9. Unify Soundness:Unify’s type solu-

tions are correct respective to the subtyping rules
defined in figure 3.

If (0,A) = Unify(A',S<T U S <°T) with
wtv(S) = () and wtv(T) = )

Then A, A’'+ o(S) <: o(T)

and either A, A’ + o(8") <: o(T') or A, A" A +
o'(8") <: o(T') with the capture converted

substitution o’ = {a + N | a — JAN € o}
and A ={A|a— JAN € g}

Proof:

For every step in the Unify algorithm: Assuming
the unifier o is correct for a constraint set C’, the
unifier is also correct for the constraint set C be-
fore the transformation.

Unify terminates with C' = () for which the prepo-
sition holds: A - o(0)

We now show that for every transformation of a
constraint set C to a constraint set C’ the preposi-
tion holds for C' using the assumption that it holds
forC' : Ak o(C') = AFo(C)

AddDelta C'is not changed
GenDelta by definition, S-Var-Left, and S-Trans

GenDelta’ same as GenDelta by setting o/ (b7) =
B

GenSigma by definition and S-Refl.
Ground Assumption and S-Bot
Sub-Elim Assumption and S-Refl
Force by assumptionand X =1U
Raise Assumption, S-Trans

Settle Assumption, S-Trans

Super S-Extends (- JA.C<T> <: JA.D<[T/X|N>),
S-Trans

General by Assumption, because C c C’
Same by S-Exists

SameW

Adapt Assumption, S-Extends, S-Trans
Adopt Assumption, because C c C’

Prepare Given a JA..C<S> <« JA”.N we get
A, A A C<S> < A" N with A, C A,

fv(o/(3A..C<S>)) = 0 implies fv(S) C
dom(A,A.) and fv(o/(3A”.N)) = 0 implies
dom(A.) Nfv(a’(3A”.N)) = 0.

No free variagles on both sides also mean we
do not need A. Therefore we can say A, A’ -
JA,.C<S> <: A" N.

Capture Everytime the (CAPTURE) rule is in-
voked we add the freshly generated free vari-
ables to the global environment W. We get a
o’ with A A’ - ¢/([C/B|C<S>) <: o/ (FA.C<T>)
where ¢/(C:[L..U]) C A’ by assumption.
Unify performs a capture conversion only on
<¢ constraints. Therefore we can say that
A,AVA F o'(C<S>) <: o/ (A.C<T>) with A
being all the fresh wildcards generated by
(CAPTURE).

Reduce To proof JA.C<S> <: 3X : [L..U].C<T> we
have to show S-Exists for some A” and T =
o(ar):

« A" + [T/X]L <: T by assumption and
[@/X|L<a

« A" + T <: [T/X] U by assumption and
@ < [az/X]L

« fv(T) € dom(A”, A’) by setting A” ac-
cordingly

If fv(c<S>) = fv(3A:[L.UL.C<T>) = 0 the
preposition holds by Assumption and S-
Exists. Otherwise A’ F CC(c(C<S>)) <:
o(3A : [L..U].C<T>) holds with any A’ so that
(fv(C<S>) Ufv(3A : [L..U].C<T>)) C dom(A’).

Match Assumption, S-Trans
Trim Assumption and S-Exists
Remove C is not changed
Circle S-Refl

Swap by definition

Erase S-Refl

Equals by definition 6.1
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Normalize Assumption and lemma 5 substitution
preserves subtyping.The GenSigma and Gen
Delta steps remove Wildcards which have the
same upper and lower bound. A,B ¢ o(C)

<A> A m(List<? extends List<A>> 1, A)
m(List<List<? super String>> 1, "hi")

Tame same reasoning as Normalize
Bot S-Bot

Pit S-Bot

Upper S-Trans and S-Varleft
Lower S-Trans and S-VerRight
Subst-WC by S-Refl

Subst ¢(CU{a =T}) = o([T/a]CU{a = T}) and
o(W) = o([T/a]W)

Subst-WC Same as Subst

Lemma A.10. A constraint a <¢T or a < T im-
plies that fv(o(T)) C fv(c(a)). Only free variables,
which are part of the left side are used on the right
side.

B Additional Functions

tph returns all type placeholders inside a given
type.

Example:

{a, b?}

Wildcard renaming: The (REDUCE) rule sepa-
rates wildcards from their environment. At
this point each wildcard gets a new and
unique name. To only rename the respective
wildcards the reduce rule renames wildcards
up to alpha conversion: 32 ([C/B] in the (RE-
DUCE) rule)

tph(3X : [L..a].Pair<de, X>) =

Free Variables: The fv function assumes every
wildcard type variable to be a free variable
aswell.

fv(h) = (A}
fv(a) =10
fv(3A.c<T>) = {fv(T) | T € T}/dom(A)

Fresh Wildcards: fresh A : [I..u] generates fresh
wildcards. The new names A are fresh, aswell
as the type variables @ and 1, which are used
for the upper and lower bounds.

[A/B|B =
[A/B]C = ifB#C
[A/B]3X : [L..U].N = 3X : [[A/B]L..[A/B|U].[A/B]N ifB¢&X
[A/B]3X : | =3X:[L.UJ.N ifBeX
Figure 32: Alpha conversion
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We explore the definition of an intrinsically typed interpreter for stratified

System F in Agda.

1 Introduction

Defining semantics is one of the key activities of
a programming languages researcher. We learn
that there are different styles of dynamics (small-
step, big-step, denotational, just to name the most
frequently used one), each with different trade-
offs. When it comes to implementing or mechaniz-
ing semantics, there are further options to choose
from, in particular if we are also interested in stat-
ics.

One important choice is whether we want to ex-
press the statics extrinsically or intrinsically, that
is, do we want to start with untyped syntax and
then define the statics as an afterthought, or do
we integrate types with the syntax.

If we opt for intrinsically typed syntax, some prop-
erties are already paid for by construction. For
instance, a small-step semantics for intrinsically
typed syntax satisfies type preservation by con-
struction. For another instance, consider spec-
ifying a denotational semantics by a composi-
tional mapping from syntax to some semantic do-
main. With untyped syntax, the semantic do-
main has to lump the interpretations of different
types together and distinguish them using type
tags. But with intrinsically typed syntax the se-
mantics can map into type-indexed semantic do-
mains and thus elide type tags. This observation
directly translates to tagless interpreters on intrin-
sically typed syntax, which elide tag checks at run
time.

For concreteness, we show the well-known exam-
ple of a tagless interpreter for the simply-typed

lambda calculus implemented in Agda in Figure 1.
We define the syntax as an inductive data type
along with a compositional mapping to the se-
mantic domain, spanned by Agda’s natural num-
ber type and the function space. We define in-
trinsically typed syntax of expressions as an in-
ductive datatype parameterized over a typing en-
vironment and indexed on the return type. For
variables, we use de Bruijn indices into the typing
environment.

The semantics of a typing environment is a run-
time environment in the form of a heterogenous
list of suitably typed values. With all that, we can
define the semantics of an expression E[_] as a
function from the semantics of a typing environ-
ment G[_] to the semantics of the type 7_].
Clearly this definition also serves as a tagless
interpreter for the simply-typed lambda calculus,
which means that type preservation is also built
into its definition. Moreover, as Agda accepts this
definition as terminating, we know that evaluation
of every simply-typed lambda term terminates; a
non-trivial semantic property of the simply-typed
lambda calculus.

Agda-encodings of intrinsically-typed interpreters
have been explored quite a lot, but rarely in the
context of polymorphic source languages. One
possible reason is that the archetypical polymor-
phic lambda calculus, System F, cannot be em-
bedded in Agda because of its impredicativity.
This begs the question if we can develop a tagless
interpreter for a predicative version of System F in
Agda.

We answer this question affirmatively for Leivant’'s
stratified version of the polymorphic lambda cal-
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module STLC where

open import Data.Nat using (N; zero; suc)
open import Data.List using (List; []; _::_)

data Type : Set where
nat : Type
_=_: Type — Type — Type

T1_1 : Type — Set
T nat] =N
TIS=T]=71SI1—>71TI]

Env = List Type

data _e_ : Type — Env — Set where
here : V{TT} — Te (T:T)
there : V{STI}—-Sel - Se(T:1)

data Expr (I' : Env) : Type — Set where
con : N — Expr I' nat
var:V{T} - Tel - ExprI' T
lam:V{ST} = Expr (S:T) T ExprT (S=T)
app:V{ST} - ExprI' (S=T) - ExprI' S— ExprI' T

data G[_] : Env — Set where
0:6001
VT T Tl G T]— 6l T::T]

lookup: V{TI} > Tel - G[ T =T TI]
lookup here (x:: _) = x
lookup (there x) (_ :: y) = lookup x y

E[]:V{L T} - ExprT T G[T| =71 TI
Elconn]y=n

&[ var x| y = lookup x y
Ellame]y=av—&[e] (v::y)

Elapper ez y=&[er ]y (E[e2]v)

Figure 1: Simply typed lambda calculus, denotationally

culus [10]. The key idea of his calculus is to strat-
ify the set of polymorphic types in levels such that
universal quantification only ranges over strictly
smaller levels. This restriction literally embodies
predicativity and, as we will discover, the strat-
ification corresponds directly to Agda’s universe
stratification.

2 Types

The definition of the type language for stratified
System F is taken literally from Leivant’s paper.
It is defined as an inductive type parameterized
over a level environment (that assigns levels to
free type variables) and indexed over the level of
the type.

data Type (A : List Level) : Level — Set where
nat : Type A zero
= _:Type At — Type A" — Type A (L L L)
iteA—Type Al
ViV e — Type (€::A) & — Type A (suc £ LU t’)

The unit type lives at level 0. Type variables live
at their declared level. The level of a function type
S = T is the maximum of the levels of S and T.
The level of a universal quantification at level [ is
the maximum of [ + 1 and the level of the body.

As for the simply-typed lambda calculus, we can
define a compositional mapping from type syntax
to Agda types.

T1_] : Type A ¢ — DEnv A — Set ¢

Tlnat] n=N
Mh=Tlg=TIThln—->7[T21n2

T @] 17 =apply-envn a

TIYE€T]| n=(D:Sett)— T T] (ext-env D n)

Given a type at level [, this function returns an
Agda type in Set I. To do so it needs a do-
main environment to interpret type variables. This
environment gets extended in the last clause
that maps universal quantification to a dependent
function that takes an element of Set / and pushes
it on the environment.

The type of the domain environment is interesting
because its range type is unusual.

data DEnv : List Level — Setw where
[1: DEnv []
_:_:Set¢ — DEnv A — DEnv (¢ :: A)

As a value in the environment (the interpretation
of a type, colloquially speaking) can live in a Set [,
for any finite level [, we cannot assign the type any
finite level. Hence, the type DEnv lives in the limit
type Setw, which we use in this definition.

3 Expressions

Inspired by the encoding of System Fw by Chap-
man and coworkers [7], we define a unified en-
vironment for type variables and term variables.
Type environments grow to the left.

data TEnv : List Level — Set where
0 :TEnv(]
_<_:Type A¢ — TEnvA — TEnv A - type binding

<* V¢ —TEnvA — TEnv (£ :: A) - level binding

Membership of a term variable in a type environ-
ment is defined by the inn relation.

data inn : Type A ¢ — TEnv A — Set where
here : V {T:Type A ¢H{I'}
—inn T(T<T)
there : V {T: Type A ¢{T : Type A ¢'}{I'}
—inn T —inn T(T <T)
tskip : V {T: Type A ¢H{I'}
—inn TT — inn (Tweaken T) (¢’ <*T)

In the last alternative, we skip over a type bind-
ing. Hence, the type T we find under the binding
must be weakened to account for the extra type
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variables. Weakening is a special case of renam-
ing, which is implemented as advocated by Ben-
ton and coworkers [4].

The type of expressions is now given as follows.

data Expr {A : List Level} (I" : TEnv A) : Type A £ — Set where
#_ VY (n:N)— Expr[ nat
1V A{T:Type A ¢}
—inn Tl — Expr’' T
A_ YV {T:Type ALH{T : Type A ¢’}
— Expr(T<I) T — ExprI' (T=T)
_ VYV {T:Type A £{T : Type A ¢’}
— ExprT' (T=T) > ExprI’' T ExprI’' T
A VY (€ Level) — {T:Type (€ :: A) €'}
— Expr(¢ <*T) T— ExprT (V¢ T)
_e VYV {T:Type (€ ::A) L'}
— ExprT (V£€T)— (T :Type A¢)
— Expr (T[T ]T)

Variables, lambda abstractions, and application
are encoded just like for the simply-typed lambda
calculus. Type abstraction takes a level / and a
body where the new type variable is bound to /.
Type application takes an expression with univer-
sal quantification at level I and a type T’ of level
[. It constructs an expression where type 7’ has
been substituted in the body T of the quantified
type. Substitution is defined as in PLFA [4, 9].

4 Semantics

It remains to define a compositional function from
the expression syntax to the semantic domain that
we already prepared in Section 2. We start with
value environments.

Env: Vv {A: List Level} — TEnv A — DEnv A — Setw
Env{A}T =V {{T:Type At} -imn TT = T[ T] n

Value environments are represented as
functions—we could have done that in the
simply-typed interpreter, too. They are indexed by
a domain environment to be able to calculate the
correct return type.

The definition of the interpretation function fol-
lows.

E[_] : V{T:Type A ¢}{T : TEnv A}
— ExprT' T— (7 :DEnvA) - Envlp > T7[ T]n
El#n]ny=n
E[ ' xny=vx
Eli e]|ny=av— & e] n(extendyv)

Eler-exlny=&ler]lny(Elelny)
ElAte]|ny=a2D— &| e] (ext-env D ) (extend-tskip )
El e {T=TheT |ny=

subst id (sym (single-subst-preserves T' T))

Elelny (@I TI1a)

The cases for term variables, lambda abstraction,
and application are similar to the simply-typed
lambda calculus.

The first issue arises in the case for type abstrac-
tion. We interpret a type abstraction at level [ as a
function with argument type Set I. This argument
has to be pushed onto the domain environment n

and we have to account at the value level for the
additional type variable in the type environment.
The following function adapts the types.

extend-tskip : V {A : LEnvHI" : TEnv A}{n : DEnv A}{D : Set ¢}
—Envl'n —Env (¢ <"T)(D::n)
extend-tskip {77 = n} {D = D} y (tskip{T= T} x) =
subst id (sym (ren*-preserves-semantics {p = wk, {n}{D :: 7}
(wk,-€TRen* n D) T))
(v %)

The lemma we need in the rewrite clause proves
that interpreting a weakened type in an extended
domain environment gives the same result as in-
terpreting the type in the orginal domain environ-
ment. The statement of this lemma is more gen-
eral as it applies to arbitrary renamings:

ren*-preserves-semantics :
V {o : TRen A1 A2}{n1 : DEnv A1}{n2 : DEnv Az}
— (ren*: TRen* p n1 n2) — (T : Type A1 ¢)
= T[Trenp T n2=T[ T] m

The argument ren+ roughly states that n; and n-
are domain environments related by renaming p
by precomposition 77 = 3 o p. The proof of the
lemma is by induction on T with an interesting
subgoal in the case for universal quantification:

(T:Type (€ :: A1) ') —
(D:Sett) — T Tren (ext, p) T] (D:: n2)) =
(D:Sete) = T T] (D:: n1))

We can show that the ranges of the function are
equal with the inductive hypothesis. But the usual
extensionality principle does not let us expose this
equation. However, it can be used to prove a
dependent extensionality principle (from the stan-
dard library), which enables us to complete the
proof.

V-extensionality :
vV {ab{A:Setal{F G: (a: A) — Set b}
- V(ae:A > Fa=Ga)
= (@A) = Fa)=((a: A — Ga)

The final case for type application opens two dif-
ferent cans of worms. First, the type of the right
hand side does not match the expected type. Es-
sentially, we have to prove that the composition
of the meaning function for types commutes with
substitution. Here T[T’] substitutes T’ for the out-
ermost variable of 7.

single-subst-preserves :
V {n : DEnv A} (T : Type A ¢) (T : Type (€ :: A) £’)
= TITITIT I n=7ITITIT 17

Second, some steps in the proof involve equali-
ties over entities of Setw. These cannot be han-
dled with the standard definition of propositional
equality which works parametrically for entities of
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Set I, for any [, but not for Setw. While it is easy
to define these equalities, it is somewhat tedious
to re-establish standard lemmas for transforming
equality proofs like cong, subst, and trans to deal
with Setw.

5 Related Work

Arjen Rouvoet’s thesis [14] gives an excellent
overview of the state of the art in intrinsically typed
techniques for modeling language semantics. He
pushed the limits of this technology in a range of
papers with various coauthors [11, 15, 16, 18].

Giving semantics in an interpretive style is a defin-
ing feature of denotational semantics [17], but it
can be traced back to Reynolds’s idea of defini-
tional interpreters [12].

The particular encoding of de Bruijn style variable
representations used in this work dates back to
work on nested datatypes [2, 5, 6], which subse-
quently lead to GADTs [8].

A tagless interpreter for a simply typed calculus
was developed in Cayenne [3], but for extrinsi-
cally typed syntax (i.e., syntax and separate typ-
ing predicatepe).

Intrinsically typed encodings are further studied
by Allais and others [1], who define a range of
tagless functions including denotational seman-
tics on intrinsically typed terms.

We draw some inspiration from the program im-
plemented by Benton and coworkers [4]. Based
on intrinsically typed syntax for a simply-typed
lambda applied calculus, they define a big-step
semantics and a set-theoretic denotational se-
mantics. They prove soundness of the former se-
mantics with respect to the latter as well as ade-
quacy (using a logical relation). They also develop
an expression encoding for System F, but the pa-
per stops short of discussing its semantics.

6 Future Work

We are currently formalizing the small-step se-
mantics of the language with the goal of proving
an adequacy theorem for reduction with respect
to the denotational semantics.

It would also be interesting to extend the stratified
calculus by level quantification as in Agda’s uni-
verse polymorphism.
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Zusammenfassung

In den letzten Jahren hat sich die Programmiersprache Java stetig wei-
terentwickelt. Sie folgt dabei einem breiteren Trend, der darauf abzielt,
Elemente aus den funktionalen Programmiersprachen zu integrieren. Ei-
nes dieser Features ist das sogenannte Pattern-Matching, welches z.B
aus Haskell bekannt ist. Wahrend in Java das neu eingefuhrte Pattern-
Matching nur innerhalb von Switch und instanceof-Expressions mdglich
ist, geht Java-TX einen Schritt weiter und erlaubt Patterns auch in Funkti-
onsképfen. Da Funktionen nur nach Objekttypen und nicht deren Struktur
Uberladen werden kdnnen, missen weitere Ansétze verfolgt werden um
diese Funktionalitat im Bytecode zu erhalten.

Was ist Pattern-Matching?

Pattern-Matching ist im Prinzip eine Fallunter-
scheidung, mit der nach der Struktur der Elemen-
te unterschieden wird. Konzeptionell ist es ahnlich
wie ein If-Statement mit mehreren Branches. Bei
einem If-Statement werden jedoch nur boolsche
Ausdricke ausgewertet und nicht nach der Struk-
tur unterschieden. Die Struktur kénnen der Ver-
gleich von konkreten Werten sein, welche in ge-
kirzter Form dem If-Statement entsprechen. Ge-
rade funktionale Programmiersprachen wie Has-
kell bieten jedoch deutlich mehr Pattern an. So
kann beispielsweise eine Liste, welche mit einem
bestimmten Wert anfangt, gematcht werden. Kon-
zeptionell erinnert das Pattern-Matching an ein
Switch-Statement, welches bereits in C einge-
fuhrt worden ist. Tats&chlich baut das in Java 16
eingeflihrte Pattern-Matching auf einer Erweite-
rung des Switch-Statements auf. Der gro3e Un-
terschied liegt allerdings in der Implementierung.
Wahrend ein Switch auf einem primitiven Integer
direkt in einen Tableswitch umgewandelt werden
kann, muss flir das Pattern-Matching die Struk-
tur jedes Branches einzeln gepriift werden. Bei ei-
nem Tableswitch wird direkt anhand des Wertes in

einen bestimmten Branch gesprungen. Deshalb
ist dieser bei einer naiven Implementierung oft-
mals schneller als ein If-Statement mit mehreren
Branches, da die einzelnen Bedingungen nicht
geprift werden missen. Der groBe Vorteil beim
Pattern-Matching ist allerdings eine verbesserte
Lesbarkeit gegentiber dem If-Statement. Die Per-
formanz ist generell eher Nebensache.

Pattern-Matching in Java

Wie bereits erwahnt, wird in Java das Switch-
Statement angepasst, um das Pattern-Matching
zu implementieren. Das klassische Switch-
Statement weist allerdings, da es identisch zu
C Obernommen wurde, mehrere Probleme auf.
Beim Pattern-Matching ist es Ublich, dass immer
nur einer der Branches ausgefuihrt werden kann.
Das Switch-Statement aus C ist allerdings kon-
zeptionell ein gelabeltes goto-Statement. Das be-
deutet, dass an die richtige Stelle gesprungen
wird, und dann der Code solange ausgefiihrt wird,
bis ein break-Statement erreicht wird. Das ist bei
einfachen Bedingungen kein Problem, aber sollte




Engineering INSIGHTS

ein Pattern nur in einem Branch zutreffen, wr-
de, falls das break-Statement weggelassen wird,
auch ein Branch ausgeflihrt werden, in dem das
Pattern nicht zutrifft.

int x = 3;

switch (x) {

case 1:

case 2:
print ("small");
break;

case 3:
print ("three");
break;

default:
print ("?");

}

Abbildung 1: Switch-Statement in Java

Um diesen Fehler zu beheben, wurde mit Java-14
eine neue Variante von Switch-Statements einge-
fihrt, die sogenannten Switch-Expressions:

int x = 3;

var res = switch(x) {
case 1, 2 -> "small";
case 3 -> "three";
default B A

};

print (res);

Abbildung 2: Switch-Expression in Java

Wie hier zu sehen ist, fallt das break-Statement
komplett weg und jeder Branch besitzt nur ein Pat-
tern. Fir einfache Patterns kénnen auch mehre-
re Werte gleichzeitig gepruft werden, damit wird
das Fallthrough Uberflissig gemacht. Weiterhin ist
hier der default-Case verplichtend. Das liegt dar-
an, dass die Switch-Expression logischerweise ei-
ne Expression ist, die einen Wert zurtickgeben
kann. Deshalb missen alle Mdglichkeiten abge-
deckt werden. Interessanterweise sind die neuen
Patterns auch im alten Switch-Statement valide.
Hier wird allerdings Uberpift, ob der Branch ein
finales break enthalt.

Arten von Patterns in Java

In Java wurden die folgenden drei Arten von Pat-
terns eingefiihrt:

1. Value pattern:

case 10 -> ...;
case "my string" -> ...;

2. Type pattern:

case Integer i -> ...;
case String s -> ...;

3. Record pattern:

case Point(
Integer x, Integer y) -> ...;
case Some(0Object v) -> ...;

Das Value-Pattern entspricht dem, was mit dem
alten Switch-Statement mdglich war.

Die Type-Patterns sind dementsprechend gleich-
zusetzen mit einem instanceof. Hier wird ge-
pruft, ob ein Wert von einem bestimmten Typ ist,
und gleichzeitig wird eine lokale Variable mit die-
sem Typ im Branch erstellt. Die Type-Patterns
sind besonders hilfreich, um das Visitor-Pattern
zu ersetzen. Dieses Feature arbeitet besonders
gut mit den in Java 17 eingeflihrten Sealed Clas-
ses. Da hier bereits von vornherein bestimmt wird,
welche Klassen von einem Interface erben kén-
nen, kann fir die Fallunterscheidung bestimmt
werden, ob alle Méglichkeiten abgedeckt sind. Ein
default ist in diesem Fall also nicht nétig.

Die Record-Patterns kénnen nur fir die in Java 14
eingeflhrten Records verwendet werden. In funk-
tionalen Sprachen wie Haskell kann hier jeder Da-
ta constructor verwendet werden. Das liegt daran,
dass diese Typen einen kanonischen Konstruk-
tor aufweisen. Records in Java besitzen eben-
so einen solchen kanonischen Konstruktor. Falls
hier jede Klasse verwendet werden konnte, stel-
len sich Fragen, wie ob die Reihenfolge der Fel-
der eingehalten werden oder wie private oder pro-
tected Felder gematcht werden missten. Durch
die Records werden diese Einschrankungen fest-
gelegt, deshalb kénnen sie hier verwendet wer-
den. Ein weiterer interessanter Punkt ist, dass
diese Patterns genested werden kdnnen. Eben-
so kénnen verschiedene Typen, also Subklassen
der Felder des Records, angegeben werden (Hier
beispielsweise Float x statt Integer x). Es wird
immer der genestete Typ Uberpriift und nur in den
Case gesprungen, der die Bedingungen erfiillt.
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JavaTX ist eine Programmiersprache die auf Ja-
va aufbaut. Das wichtigste Feature ist eine glo-
bale Typinferenz, die es erlaubt, an den meisten
Stellen die Typen wegzulassen und vom Compiler
zu inferieren. Auf die Besonderheiten der Spra-
che soll hier nicht naher eingegangen, sondern
lediglich die Unterschiede zu Java in Bezug auf
Pattern-Matchings aufgezeigt werden.

Die naheliegendste Mdglichkeit ist es sicherlich,
die Typen bei den Record patterns wegzulassen.
Das sieht folgendermafen aus:

case Point(Integer x, Integer y)
— case Point(x, y)

Man koénnte hier naiv einfach die Typen ein-
setzten, welche im Record definiert wurden. Tat-
sachlich bilden diese allerdings nur eine untere
Schranke. Interessant wird es, wenn die Typen
weiter eingeschrankt werden.

m(Integer i) { ... }
m(Double d) { ... }

record R(Object o) {}

main(r) {
switch(r) {
case R(o) -> m(o);
default -> null;
};

Abbildung 3: Uberladen von Case-Labels

In diesem Beispiel wirde die Variable o durch den
Methodenaufruf m(o) auf die beiden Typen Inte-
ger und Double eingeschrankt. Da die Methode m
allerdings tberladen ist, wird nun der case Uber-
laden. In diesem Fall sind beide Typen angege-
ben, es kdnnte aber auch genauso von der Typin-
ferenz berechnet werden. Wenn das Ganze nach
Java Ubersetzt werden wirde, wirde es so aus-
sehen:

switch(r) {
case R(Integer o) -> m(o);
case R(Dobule d) -> m(d);
default -> null;

¥

JavaTX bietet bereits eine automatische Uberla-
dung von Methoden an, falls mehrere korrekte

Typeeinsetzungen generiert werden. Das Switch-
Statement ist also eine logische Fortflihrung die-
ser ldee.

Eine weitere Moglichkeit wére die Erweiterung
des Value-Matchings, bei dem es auch mdglich
ist, geschachtelte Records als Patterns zu ver-
wenden. Das entspricht im Ansatz dem, was auch
mit Haskell méglich ist.

case Point (10, 20) ->

Als letzte Erweiterung wird die Implementierung
von Pattern-Matching im Funktionskopf vorge-
stellt.

f( x) { ... %}

f (Point ( X, yv)) { ... }
Die Typen kdnnen natirlich auch weggelassen
werden. Die zweite Funktion kann also nur mit
Points aufgerufen werden, welche als x und y In-
teger zugewiesen bekommen. Die Semantik ent-
spricht dem regularen Pattern-Matching. In die-
sem Fall gibt es auch eine Uberladung, was nach
Java kein Problem ist, da die erste Funktion einen
Integer und die zweite Funktion einen Point tber-
geben bekommt.

Das néchste Beispiel Iasst sich allerdings nicht so
einfach mit Uberladungen |6sen:

record Point (Number x, Number y) {}

f (Point ( X, y)) { ... %

f(Point ( X, y)») { ... 32
Hier haben beide Funktionen die selbe Signa-
tur, es kann also nicht zur Compilezeit entschie-
den werden, welche Funktion aufgerufen werden
kann. Als Lésung missen zwei Funktionen mit
unterschiedlichen Namen generiert werden. Die-
se werden von einer weiteren Funktion aufge-
rufen, welche zur Laufzeit je nach den Record-
Parametern entscheidet, welche Funktion aufge-
rufen wird.
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record Point (Number x, Number y) {}

private void £$1(Point p) { ... }
private void £$2(Point p) { ... }

void f(Point point) {
switch(point) {
case Point(Float x, Float y)
-> f$1(record)
case Point(Integer x, Integer y)
-> f$2(record)
}
}

Dies entspricht in etwa dem generierten Java-
Code.

Implementierung der Switch-Expression in
Java-TX

Fir die Implementierung der klassischen Switch-
Expression, das heif3t unter der Verwendung von
Integer-Werten, gibt es zwei JVM Instruktionen:
tableswitch und lookupswitch.

Der tableswitch funktioniert ahnlich wie in klas-
sischen C-Programmen. Hier wird flr jeden Wert
direkt Uber eine Sprungtabelle in den richtigen
Branch gesprungen. Dies ist gerade fiir viele Wer-
te sehr viel schneller als ein If-Statement. Ein ein-
ziges Problem mit diesem Ansatz besteht darin,
wenn die Werte weit voneinander entfernt sind,
und der Switch viele Lécher aufweist.

FOr diese Falle wird ein lookupswitch verwendet.
Hier missen nicht alle Werte nahe beieinander
liegen. Die JVM wendet hier Ublicherweise eine
Bin&rsuche an, es lohnt sich also weiterhin mehr
als primitive If-Statements.

Diese beiden Varianten funktioneren naturlich nur
fir Integer-Werte. Bei einem Switch mit Typ-
Patterns muss die Klasse des Eingabewertes
Uberpuft werden. Ein naiver Ansatz ware bei-
spielsweise den instanceof Befehl der JVM zu
verwenden. Der Aufbau entspricht dann weitest-
gehend einem [f-Statement mit mehreren Bran-
ches. Wenn man allerdings den Bytecode der
kompilierten Switch-Expression betrachtet, wer-
den einige Unterschiede deutlich.

int f(0bject o) {
return switch(o) {
case Integer i -> 1;
case Float f -> 2;
case String s -> 3;
default -> 4;
};

// Hier werden Parameter Wbergeben
// InvokeDymnamic

// #0:typeSwitch:

// (Ljava/lang/0bject;I)I

11: invokedynamic #13, O

16: tableswitch { // 0 to 2
0: 44
1: 54
2: 64

default: 74
}

44 :

// class java/lang/Integer

45: checkcast #17

48: astore 4

50: icomnst_1

51: goto 75

// Cases fir Float & String
// ausgeklammert

// default:

74: iconst_4

75: ireturn

// Bootstrap Methode:
0: #33 REF_invokeStatic
.SwitchBootstraps.typeSwitch:...
#17 java/lang/Integer
#19 java/lang/Float
#21 java/lang/String

Wie hier zu sehen ist, wird fir die Im-
plementierung von Type-Switches der Befehl
invokedynamic verwendet zusammen mit der
Methode SwitchBootstraps.typeSwitch, an die
als Parameter die Klassen Integer, Float &
String Ubergeben werden. Invokedynamic ist
ein relativ neues Sprachfeature von Java. Mit
invokedynamic wird praktisch beim ersten Aufruf
der Bytecode fiir eine Methode generiert, wobei
die Bootstrap Methode die konstanten Parameter
aus der Klasse Ubergeben bekommt.

Die Methode, die hier generiert wird, bekommt
zwei Parameter Ubergeben. Der erste Parameter
ist das Objekt, welches inspiziert werden soll. Als
zweiter Parameter wird der Offset ab dem geprift
werden soll, Ubergeben. Das ist wichtig, weil die
Methode bei komplexeren Beispielen mehrmals in
einer Schleife aufgerufen wird. Das kann passie-
ren, wenn durch eine weitere Uberpriifung fest-
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gestellt wird, dass der momentane Branch doch
nicht der richtige war. Das ist bei Record-Patterns
wichtig, weil es hier mehrere Mdglichkeiten fir
den selben Typ geben kann.

Die Methode gibt als Rickgabewert den Index
des Branches zurlck, beziehungsweise -1 fir den
Default-Case. Auf diesem Wert wird dann ein re-
gulérer tableswitch ausgeflhrt, um in den richti-
gen Branch zu springen.

Zusammenfassung

Pattern-Matching ist ein sehr beliebtes Feature
aus funktionalen Sprachen. In diesem Paper wur-
de evaluiert, wie Pattern-Matching in Java um-
gesetzt wurde und, darauf aufbauend, Java-TX
erweitert wurde, um einen Mehrwert gegenlber
Java zu schaffen. Es wurden Ideen fir die Im-
plementierung erganzt und dabei explizit auf
invokedynamic verwiesen. Zum jetzigen Stand
befinden sich die Features noch in der Erpro-
bungsphase und sind noch nicht final umge-
setzt.
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Abstract

In this paper we present a calculus FJ-TX for Java-Type eXtended
(Java-TX).

One of the predominant new features in Java-TX is global type inference.
For this there is an algorithm which use indeed wildcards but have no cap-
ture conversion.

Instead of the wildcards are consider a real types and the subtyping order-
ing is extended to wildcard types.

The results of the type inference algorithm of Java-TX consists of substi-
tutions and sets of remaining type variable constraints. The remaining set
of constraints are distributed to the type variables (generics) of the type
inferred class and its methods, respectively. Furthermore the constraints
have to be adapted as not any binary relation of type variables are correct
generics in Java.

1 Introduction The problem of missing covariance is solved by in-
troduction of so called wildcards: "7 extends ty”.
This is a form of existential types and means that
there is a type parameter which is a subtype of ty.

Java’s subtype relation is invariant by default,
P y In other words for the 7 all subtypes of ty could be

meaning the type List<Integer> is not a subtype

of List<Object>. The reason is shown in figure
1: where Java’s type check prevents a value of
type Object to be added to a list of Integers. But
invariant subtyping can also be overly restrictive.
Therefore Java uses so called Wildcards to allow
use-side variance.

List<Integer> intList = mew List<
Integer>();

//Illegal assignment
List<0Object> objList = intList;

// This would add an Object to a List

of Integers:
objList.add (new Object ());

Figure 1: Erronous Java program

instantiated. This means the type must be correct
for all possible instances. The above example for
a list conversion looks like:

List<Integer> intList =

new List<Integer>();
List<? extends Object> objList=intList
objList.add(new Object()); //incorrect
Now the last line is not correct, as Object is not a
subtype of all subtypes of Object.

Following the idea 7 extends Object could not be
a subtype of itself, which means the Java subtyp-
ing relation with wildcard types is not reflexive.

This leads to a problem in methods where a
generic type variable is used multiple, e.qg.
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<T> void append2List (List<T> x,
List<T> y) {

x.append (y);
}

The list’s element type of y must be a subtype of
the list’s element type of x. Therefore, the follow-
ing call is forbidden:

List<?> 11 =
List<?> 12 =
append2List (11, 12);

This is realized by the so-called capture conver-
sion.

Definition 1.1 (Capture Conversion). Let
G<Ay,...,A,> be a generic type with corre-
sponding bounds Uy, , ..., U,.

G<Sy,...,S,> Is a capture conversion of
(;<IH,”.,I%>

if

o T, = 7extendsty = S; is a fresh type vari-
able with upper bound

glb(ty, Ui[Ay w Sy, ..., Ap = Sp] ).

* T, = ?superty = S; is a fresh type variable
with upper bound U;[A; — Si, ..., An — Sy]
and lower bound ty.

» otherwise: S; = T;.

Summarized, this means each wildcard is sub-
stituted by a fresh capture type variable, re-
spectively.  Therefore in the above example
append(vl, v2) is wrong as T must be instanti-
ated by the same type at each appearance.

This approach, which is realized in Java for about
20 years, is on the one hand sufficient but not nec-
essary and on the other hand very hard to under-
stand, especially error-messages.

The next example presents a program which is not
type-correct but sound.

In Fig. 2 the variable 12 is assigned to 11. This
is correct although both types contain wildcards.
But the call of assign becomes incorrect as the
capture conversion generates two fresh type vari-
ables although the method assigns 12 to 11.

The Java-Compiler gives the following compli-
cated error-message:

class Assign {

<X> void assign(List<X> 11,
List<X> 12) {
11 = 12;
}

void main () {
List<?> 11 = new ArrayList<>()
List<?> 12 = new ArrayList<>()

11 = 12;
//not type correct but sound

assign(1l1, 12);

Figure 2: The assign-example

assign(l1l, 12);

required: List<X>,List<X>
found: List<CAP#1>,List <CAP#2>
reason: inference variable X has
incompatible
equality constraints CAP#2,CAP#1
where X is a type-variable:
X extends Object declared in
method <X>assign(List<X>,List<X>)
where CAP#1,CAP#2 are fresh type-
variables:
CAP#1 extends Object from capture of ?
CAP#2 extends Object from capture of 7

For these two reasons we give another approach
which avoids capture conversion.

There are .... key-points of our approach

* Wildcards should be treated as all other
types, especially it should be allowed to in-
stantiate wildcards into type variables,

« Following the sematics of the wildcard-types

? extends #: There is a subtype of 6.

? super ': There is a supertype of ¢’.

we continue the subtyping relation <: on
wildcard-types.

For two given Java-types 6,60 with 6<: ¢’
holds

— 0 <: 7super?,

— ?extends® <: 6, and
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— 7extendsf <: ?superd’.

Remark: Especially, <: is not reflexive on

wildcards.

» The consequence of this remark is that type
variables are not reflexive, too.

The above examples would have the following typ-
ing:

<R, T extends R>
void append2List (List<R> x,
List<T> y) {

x.append (y);
}

Then

List<? extends Object> 11 =

new List<Integer>();
List<? extends Object> 12 =

new List<String>();
append (11, 12);

leads to
[R — ?extends Object, T — ? extends Object]
and this results in
7?extends Object < 7extendsObject

which leads to a type error as <: is not reflexive
on wildcard-types.

In contrast the assign-example (Fig. 2) leads to

List<?extendsObject> <
List<? extends Object>

which is correct.

2 Featherweight Java-TX

2.1 Syntax

In Fig. 3 the syntax of FJ-TX is defined. It is an
extension of Featherweight Generic Java (FGJ) in
[6] where in the arguments of the parameterized
types wildcards are allowed. As not at all type po-
sitions wildcards are allowed we have define dif-
ferent rules for types:

T includes alle FJ-TX types.

U are all types without type variables. They are
needed for type-casts.

E are all FJ-TX types added by wildcard types.

N are the FGJ types without type variables. They
are needed for class extensions, as there are
no type variables allowed.

NX are all FGJ types including type variables.

The rule w defines the wildcard types. Wildcard
types are real type in FJ-TX. Indeed, they are not
allowed in declarations but, as will see later, they
are considered as a normal type in the subtyping
relation.

?YB means that the wildcard has an upper-
bound UB and a lower bound LB. For example
? extends Integer is denoted as 72", where
Null stands for the lower bound of all types. Anal-

ogously, e.g. 7023t stands for ? super Number.

* Number

2.2 Type rules

An environment T" is a finite mapping from vari-
ables to types, written X : T; a type environment
A is a finite relation from type variables to non
variable types and the identy relationsship, written
X<: T, which takes each type variable to its bound.
Though each type variable has only one bound.
Additionally each type variable could mapped to
itself (X <: X). This is necessary as type variables
are not reflexive by default. Therefore, X <: X is
explicitly declared as reflexive.

In Fig. 4 the subtyping relation and wellformed
types are defined. In Fig. 5 the expression, the
method typing, and the class typing rules are de-
fined. The rules are oriented at the rules in [6].

2.2.1 Subtyping

The following rule defines the subtype relation in
FJ-TX.

S-REFL

The S-REFL rule is essentially changed. While
in FGJ types variables are reflexive in FJ-TX type
variables are not reflexive. This is a necessary
change as wildcards are not reflexive and wild-
cards should be instantiated into type variables.
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T:=U|X
U= C<E>
Ex=T|W
Wo="1

N ::= O<NX>
NX:=X|N

L = class C<X<T>< N {T f; M}
M:=<X<T>Tm(TZ) {returne; }
eux=x|e.f|em(e)|newC(e) | (U) e

Figure 3: Syntax of FJ-TX

Subtyping:
SR S-TRANS S-VAR S-CLass
A':LLU AFE<E  AFE<E X<:T)eA class C<X<aT><N {...}
' AFE<:E’ AFX<:T C<NX> <: [NX/X|N
S-WC-CLASs
class C<X<T, X' 4T><aC'<X>{...} E<- E/ S-SUPER-OBJECT S-WGC-SUPER
! : A FE<: Object AFT<: 71

C<E><: C'<E/>

S-WC-EXTENDS

AR < T
Use-side-variance Subtyping:
USV-EXTENDS USV-EQUALS
AFE<T AFT<:E E=F
E<- ?g/ E <~ E
Well-formed types:
WF-VAR WF-CLASS
WF-OBJECT X € dom(A) class C<X<N><N{..} AFEOK Ak E<: [E/XN
A | Object OK _ —
A F X 0K A F C<E> 0K
WF-WILDCARD
AFT<: T
AF?T oK

Figure 4: Subtyping
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S-TRANS

The subtype ordering is transive not only for type
variables and type terms, but for wildcard types,
too.

The rules S-VAR, S-CLASS are unchanged. Ad-
ditionally, there are four new rules.

S-WC-CLASS

This rule introduces the use-side variance. There-
fore, another subtyping relation, the use-side vari-
ance subtyping <-, is introduced. This relation
defines if two type in argument position are in sub-
type relation.

E.g. as List<Integer> is a subtype of
List<? extends Object> it holds

Object
Integer <7 75y,

It is important that the extended type C’<X> in the
declared class is not a nested type as in nested
supertypes it is not allowed to instantiate wild-
cards.

The three rules S-Super-Object, S-WC-Extends,
and S-WC-Super extends the subtyping relation
<: to wildcard types.

S-Super-Object

As Object is the maximum in Java type hierarchy
all types are subtypes of Object, especially 7% for
any 7, 7"

S-WC-Super

All supertype of a given type T’ are also super-
types of any subtype T of the given type T’. E.g.

.o0bject
Integer<:?ymber-

S-WC-Extends

All subtypes of a given type T are also subtypes
of any supertype T’ of the given type T. E.g.

Int
T no " <: Number.

With the S-TRANS rule for a sqptype relationship
T <: T’ holds especially 77, <: 77, .

USV-Extends

The USV-Extends rule defines the use-side
variance of FJ-TX. Covariance is defined by
E<,?l as E <: T which means C(...E...) <:
C’(...7extendsT'...) and contravariance as
T<: Ewhichmeans C(...E...)<: C'(...7super
T...)

USV-Equals

The USV-Equals rule guarantees invariant sub-
typing.

The rules for well-formed types are nearly un-
changed. Only the rule WF-Wildcard is added
which guarantees that the lower bound is a sub-
type of the upper bound. allowed in FJ-TX.

2.2.2 Class, method, and exptype typing rule

The rules in Fig. 5 are structurally unchanged.
Only the different types are adopted.

There is one difference in the presentation. While
in [6] in each class a constructur is given, explic-
itly, we do not present the constructurs, explicitly.
But we assume that in each class a constructur is
given, implicitly.

In the following we give two examples to show the
idea of the calculus.

Example 2.1. Let the class List be given.

class List<T> {
T elem;
List<T> rest;

List<T> addElement (T newElem) {
return new List<>(newElem, this);

}

List<T> append(List<? extends T> 1) {
return new List(elem, rest.append
(1))}
}

class Empty<T> extends List<T> {
List<T> append(List<? extends T> 1)
{ return 1; } é
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Bound:

bounda (X)=U, where (X,U) € A,X#U
bounda(E)=E

Field lookup:

fields(Object) =

class C<X<4T><T{T%;...}

fields([E/X]T) = U g

Method lookup:

class C<X<T><T{Tf;M}
<Y<T'>Vm(Vx){returnep;} €M

fields(C<E>) = U g, [E/X|T £

class C<X4T><T{TE;N} m¢gM

mtype(m, C<E>) = [T/X]|(<YaT'>V — V)

Expression typing:

mtype(m, C<E>) = mtype(m, [T/X]T)

A;TH (N)eo: N

Method typing:

A=X<:T,Y<: T"
A;X: T, this : C<X>F o : Eo

AFT, T, T,T,E, OK
A+ Eo <:T
class C<X<4T’><aN{...} override(m,N, <Y <T'>T — T)

AT Fx:T(x) (GT-VAR)
AT e EOA; ij—elis,gfﬁo;uﬁdA(EO)) =Tf (GT-FIELD)
A;T et Eo mtype(m, bounda (Eo)) = <Y <T>T/ — T

A FOK AFF<: [F/YT ATHe:G AFG<: [F/Y]T” (GT-INVK)

A;T - eom(e) : [F/Y]T”
AFNOK N=C<U> fields(N)=Tf A;T'+e:E AFE<:T
A;T Fnew C(8) : N (GT-NEw)
AFNOK A;T'Feo:Ep (GT-CAsT)

where Eo, F, and G are any FJ-TX types including wildcard types.

Class typing:

X<: T FT,TOK

<Y<T'> Tm(T X){return ep; } OK in C<X<T">

(GT-METHOD)

MOK in C<X<T'>

class C<X<T'><N {T f; M} OK

(GT-CLASS)

Figure 5: Typing rules
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As List<?extends T> is no subtype of List<T>
the statement return 1; is not type correct al-
though in this case no problem would appear. The
reason is that all elements of 1 are introduced
into the return-list. Therefore, the solution of this
problem is that we add elementwise the elements
of 1 to the return-list.

List<T> append(List<? extends T> 1) {
return
new List<T>(1l.elem,
addElem(l.rest)) ;
}

List<T> addElem(List<? extends T> 1) {
return
new List<T>(1l.elem,
addElem(l.rest));

¢ N = List<T>
* fields(List<T>) = (T elem, List<T> rest)
. . 9T
l.elem: 7y,u
¢ addElem(l.rest) : List<T>
o 9T .
N < T
* List<T><: List<T>

= new List<T>(l.elem, addElem(l.rest))
List<T>

The next example show the influence of the
changed S-REFL rule (instead of T, types includ-
ing type variables, in this calculus U, types without
type variables).

Example 2.2. Let List<X> given as before with
an additiional method get which determines the
nth element of the list.

<X extends Object> List<List<X>>
shuffle(List<List<X>> 1){
1.addElement (addElement (1.get
(0) .get (0)));

The method is not type correct as
1.get(0).get(0) has the type X and addElement
waits for a X. But with the S-REFL rule X ¢: X. If
we change the bound of X from Object to X

<X extends X> List<List<X>>
shuffle (List<List<X>> 1){
1.addElement (addElement (1.get
(0) .get (0)));

with the S-VAR rule X<: X, such that the method
is type correct.

Another method

void error(List<List<?>> anyL){
shuffle<?>(anyl) ;
}

is not type correct, as in the GT-INVK rule the
precondition A + ? <: [?/X]X must hold which is
not given.

Despite this any non wildcard instatiation of X is
type correct.

3 Operational semantics and soundness

In Fig. 6 the operational semantics of FJ-TX is de-
fined by reduction rules. The rules are unchanged
in comparison to FGJ.

Definition 3.1 (FJ-TX value). A FJ-TX walue is
defined as

v ::= new C(¥)

Definition 3.2 (Normal form). A well-types FJ-
TX expression e is in normal form if it is a value.

Theorem 3.3. If

;0 e:Tand e —* &’ (in normal form),

then e’ is either

(1) a FJ-TX value w with

0:;0F-e':s

and
PFS<:T

or

(2) an expression containing (P)new N(€) where
0 FN¢:P.
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Computation:

fields(N) =T £
(new N(e)).f; — e

mbody(m N) =ZX.eo

(m<V>,
(new N(€)).m<V>(d) — [d/%,new N(e)/this|eo

PEN<:P
(P) (new N(e)) — new N(e)
Congruence:
ey — ef,

ep.f — e;.f

ey — e’o
eo.m<T>(8) —» e, .m<T>(E)

ei—>e/i
eom<T>(...,e:,...) — eom<T>(...,e},...)
ei—>e/i
7
new N(...,ei,...) — new N(... ej,...)
/
€ — €,

(Ney — (Ne,

(GR-FIELD)

(GR-INVK)

(GR-CAsT)

(GRC-FIELD)

(GRC-INV-RECV)

(GRC-INV-ARG)

(GRC-NEW-ARG)

(GRC-CAsT)

Figure 6: FJ-TX: Reduction Rules

4 Related Work

Igarashi et al [6] define Featherweight Java and
its generic sibling, Featherweight Generic Java.
Their language is a functional calculus reduced to
the bare essentials, they develop the full metathe-
ory, they support generics, and study the type
erasing transformation used by the Java compiler.
Stadelmeier et. al. extends this approach by
global type inference [8].

Plimicke presented in [7] a type unification algo-
rithm for Java type terms. He defined the subtyp-
ing relation very similar to our apprach. He proved
the type inference algorithm as sound and com-
plete.

Wildcards are first described in a research paper
in [10]. In [9] the Featherweight Java-Calculus
Wild FJ is introduced. It contains a formal de-
scription of wildcards. The Java Language Spec-
ification [5] refers to Wild FJ for the introduction
of wildcards. In [4] a formal model based of ex-
plicite existential types is introduced and proven
as sound. Additionally, for a subset of Java a
translation to the formal model is given, such that
this subset is proven as sound. In [3] another core
calculus is introduced, which is proven as sound,

too. In this paper it is shown that the unsound-
ness of Java which is discovered in [2] is avoid-
able, even in the absence of nullness-aware type
system. In [1] finally a framework is presented
which combines use-site variance (wildcards as
in Java) and definition-site variance (as in Scala).
For instance, it can be used to add use-site vari-
ance to Scala and extend the Java type system to
infer the definition-site variance.

All these approaches uses the so-called capture
conversion (cp. Def. 1.1) in method-calls with wild-
cards. In contrast in our calculus wildcards are
instantiated, directly.

5 Summary and Outlook

In this paper introduced a calculus FJ-TX. The
calculus corresponds to a core of Java-TX. The
calculus is a new approach to deal with wildcards.
Wildcards are introduced into Java in version 5.
They are introduced to realize use-site variance.
For the soundness of the language so-called cap-
ture conversions are introduced which converts
each wildcard into an own type variable.
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Our calculus avoids the capture conversion.
Therefore, we extend the subtyping ordering by
wildcards as types. This extension is imple-
mented in Java-TX.

With this approach some sound programs be-
come type correct that are not type correct by us-
ing capture conversion.

We formulate a theorem that capture conversion
can be avoided if no type variables that are in sub-
type relationship are equalized.

On the other hand some programs which are type
correct in the capture conversion approach are
not type correct in our approach.

In the future, we have to prove the theorem.
Furthermore we have compare the wildcard ap-
proaches with and without capture conversion.
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