gk DHBW

Duale Hochschule
Baden-Wiirttemberg

Stuttgart

Engineering

INSIGHTS

b o

] | I :
. = f - E -
- e [ a ‘
b K s 8 £ - L o ¥
H] [ o L
gilllgKilg @ " o )
> % ._I. | -.J.."\-‘-I“ I
B P = f e o F i
1] L:II. 5 -l" -':l":ll:l - o i
] [ 1
:.';]'IE.II:;I'. 2 i T
-ilrfl..l":l
r.nci'r.n'-.

Tagungsband des Jahrestreffens 2025 der
GI-Fachgruppe ,Programmiersprachen und Rechenkonzepte*

Daniel Holle, Prof. Dr. Jens Knoop, Prof. Dr. habil. Martin Plimicke, Prof. Dr. Peter Thiemann,

Prof. Dr. habil. Baltasar Trancon y Widemann (Hrsg.)



Daniel Holle

Duale Hochschule Baden-Wirttemberg (DHBW) Stuttgart Campus Horb
Studiengang Informatik

Florianstraf’e 15

72160 Horb am Neckar

E-Mail: d.holle@hb.dhbw-stuttgart.de

Prof. Dr. Jens Knoop

Technische Universitat Wien
Fakultat fur Informatik
Argentinierstr. 8

1040 Wien

Osterreich

E-Mail: jens.knoop@tuwien.ac.at

Prof. Dr. habil. Martin Plimicke

Duale Hochschule Baden-Wirttemberg (DHBW) Stuttgart Campus Horb
Studiengang Informatik

Florianstralte 15

72160 Horb am Neckar

E-Mail: m.pluemicke@hb.dhbw-stuttgart.de

Prof. Dr. Peter Thiemann

Universitat Freiburg
Institut fur Informatik
Georges-Kohler-Allee Geb.079
79110 Freiburg i. Br.

E-Mail: thiemann@informatik.uni-freiburg.de

Prof. Dr. habil. Baltasar Trancon y Widemann

Technische Hochschule Brandenburg
Fachbereich Informatik und Medien
Praktische Informatik

Magdeburger Stralte 50

14770 Brandenburg an der Havel

E-Mail: trancon@th-brandenburg.de



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 aus dem deutschsprachigen Raum zum Erfahrungsaustausch, der
Diskussion, zum Netzwerken und zur Vertiefung von Kontakten. Der Workshop wird getragen sowohl
von den Universitaten, deren Professoren ihn mal ins Leben gerufen haben, als auch von Hochschulen
angewandter Wissenschaften und der Dualen Hochschule Baden-Wirttemberg.

Vorgestellt werden Vortrage und Demonstrationen sowohl zu abgeschlossenen als auch laufenden Ar-
beiten, darunter Themen wie

» Sprachen, Sprachparadigmen Implementierung, Integration

* Korrektheit von Entwurf und Implementierung « Sicherheit (Safety und Security)

» Werkzeuge eingebettete Systeme

+ Software-/Hardware-Architekturen * hardware-nahe Programmierung

+ Spezifikation, Entwurf Kunstliche Intelligenz

+ Validierung, Verifikation

In diesem Tagungsband wurden Beitrdge des 41. Workshops aufgenommen, der vom 9. bis 11. April
2025 stattfand. Die Autorinnen und Autoren reichten Zusammenfassungen ihrer Beitrdge genauso wie
komplette Artikel ein. Auf dem Programm standen alle Kernthemen des Gebietes, unter anderem Typen,
Compiler, Sprachdesign, Kiinstliche Intelligenz und maschinennahes Programmieren. AuBerdem wur-
den 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 durch ihre umfassende
Betreuung flr eine angenehme und anregende Atmosphéare gesorgt haben.

Daniel Holle, Jens Knoop, Martin Plimicke,
Peter Thiemann, Baltasar Trancén Widemann
Dezember 2025
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Can Logic Programming Be Liberated from Predicates and Backtracking?

Can Logic Programming Be Liberated
from Predicates and Backtracking?

Michael Hanus
Institut fir Informatik, Kiel University, Germany
mh@informatik.uni-kiel.de

Abstract

Logic programming has a long history. The representative of logic program-
ming in practice, the language Prolog, has been introduced more than 50
years ago. The main features of Prolog are still present today: a Prolog
program is a set of predicate definitions executed by resolution steps with
a backtracking search strategy. The use of backtracking was justified by ef-
ficiency reasons when Prolog was invented. However, its incompleteness
destroys the elegant connection of logic programming and the underlying
Horn clause logic and causes difficulties to teach logic programming. More-
over, the restriction to predicates hinders an adequate modeling of real
world problems, which are often functions from input to output data, and
leads to unnecessarily inefficient executions. In this paper we show a way
to overcome these problems. By transforming predicates and goals into
functions and nested expressions, one can evaluate them with a demand-
driven strategy which might reduce the number of computation steps and
avoid infinite search spaces. Replacing backtracking by complete search
strategies with new implementation techniques closes the gap between
the theory and practice of logic programming. In this way, we can keep the
ideas of logic programming in future programming systems.

1 Introduction uated by backtracking so that the theoretical com-
pleteness of SLD-resolution is lost. For instance,
consider the definition of a Prolog predicate relat-
ing a list and its last element:

last ([HIT],E) :- last(T,E).

last ([E],E).

Logic programming was developed as a restric-
tion of the general resolution principle [34] to Horn
clauses so that efficient linear (SLD-resolution)
proofs can be constructed (see also [14] for some

historical background). It became popular when
concrete implementations in the form of inter-
preters (and later compilers) for the programming
language Prolog were available. Horn clauses
and SLD-resolution are tightly connected to math-
ematical logic. The soundness and complete-
ness of SLD-resolution establish the foundation
of logic programming [28]. Unfortunately, the
memory restrictions of computers at that time
caused a gap between these theoretical founda-
tions and the practice of logic programming in
Prolog: non-deterministic computations are eval-

This definition works when the list is known:

?- last([1,2,3],E).
E =3

One of the advantages of logic programming is
the absence of fixed input and output parameters.
Instead of providing a known value for an argu-
ment of a predicate, one can also call the pred-
icate with a free variable for this argument (as
E above) so that a result is computed by bind-
ing this variable to some value. In practice, this
advantage is often lost when non-deterministic
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search is implemented by backtracking, since in-
finite branches in a search tree might preclude
the computation of valid answers. For instance,
Prolog does not compute any result for the defi-
nition of last, as shown above, when the list is
unknown, e.g., for the goal 1ast(L,3): the back-
tracking strategy causes an infinite chain of ap-
plications of the first rule. This shows the gap
between the theory of logic programming, where
the complete SLD-resolution method yields an in-
finite set of answers to this goal, and the practice
of logic programming implemented with the lan-
guage Prolog.

Compared to functional programming, logic pro-
gramming is often considered as the more flexible
and expressive programming paradigm [33]. This
is no longer true if we consider functional logic
languages [6], such as Curry [23], which amal-
gamates features of functional and logic program-
ming and does not force the programmer to model
all knowledge in the form of predicates. Actu-
ally, many real world problems can be modeled
in a more adequate format in the form of functions
mapping input data to output data. With a func-
tional logic language, one has the same expres-
siveness as in logic programming since any (pure)
logic program can be transformed into a functional
logic program so that the same solutions are com-
puted, as we discuss in this paper. Moreover, the
equivalent functional logic programs behave more
efficiently and can avoid infinite search spaces.

Example 1. Consider the following Prolog pro-
gram which defines the well-known predicate app
relating two lists to their concatenation and a pred-
icate app3 relating three lists to their concatena-
tion:
app([],Y¥s,¥s).
app([X|Xs],Ys, [X|Zs])
app3(Xs,Y¥s,Zs,Ts) :-
app(Xs,Ys,Rs), app(Rs,Zs,Ts)

:- app(Xs,Ys,Zs).

When evaluating the goal app3(Xs,¥s,Zs, [1), a
Prolog system yields the answer

Xs—1[1, Ys—=I[1, Zs—I[1}

but it does not terminate when searching for
more answers. Similarly, Prolog systems
do not terminate when evaluating the goal
app3(Xs, [1],Zs, [1). This is different if we trans-
late the predicates into functions by consider-
ing the last argument as output, as often in-
tended when formulating functional knowledge as
predicates. For instance, the tool described in

[17] translates these definitions into the following
Curry program:

app [] ys = ys
app (x:xs) ys X : app XS ys

app3 xs ys zs = app (app xs ys) zs

Since Curry exploits functional dependencies
between input and output data to imple-
ment a demand-driven strategy, the equations
(which are equivalent to the goals above)
app3 xs ys zs =:= [] and app3 xs [1] zs =:= []
have finite search spaces so that the evaluation
in Curry terminates.

In summary, we can see that the basis of Prolog,
i.e., predicates and backtracking, has various dis-
advantages:

 The theoretical
resolution is lost.

completeness of SLD-

» Backtracking hinders teaching the ideas of
logic programming since beginners are often
faced with the influence of the search strat-
egy.

* Programmers have to think about the in-
fluence of backtracking to the success of
computations—a contradiction to the idea of
declarative programming.

» The use of predicates instead of functions
yields a flat structure of goals so that func-
tional dependencies cannot be exploited to
avoid useless search.

In this paper we argue that all these problems can
be avoided without loosing the flexibility of logic
programming by using functional logic program-
ming instead of pure logic programming. Func-
tions are helpful to reduce the number of com-
putation steps and avoid infinite search spaces.
Contemporary functional logic languages, such
as Curry, do not fix a deterministic backtracking
strategy for search but support complete search
strategies." Thus, abandoning backiracking in
logic programming is similar to the removal of the
von Neumann bottleneck by functional program-
ming [10]: it supports a higher, declarative pro-
gramming style which frees the programmer from
thinking about low-level control details.

In the following, we sketch? methods to get rid of
predicates and backtracking. This can be done in

" Note that this is not the case for all such languages. For
instance, the functional logic language Verse [8] fixes a deter-
ministic, backtracking-like search strategy.

2 More details can be found in [11, 17] on which this paper is
partially based.
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a systematic way by transforming logic programs
into functional logic programs on which efficient,
often optimal, and complete evaluation strategies
can be applied. To explain this method, we re-
view the basics of logic and functional logic pro-
gramming in the next section. Then we show
how to transform pure logic programs into func-
tional logic programs and how to apply efficient
and complete evaluation strategies on the trans-
formed programs.

The message of this paper is to show that func-
tional logic languages are always preferable to
pure logic languages. Transforming logic into
functional logic programs is the formal justifica-
tion. If one accepts this message, one should di-
rectly implement the desired application in a func-
tional logic language and exploit all useful features
of such languages, like declarative 1/0 [37], func-
tional patterns [4], strategy-independent encapsu-
lated search [7], default rules [5], etc.

2 Logic and Functional Logic
Programming

We briefly review some notions and features of
logic and functional logic programming. More de-
tails can be found in [28] and in surveys on func-
tional logic programming [6, 18].

We use Prolog syntax to present logic pro-
grams. Terms in logic programs are constructed
from variables (X,Y,...), numbers, atom con-
stants (c,d,...), and functors or term construc-
tors (f,g,...) applied to a sequence of terms, like
ft1,...,tn). Aliteral p(ti,...,t,) is a predicate
p applied to a sequence of terms, and a goal
Lq,..., Ly is a sequence of literals, where o de-
notes the empty goal (k = 0). Clauses L. :- B
define predicates, where the head L is a literal
and the body B is a goal (a fact is a clause with
an empty body o, otherwise it is a rule). A logic
program is a sequence of clauses.

Logic programs are evaluated by SLD-resolution
steps, where we consider the leftmost selection
rule here. Thus, if G = L4,..., L is a goal and
L :- B is a variant of a program clause (with
fresh variables) such that there exists a most gen-
eral unifier® (mgu) o of L, and L, then

7Lk)

is a resolution step. A computed answer for a goal
G is a substitution o (restricted to the variables

G l_a O'(B7L2,..

3 Substitutions, variants, and unifiers are defined as usual [28].

occurring in G) which is composed of all unifiers
of a sequence of resolution steps from G to o.

Example 2. Consider the predicates of Exam-
ple 1 and the list reversal

rev([],[]).

rev([X|Xs],Zs) :-
rev(Xs,Ys),
app(¥s, [X],Zs).

The predicate pali relates a palindrome with its
middle element:
pali(Zs,X) :-
app3(Xs, [X],Ys,Zs),
rev(Xs,Ys).

Prolog computes for the goal
pali([1,2,3,2,1]1,M)

the answer {M — 3} but then it does not terminate,
since it enumerates arbitrary large values for Xs.
Similarly, it does not terminate on pali([1,2],M).

Functional logic programming [6, 18] integrates
the most important features of functional and logic
languages, such as higher-order functions and
lazy (demand-driven) evaluation from functional
programming and non-deterministic search and
computing with partial information from logic pro-
gramming. The declarative multi-paradigm lan-
guage Curry [23], which we use in this paper, is a
functional logic language with advanced program-
ming concepts. lts syntax is close to Haskell [31],
i.e., variables and names of defined operations
start with lowercase letters and the names of data
constructors start with an uppercase letter. The
application of an operation f to e¢ is denoted by
juxtaposition (“f €”).

In addition to Haskell, Curry allows free (logic)
variables in program rules (equations) and initial
expressions. Function calls with free variables are
evaluated by a possibly non-deterministic instanti-
ation of arguments. Similarly to Prolog and in con-
trast to Haskell, Curry evaluates operations de-
fined by rules with overlapping left-hand sides in a
non-deterministic manner by applying all possible
rules. The archetype of an operation defined by
overlapping rules is the non-deterministic choice,
defined in Curry [23] as the infix operator “?” by

x 7 _ X
-7y =y
Hence, “0 7 1” yields two values: 0 and 1. In con-
trast to Prolog, the concrete strategy to compute
these values, i.e., the search strategy, is not fixed
in Curry so that implementations of Curry can pro-
vide various search strategies.




Engineering INSIGHTS

Example 3. The following Curry program* de-
fines the predicates of Example 2 in a functional
manner, where logic features (like the free vari-
ables xs and x) are exploited to define pali:

rev [] =[]
rev (x:xs) = app (rev xs) [x]
pali zs | zs =:= app3 xs [x] (rev xs)
= x
“I” introduces a condition, and “=:=" denotes se-

mantic unification, i.e., the expressions on both
sides are evaluated before unifying them.

Since app and app3 can be called with free vari-
ables in arguments, the condition in the definition
of pali is solved by instantiating xs and x to ap-
propriate values (i.e., expressions without defined
functions) before reducing a function call. This
corresponds to narrowing [32, 35]. ¢t ~, t' is a
narrowing step if there is some non-variable posi-
tion p in t, an equation (program rule) I = r, and
an mgu o of t[, and [ such that ¢ = o(t[r],),>
i.e., t' is obtained from ¢ by replacing the subterm
t|, by the equation’s right-hand side and apply-
ing the unifier. Conditional equations ! | ¢ = r
are considered as syntactic sugar for the uncon-
ditional equation [ = ¢ &> r, where “&>” is defined
by True &> x = x.

Curry is based on the needed narrowing strategy
[2] which uses non-most-general unifiers in nar-
rowing steps to ensure the optimality of computa-
tions. Needed narrowing is a demand-driven eval-
uation strategy, i.e., it supports computations with
infinite data structures [26] and can avoid super-
fluous computations so that it is optimal w.r.t. the
number of computed solutions and the length of
derivation [2]. This is our motivation to transform
logic programs into Curry programs, since it can
reduce infinite search spaces to finite ones. For
instance, the evaluation of the expression pali []
has a finite computation space: the generation of
larger lists for the first argument of app3 is avoided
since there is no demand for such numbers.

Curry has many more features which are useful
to implement applications, like set functions [7] to
encapsulate search, and standard features from
functional programming, like modules or monadic
I/O [37]. However, the kernel of Curry described
so far should be sufficient to understand the re-
maining contents of this paper.

4 The concrete syntax is simplified by omitting the declaration
of free variables, like x and xs, which is required in Curry pro-
grams to enable consistency checks by the compiler.

5 We use common notations from term rewriting [9].

Early implementations of functional logic lan-
guages, like PAKCS [3] or TOY [29], used Prolog
as a target language due to its built-in support for
non-determinism. A drawback of this approach
is that they inherit the incompleteness of Pro-
log’s backtracking strategy. In order to get rid of
this fixed search strategy, subsequent implemen-
tations are based on the idea to represent non-
deterministic choices as data. Instead of directly
evaluating non-deterministic branches, the alter-
natives are returned as a tree structure so that
search strategies can be defined as tree traver-
sals, which supports an easy switch between dif-
ferent strategies. For instance, the Curry system
KiCS2 [13] and Curry2Go [11] have options to
select different search strategies, like depth-first,
breadth-first, or fair search.

3 From Predicates to Functions

This section discusses methods to transform logic
programs into functional logic programs by map-
ping predicates and goals into functions and
nested expressions. Since predicates can be
viewed as Boolean functions, the simplest trans-
formation maps each predicate into a Boolean
function and each clause into a (conditional)
equation. For instance, the clauses of predi-
cate app shown in Example 1 can be transformed
into

app [1 ys ys = True

app (x:xs) ys (x:zs) | app xs ys zs
= True

This conservative transformation [17] does not
change the structure of derivations since narrow-
ing steps on Boolean functions correspond to res-
olution steps. Thus, there is no real advantage to
perform this transformation.

To exploit the computational power of functional
logic languages, predicates should be trans-
formed into non-Boolean functions by selecting
some arguments as results and generating func-
tion definitions according to this selection.

Example 4. Consider again predicate app of Ex-
ample 1. If the third argument is selected as a
result argument (as often intended in logic pro-
grams), the clauses of app can be transformed
into the following functional logic program:

app [l ys = ys

app (x:xs) ys | zs =:= app xs ys

= X:1Zs
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Although any set of argument positions can be se-
lected as results, there are heuristics to select re-
sult arguments so that optimal evaluations are en-
sured for large classes of programs, as discussed
in[17].

Itis shown in [17] that, even if this functional trans-
formation is used, there is a strong one-to-one
correspondence, independent of the selection of
result arguments, between resolution derivations
w.rt. the original logic program and narrowing
derivations w.r.t. the transformed program. To im-
prove this situation and get some computational
advantage, one has to replace the unification oc-
curring in conditions by let bindings whenever
possible® and inline these bindings if reasonable.
For instance, one can transform the rule

app (x:xs) ys | zs =:= app xs ys

= X:Zs

into
app (x:xs) ys = let zs = app xS ys
in x:zs

and inline the binding of zs into

app (x:xs) ys = x : app XS ys

This demand functional transformation is de-
scribed in detail in [17]. If the transformed pro-
gram is eagerly evaluated, i.e., the arguments of
a function call are evaluated before replacing the
function call by its body (“call by value”), there
is no operational difference between programs
transformed by the functional and the demand
functional transformation. This situation changes
when the arguments are evaluated “by need,” as
in Haskell or Curry and discussed in [25, 26].

Example 5. Consider the predicate siglist de-
fined by the clauses

siglist ([],zero).
siglist([_],one).
siglist([_,_|_],many).

The demand functional transformation yields

siglist [] = Zero
siglist [_] = One
siglist (_:_:_) = Many

Now consider the evaluation of the expression
siglist (app s ys), where zs is a long list with
n elements. An eager evaluation requires n +
2 rewrite steps, whereas a non-strict language
needs at most three steps.

6 This is possible when the variable in the left-hand side of the
unification has no occurrences in result arguments of other
goal literals, see [17] for a precise discussion.

Although it seems that the demand functional
transformation is the way to go, there is one po-
tential problem of this transformation: it might
change the semantics, i.e., the set of computed
solutions. This could be the case if the evaluation
of some subexpression is not demanded and its
evaluation would fail to yield a value. This failure
would be propagated in the original logic program,
but it might be “hidden” in the transformed pro-
gram. For instance, consider a predicate relating
a non-empty list with its tail

tail([_|Xs],Xs).

and its application in the predicate
sigtail(S) :-
tail([1,Xs),
app([0,1],Xs,Ys),
siglist(Ys,S).

Due to the failure of the first subgoal, the goal
“?- sigtail(S).” fails. However, the demand
functional transformation yields

tail (_:xs) = xs

sigtail = siglist (app [0,1] (tail []1))

The demand-driven or lazy evaluation of sigtail,
which performs only necessary reductions, yields
the value Many. This is conform to the mathemat-
ical principle of “replacing equals by equals” but it
changes the set of answers w.r.t. the original logic
program.

It is possible to modify the transformation so that
the transformed functional logic program com-
putes only more general answers than the origi-
nal logic program, i.e., each answer of the func-
tional logic program is a generalization of an an-
swer computed by the logic program. Comput-
ing more general answers is also preferable in
pure logic programming since it results in smaller
search spaces.

As shown in [19], the demand functional transfor-
mation yields programs so that needed narrow-
ing is sound and complete w.r.t. the logical con-
sequences of the logic program, where sound-
ness requires that all functions are totally defined.
Hence, if there are also partially defined functions,
one has to ensure that every occurrence of such
a function in a computation will eventually be eval-
uated. This can be obtained by a slight modi-
fication of the demand functional transformation
which is called fail-sensitive functional transforma-
tion. If a rule’s right-hand side contains an appli-
cation (f e) and the evaluation of the expression
e might fail to compute a value, i.e., it contains a
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partially defined function, then this application is
replaced by

(f 81 e

“$1” denotes function application with a strict eval-
uation of argument e. Thus, if the evaluation of e
fails, the evaluation of (f $! e) fails.

For instance, the fail-sensitive functional transfor-
mation maps the definition of predicate sigtail
into
sigtail =
siglist $! (app [0,1] $! tail [1)

Then the evaluation of sigtail leads to a fail-
ure due to the enforced evaluation of (tail [1).
Note that the operator “$!” must be inserted at all
places where a potentially failing expression oc-
curs and not only where the failing expressions
occurs first.

The fail-sensitive functional transformation re-
quires information whether operations are totally
defined. Since this is undecidable in general, one
can approximate this property by splitting it into
two parts: termination and non-occurrence of fail-
ures due to incomplete patterns, as visible in the
definition of tail.

Termination of rewrite systems or functional pro-
grams is well-studied so that various techniques
are available to approximate this property, e.g.,
[16, 27]. To approximate absence of failures, one
could simply mark a function as failing if it is de-
fined with an incomplete set of patterns or call a
failing function in its right-hand side. This results
in a fixpoint computation of this property. This sim-
ple approximation can be improved by consider-
ing the context of using failing functions in right-
hand sides. For instance, the following function
uses the failing function tail but it is totally de-
fined since tail is called with a non-empty list:

tailOrEmpty [] =[]

tailOrEmpty (x:xs) = tail (x:xs)

The tool described in [20] approximate the failing
property of functions by approximating call types
for functions, which ensures a fail-free evaluation,
and using call types to approximate the failure sta-
tus of functions. For instance, the call type of tail
are all non-empty lists so that the call of tail in
the second rule of tailOrEmpty does not cause a
failure. Hence, tailOrEmpty is totally defined. In
practice, only a few operations of larger programs

have non-trivial call types, i.e., might fail on spe-
cific arguments.”

Exploiting such tools, one can implement the fail-
sensitive functional transformation in three steps.
First, the logic program is transformed with the
demand functional transformation as described
in [17]. Then, the generated program is ana-
lyzed with the failure-inference tool described in
[20] (automated termination checks are currently
omitted since it is seldom that operations gener-
ated from Prolog are completely defined but non-
terminating). Based on the failure information,
the transformed program is modified by replacing
function applications (f e) by (f $! e) whenever
the expression e might fail.

This transformation produces functional logic pro-
grams which compute the same or more general
answers compared to the original logic programs.
In the worst case (if all functions are possible fail-
ing), the same number of evaluation steps are
performed, but in many other cases, the transfor-
mation reduces the number of computation steps
(due to the optimality of needed narrowing) so that
infinite search spaces might be reduced to finite
ones. Thus, the transformation has no disadvan-
tage but in some cases one gets considerable im-
provements.

To evaluate this transformation, we have imple-
mented a tool performing the fail-sensitive func-
tional transformation as described above.? Ta-
ble 1 contains the results of executing various
Prolog programs with SWI-Prolog and SICStus-
Prolog and the Curry programs obtained by ap-
plying the fail-sensitive functional transformation
with the Curry system KiCS2 [13]. KiCS2 com-
piles Curry programs into Haskell and uses the
Glasgow Haskell Compiler (GHC 9.4.5) to gen-
erate machine code.® The examples, which can
be found in the appendix, are small programs
since larger Prolog programs are seldom logic

7 This requires also the consideration of intended types. For
instance, app is totally defined on lists, which are the intended
arguments, although app fails on the unintended argument 42.
The consideration of type information is discussed in [19].

8 The tool, available at nttps://cpm.curry-lang.org/pkgs/
prolog2curry-1.2.0.html, is implemented as a Curry package
for easy installation. A script together with all required tools
is available as a docker image at https://hub.docker.com/r/
currylang/prolog2curry. A web interface to this transforma-
tion system is available at https://cpm.curry-lang.org/
webapps/pl2curry/.

9 The benchmarks were executed on a Linux machine running
Ubuntu 22.04 with an Intel Core i7-1165G7 (2.80GHz) proces-
sor with eight cores. The time is the total run time of executing
a binary generated with the Prolog/Curry systems.
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Language: Prolog Prolog Curry
System: SWI9.04 SICStus4.9.0 KiCS23.1.0
rev_4096 0.23 0.22 0.10
tak_27_16_8 6.97 3.23 0.74
ackermann_3_9 213 8.72 0.07
pali_[] 00 00 0.01
siglist_app_0 00 00 0.01
numleaves_7 00 00 0.01
permsort_10 1.43 0.28 0.03
permsort_11 16.16 1.38 0.08
permsort_12 206.34 15.23 0.28

Table 1: Execution times (in seconds) of Prolog and generated Curry programs

programs—they often use non-declarative fea-
tures. Such non-declarative features are either
not necessary in functional logic programs (e.g.,
cuts are replaced by exploiting functional depen-
dencies) or can be reformulated in a declarative
manner (e.g., declarative monadic I/O, state mon-
ads).

The first three benchmarks are purely deter-
ministic computations. rev_4096 is the naive
list reversal applied to a list of 4096 elements.
tak_27_16_8 applies the highly recursive tak
function [30] to the values (27,16,8) in Peano
representation. The Ackermann function, defined
on Peano numbers, is applied to the Peano rep-
resentation of (3,9). For these functions, the
demand-driven evaluation strategy has no real ad-
vantage since the values of all subexpressions are
required. The situation is different in the next three
benchmarks where the original logic program has
an infinite search space and the transformed func-
tional logic program has a finite search space,
similarly to Example 1. pali_[] denotes the eval-
uation of pali([],M) (see Examples 2 and 3),
siglist_app_0 denotes the evaluation of the
goal “app(Xs,[1,Zs), siglist(Zs,zero)”, and
numleaves_7 denotes the generation of all binary
trees with seven leaves. Since Table 1 shows the
time to compute all answers to the given goals,
the Prolog systems do not terminate due to the
infinite search spaces. The final benchmarks,
permutation sort applied to lists containing 10,
11, and 12 decreasing Peano numbers, demon-
strates the advantage of demand-driven evalua-
tion even if the search space is finite. As dis-
cussed at various places [6, 18], the functional
logic version explores permutations in a demand-
driven manner so that not all permutations are ac-
tually generated. Thus, our transformation maps a
“generate-and-test” algorithm into a more efficient

“test-of-generate-as-demanded” algorithm with a
lower complexity, as apparent from the bench-
marks.

4 From Backtracking to Complete Search
Strategies

As already mentioned, Prolog is based on
backtracking to deal with “don’t know” non-
deterministic resolution steps. This was a way to
deal with limited hardware resources when Pro-
log was invented. Since this strategy is fixed for
Prolog [15], it has the unfortunate consequence
that many non-logical features, like input/output,
arithmetic, search-space pruning (cut), depend on
this strategy so that it is not easy to change it in
real-world applications of Prolog. However, in or-
der to close the gap between theory and practice
of logic programming, support a higher-level un-
derstanding of programs, and improve the situa-
tion when teaching logic programming, complete
search strategies are necessary.

Curry does not fix backtracking or depth-first
search so that implementations can support other
search strategies—there are no language fea-
tures depending on backtracking. For instance,
PAKCS [3, 22] compiles into Prolog so that back-
tracking search is used. KiCS2 [13] compiles
Curry programs into Haskell programs and rep-
resent the search space as a tree structure on
which search strategies are defined so that one
can switch between depth-first (DFS) or breadth-
first search (BFS), among others. Curry2Go [11]
compiles Curry programs into Go'® programs. Go
is a statically typed language with garbage collec-
tion and direct support for CSP-like concurrency

0 nttps://golang.org/
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PAKCS KiCS2 Curry2Go
Example DFS BFS DFS BFS FS
nrev_4096 6.29 0.10 0.10 0.85 0.85 0.85
takPeano_24_16_8 56.78 0.12 0.12 8.05 7.98 7.76
primesHO_1000 29.46 0.04 0.04 3.51 3.58 3.55
psort_13 18.92 035 232 7.11 7.25 9.51
addNum_2 0.18 0.24 0.57 0.28 0.29 0.28
addNum_5 0.20 201 436 0.67 0.67 0.35
addNum_10 024 1183 16.84 1.53 1.54 0.54
select_50 0.09 0.19 0.27 0.02 0.02 0.02
select_100 0.27 413 4.80 0.06 0.06 0.03
select_150 0.56 25.10 3242 0.13 0.13 0.06
isort_primes4 9.56 0.02 0.02 1.15 1.14 1.11
psort_primes4 112.38 0.02 0.02 1.11 1.11 0.71

Table 2: Comparing Curry system with search strategies

[24] and lightweight threads (goroutines). The lat-
ter feature is used to provide, in addition to DFS
and BFS, a fair search strategy. For instance, con-
sider the following contrived example:
idND ::
idND n =

a — a
loop ? n 7 loop

where the evaluation of loop does not terminate.
Semantically, idND is the identity function but, op-
erationally, it is non-deterministically defined with
looping alternatives. Both DFS and BFS loop on
the expression (idND 0) instead of returning the
value 0, since there is no choice when evaluat-
ing loop. However, the fair search (FS) strategy
of Curry2Go returns this value since FS evalu-
ates non-deterministic branches concurrently as
goroutines and collects the computed results in a
channel [11].

To show that the efficiency of advanced search
strategies is not really worse than backtracking,
we compared these Curry implementations and
their search strategies. Table 2 shows the run
times (in seconds as the average of three runs)
of various examples'! and search strategies. The
first three benchmarks are typical purely func-
tional programs. nrev_4096 is the quadratic naive
reverse algorithm applied to a list with 4096 el-
ements, takPeano is a highly recursive function
on naturals [30] applied to arguments (24,16,8) in
Peano representation, and primesHO_1000 com-
putes the 1000th prime number by constructing
an infinite list of all primes via the sieve of Eratos-
thenes (using higher-order functions). For these
examples, Curry2Go is much faster than PAKCS

" The examples are available at https://github.com/
curry-language/curry2go

but less efficient than KiCS2, which is not surpris-
ing since Haskell/GHC is a highly optimized func-
tional programming system.

The remaining non-deterministic benchmark pro-
grams show that KiCS2 and Curry2Go are com-
petitive with PAKCS (which exploits Prolog’s built-
in support for non-determinism). psort_13 is the
naive permutation sort applied to a list of 13 ele-
ments. addNum_n non-deterministically chooses
a number (out of 2000) and adds it n times,
and select_n non-deterministically selects an el-
ement in a list of length n and sums up the
element and the list without the selected ele-
ment. The considerable slowdown in KiCS2 with
increasing values for n is caused by the du-
plication of choices in pull-tab steps [1] when
non-deterministic expressions are shared, as dis-
cussed in [21]. Curry2Go avoids this problem by
adding a kind of memoization for choices, as de-
scribed in [11, 21].

Apart from the fact that the fair search strategy of
Curry2Go is the only operationally complete strat-
egy (e.g., it is able to compute a value of idND 0),
there are also other interesting differences be-
tween the search strategies. For instance, KiCS2
shows some overhead of BFS compared to DFS
(possibly due to the additional structures used
to implement breadth-first tree search), whereas
there is almost no overhead in Curry2Go (since
the difference between BFS and DFS is just a
different scheduling of tasks). Moreover, the fair
search (FS) strategy is sometimes faster than
BFS and DFS thanks to the use of goroutines pos-
sibly scheduled on different processors. This is
also visible in the last two lines of Table 2 which
show the time to sort the list
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[ primes!!303, primes!!302
, primes!!301, primes!!300]

with the deterministic insertion sort (isort) and
the non-deterministic permutation sort (psort) al-
gorithm, respectively, where primes defines the
infinite list of all prime numbers. Due to backtrack-
ing, identical computations might be repeated if
they occur in different non-deterministic branches.
Thus, primes is re-evaluated by PAKCS sev-
eral times when the list is passed to the non-
deterministic operation psort. This is not the
case in implementations which represent choices
in a graph structure so that the results of de-
terministic computations are shared across non-
deterministic evaluations [12].

5 Conclusions

We have shown the advantage of using functions
instead of predicates by presenting a systematic
method to transform logic programs into functional
logic programs so that the transformed functional
logic programs always computes the same or
more general answers than the original programs.
This transformation does not introduce any oper-
ational disadvantage: in the worst case, the num-
ber of computation steps in the original and the
transformed programs are identical, but in many
other cases the number of computation steps
is reduced and infinite search spaces are trans-
formed into finite ones. Furthermore, we showed
that applying complete search strategies on func-
tional logic programs is competitive to backtrack-
ing search so that one get rid of the usual prob-
lems caused by backtracking. This closes the gap
between theory and practice of logic programming
and could lead to a higher, really declarative pro-
gramming style. With these techniques, we can
keep the ideas and advantages of logic program-
ming in future programming systems beyond the
restriction to predicates and backtracking.
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Appendix

A Source Code of Benchmarks

This appendix shows the Prolog source code
of some predicates used in the benchmarks in
Sect. 3 and the Curry code generated by our tool
implementing the fail-sensitive functional transfor-
mation.

A1 rev

The predicate rev is the well-known naive reverse
with a quadratic complexity:

app([],Xs,Xs).
app([X|Xs],Y¥s,[X1Zs]) :- app(Xs,Y¥s,Zs).
rev([],[]).
rev([X|Xs],R) :-

rev(Xs,Zs),

app(Zs, [X],R).

Both predicates are translated into totally defined
functions:

app [ ys = ys
app (x:xs) ys X : app XS ys

1
app (rev xs) [x]

rev []
rev (x:xs)

A.2 tak

The function tak is defined in Prolog on Peano
numbers, where o represents zero and s repre-
sents the successor of a natural number:

tak(X,Y,Z,A) :-
leq(X,Y,XLEQY),
takc (XLEQY,X,Y,Z,A).

takc (true,X,Y,Z,2Z).
takc(false,X,Y,Z,A) :-
dec(X,X1),
tak (X1,Y,Z,A1),
dec(Y, Y1),
tak(Y1,Z,X,A2),
dec(Z,71),
tak(Z1,X,Y,A3),
tak (A1,A2,A3,4).

dec(s(X),X).

leq(o,_,true).

leq(s(_),o0,false).
leq(s(X),s(Y),R) :- leq(X,Y,R).

Due to the definition of dec, the generated func-
tion takc contains occurrences of “$!” in its right-
hand side:

tak x y z = takc (leq x y) x y z

takc True x y z = z
takc False x y z =

((tak $! (tak $! (dec x)) y z)
$1 (tak $! (dec y)) z x)
$! (tak $! (dec z)) x y
dec (S x) = x
leq O _ = True
leg (S ) O = False
leqg (S x) (S y) = 1leq x y

A.3 ackermann

The Ackermann function is also defined as a Pro-
log predicate on Peano numbers, as presented in
[36]:

ackermann(o,N,s(N)).

ackermann(s(M),o0,Val) :-
ackermann(M,s(o),Val).

ackermann(s(M),s(N),Val) :-
ackermann(s(M),N,Vall),
ackermann(M,Vall,Val).

It is translated into the Curry function

ackermann 0 n =S n

ackermann (S m) 0

ackermann (S m) (S n)
ackermann m (ackermann (S m) n)

]

ackermann m (S 0)

A.4 numleaves

The predicate numleaves relates a binary tree
with the number of its leaves in Peano represen-
tation:

plus(o,Y,Y).
plus(s(X),Y,s(Z)) :- plus(X,Y,Z).
numleaves (leaf (_),s(o0)).
numleaves (node (M1,M2),s(N)) :-
numleaves (M1,N1),
numleaves (M2,N2),
plus(N1,N2,N).




Engineering INSIGHTS

This is translated into the Curry functions

plus 0y =y sorted [] = True
plus (S x) y = S (plus x y) sorted [_] = True
numleaves (Leaf _) =80 sorted (x:y:ys) | leqxy && sorted (y:ys)

numleaves (Node ml m2) = True
S (plus (numleaves ml) (numleaves m2))
psort xs | sorted ys = ys
where ys = perm xs

A.5 permsort

The permutation sort example computes permu-
tations by non-deterministically inserting an ele-
ment into a list.

% Non-deterministic list insertion:
insert (X, [],[X]).
insert (X, [YI|Ys],[X,Y|Ys]).
insert (X, [Y|Ys],[Y|Zs]) :-

insert (X,Ys,Zs).

% Permutations:

perm([]1,[1).

perm([X|Xs],Zs) :-
perm(Xs,Ys),
insert (X,Ys,Zs).

% less-or-equal relation
leq(o,_ ).
leq(s(X),s(Y)) :- leq(X,Y).

% Is the argument list sorted?
sorted ([]).
sorted([_]).
sorted([X,Y|Ys]) :-
leq(X,Y),
sorted ([Y|Ys]).

% Permutation sort:
% search for some sorted permutation
psort(Xs,Y¥s) :- perm(Xs,Ys), sorted(Ys).

The generated operations insert and perm are
totally defined, whereas leq, sorted, and psort
might fail. Due to the strict left-to-right semantics
of the predefined conjunction operator “&&”, inser-
tions of the strict application operator “$!” in the
third rule of sorted are not necessary.

insert x [] = [x]

insert x (y : ys) = x : (y : ys)
insert x (y : ys) =y : insert x ys
perm [] =[]

perm (x : xs) = insert x (perm xs)
leq 0 _ = True

leq (S x) (S y) | leq xy
= True
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Abstract

Multi-precision integer arithmetics is widely used, among other things in
public-key cryptography and when computing many digits of transcenden-
tal numbers. The present paper discusses multi-precision addition and
multiplication: architectural support and its use in hand-written assembly
language, libraries that use such assembly-language code, and program-
ming language support and how close the code generated by Clang and
GCC is to the hand-written assembly language.

1 Introduction

Integer arithmetics on numbers that fit in a sin-
gle machine word is single-precision arithmetics.
With two machine words, it's double-precision
arithmetics.". With more machine words, it's multi-
precision arithmetics.

In the present work, | focus on multi-precision
addition and multi-precision multiplication. Sub-
traction can be derived from addition, while divi-
sion would merit a paper of its own. | also fo-
cus on unsigned arithmetic; for the common twos-
complement representation of signed numbers
signed addition and multiplication is the same (ad-
dition) or very similar (multiplication).

This paper is a first try at overview of uses
and implementation techniques for efficient multi-
precision integer arithmetics. The relevance of the
topic can be seen from the use of multi-precision
arithmetics in software (Section 2). Section 3 in-
troduces the mathematical foundation, concepts,
and notation for multi-precision arithmetics. Sec-
tion 4 explains how various computer architec-
tures support multi-precision arithmetics. This ar-
chitectural support can be used to write routines in
assembly language (Section 6) and provide them

' Single and double precision are more commonly used in con-
nection with floating-point, but the concept also applies to in-
teger arithmetics

to application programs through libraries (Sec-
tion 5), or programming language compilers can
make use of these features and provide language
support for them (Section 7).

2 Uses

How relevant is multi-precision arithmetic? In par-
ticular, how relevant is the performance of multi-
precision arithmetic?

We can try to answer this question by looking at
uses of the GMP (GNU multi-precision) library.
E.g., 1839 packages (out of 65523, i.e., 2.8%)
in Debian 12 depend on GMP. Unfortunately, that
does not tell us anything about how relevant the
performance of multiprecision arithmetics is for
these packages. The GMP implementors invest a
lot of effort into making GMP efficient; e.g., GMP
6.3.0 contains 155,715 lines in 930 files of assem-
bly language code. This makes it plausible that
multi-precision arithmetic in general and GMP in
particular are used in applications where perfor-
mance matters.

There are two applications dmains that | know
where multi-precision arithmentics is used and
where performance matters:
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» Public-key cryptography uses arithmetic with
sizes of 256—-4096 bits in pre-quantum cryp-
tography.2

» Computing many digits of transcendental
constants such as v or m, which involve
large multiplications. The numbers involved
in these computations are bigger than the
caches, so memory bandwidth becomes an
issue; nevertheless, computing is also an is-
sue.® A well-known program for this purpose
is y-cruncher.

Another use is in implementing the integers of
higher-level languages, which often support arbi-
trary size. In most programs this support is hardly
used and is only a safety net in case the com-
putation overflows a single-precision integer, but
programs can also use this support as a con-
venient way of performing computations with big
numbers.

3 Basics

We can use the same algorithms for synthesiz-
ing multi-precision arithmetics out of single and
double-precision arithmetics as has been used for
multi-digit arithmetics, so we use the same no-
tation: A machine word can hold b = 2bi* val-
ues: 0...b — 1. Single-precision numbers typically
start with s, double-precision numbers with d, and
multi-precision numbers with m. Double-precision
numbers are represented with two machine words
d = s1b + s, multi-precision numbers with [ ma-
chine words m = s;_1b'~1 +...so. Each s, is called
a limb of m. In code fragments that deal with a
single limb of a multiprecision number mx, we call
that limb as mx, too.

3.1 Addition

When adding n machine words, the result » may
be > b, but » < nb. So r can be represented as
r = c¢b + s, where s is the part of r that fits in a
machine word and ¢ < n is the carry.

Multi-precision addition is performed starting from
the least significant limbs and progresses towards
more significant limbs. After the first step, the

2 Post-quantum cryptography often uses larger keys, but | do
not know which of those approaches use multi-precision arith-
metics. In any case, the keys still fit in the caches of modern
processors.

3 https://www.numberworld.org/y- cruncher/faq.html#
gpu discusses some of the issues.

carry has to be added in addition to the limbs of
the summands (carry-in): r; = s1;+...4+sSn;+¢;_1.
For the carry-out of such a step, ¢ < n still
holds.

3.2 Multiplication

When we multiply two single-precision numbers,
the result has values of up to > — 2b+ 1 and fits in
a double-precision number. This widening multi-
plication is often a primitive in implementing multi-
precision arithmetics, and we will use it as such
here.

For multi-precision multiplication e f, with e having
limbs e;_1...e9 and f having limbs f,,_1...fo, the
result is

I—1n-1

r=>_> et

i=0 j=0

Here is an example showing the terms of a multi-
plication with [ = 4,n = 3:

esfo eafo eifo eofo
esfi eafi eifi eohfr

esfo eafa eifa eofo

All the terms in one column are for the same i + j.
This table looks like the usual way long multiplica-
tion is presented, but note that each array entry is
a double-precision result of a multiplication, unaf-
fected by surrounding multiplications, whereas the
usual long multiplication algorithm shows, in each
line, the digits coming out of the more complex
operation ef;. So all the widening single-precision
multiplications are independent of each other.

For computing a single limb r;, we have to sum up
a number of terms, and there is also a carry-out
of this computation:

cb+ 1y =

(Z(eifki) mod b) + (Z(eifkil)/b> + cp—1

The addition for computing a single limb can have
up to I + n + 1 terms, with the carry being corre-
sponingly large.

However, with different primitives, some of the ad-
ditions can be integrated with the multiplications,
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which can reduce the later summing. In partic-
ular, one can add two single-precision numbers
to the double-precision result of a widening multi-
plication without overflowing the double-precision
number: the maximum result of this operation is
the maximum double number:

(b—1)x(b—1)+2(b—1) = b* —2b+1+2b—2 = b*—1

4 Architectural support

This section discusses the architectural support
that existing architectures have for multi-precision
arithmetics and that one could add to architec-
tures to improve that support:

4.1 Addition

The most common support for multi-precision ad-
dition is in the form of carry flags. Many archi-
tectures have one carry flag C. On most such ar-
chitectures the common addition instruction only
sets carry-out, and there is an additional add-with-
carry instruction that adds carry-in as well as pro-
ducing carry-out, typically with a latency of one
cycle.

E.g., AMD64 (without ADX) has one carry flag,
and one can perform addition of two n-word multi-
precision numbers m = m1+m2:

L: movq (m1,i,8),tmp
adcq (m2,1,8),tmp
movq tmp, (m,i,8)
incq i
decq n
jnz L

Note that this loop was carefully written with in-
structions that do not trample over the carry flag
(many AMDG64 instructions do).

ARM A64 also has one carry flag, but both the
carry-in and flag-setting (including carry-out) is
optional:

writes flags

no yes |

add adds no
adc adcs | yes

carry-in

Compilers often have problems dealing with a sin-
gle carry flag, and while you can ask the com-
piler to use add with carry-in and carry-out, even
when the compiler uses the appropriate instruc-
tion, the code around it is not so great (see Sec-
tion 7.2.2).

The Intel ADX extension allows using the
O(verflow) flag as a second carry flag in an in-
struction that uses the O flag as both carry-in and
carry-out. The motivation for adding ADX seems
to have been particularly for multi-precision multi-
plication [2]. A simple example of its use is to add
three n-word numbers m = m1+m2+m3:

L: movq (m1,i,8),tmp
adcxq (m2,i,8),tmp
adoxq (m3,i,8),tmp
movq tmp, (m,i,8)
incq i
decqg n
jnz L

Here each addition chain has its own carry bit:
tmp=m1+m2 uses C, tmp=m3+tmp uses O.

A number of architectures have no carry flag,
among them RISC-V. They typically require a five-
instruction sequence with a minimum latency of
three cycles to replace one add with carry-in and
carry-out instruction. The addition m = m1+m2
looks as follows on RISC-V:

L: 1d summandl, O(mlp)
1d  summand2, 0(m2p)
add tmpl, carry, summandl
sltu carryl, tmpl, summandl
add sum, tmpl, summand2
sltu carry2, sum, tmpl
add carry, carry2, carryl
sd  sum, O(mp)
addi n, n, -1
addi mp, mp, 8
addi m2p, m2p, 8
addi mlp, mlp, 8
bnez n, L

Finally, in yet-unpublished work [1] | propose
adding a carry bit (and another bit for indicating
signed overflow) to every general-purpose regis-
ter. These bits should be easier to manage in a
compiler than the traditional carry flag, and they
allow having more than one addition chain active
at once.




Engineering INSIGHTS

L: 1d summandl, O0(mlp)
1d  summand2, O(m2p)
add tmpl, summandl, summand?2
addc sum, tmpl, sum
sd  sum, O(mp)
addi n, n, -1
addi mp, mp, 8
addi m2p, m2p, 8
addi mlp, mlp, 8
bnez n, L

The proposal follows the typical RISC-V style of
having instructions with two source and one des-
tination register, and therefore splits the computa-
tion sum = summandl + summand2 + carry(sum)
into two instructions: the add adds summand1
and summand2, and addc adds the carry from the
previous iteration (in the carry bit of sum) to tmp1.
Note that the add is not in the dependency cycle
from the last iteration, that involves only the addc,
which | expect to take one cycle of latency.

4.2 Multiplication

Most architectures support widening multiplica-
tion, either in one instruction with a double-word
result or in one instruction for the lower word of
the result, and one instruction for the upper word
of the result.*

An instruction that computes d = s, s+ s. (integer
multiply-add) would be useful, but I am not aware
that any architecture has it. ARM A64 has madd,
an instruction that computes the bottom word of d,
but the corresponding instruction umaddh for com-
puting the most significant word of d is missing.
However, we will show how such an instruction
could be used (see Section 6.3).

ARM A64 also has umaddl, which performs s =
hohy + s., where h indicates a 32-bit value.
Unfortunately, this instruction is not useful for
multi-precision arithmetics, because one needs
4 widening 32-bit multiplications plus additional
work to replace one widening 64-bit multiplica-
tion.

| also explored the option of having an instruc-
tion m2add that computes d = sgs, + s, + 5, OF
madc that computes d = s,sp + (¢,b + s.) (so that
an add followed by an madc would be equivalent
to m2add), as well as upper/lower instruction-pair

4 Some architectures have additional instructions for multipli-
cation where one or both operands are signed, but these are
outside the scope of this paper.

variants of these instructions. However, instruc-
tions are usually implemented in out-of-order exe-
cution engines to wait for all operands; so such in-
structions would result in carry-to-carry latencies
that include the latency of the multiplication, which
may be undesirable.

5 Libraries

The programming language support for high-
performance multi-precision arithmetics has not
been satisfactory, so programmers have devel-
oped libraries for this purpose. Wikipedia lists
36 libraries that deal with arbitrary-precision inte-
gers®.

The most well-known among them is GMP, which
has first been released in 1991. It contains a lot
of functions for various purposes. In the present
context, the low-level functions (mpn_...%) are the
most interesting ones, and among them these
functions.

* m =mj+ mo: mpn_add_n(m,ml,m2,n)

* m=smj:mpn_mul_1(m,ml,n,s)

* m=m+ smy: mpn_addmul_1(m,ml,n,s)
* m =mime: mpn_mul (m,ml,nl,m2,n2)

These functions are usually written in assembly
language, with the central code similar to what
is shown in Section 6, but with lots of macros
and parameterization for unrolling and to gener-
ate code for similar functions, and are therefore
not as easy to understand as one might like.

We take a closer look at how to implement the first
and third of these functions. The third is a better
stepping stone for implementing long multiplica-
tion (mpn_mul) than the second, and it also illus-
trates some implementation problems and how to
deal with them.

A disadvantage of libraries is that you can com-
bine their functions by calling one after the other,
but the sequence cannot be optimized. It will al-
ways cost as much as the two individual calls.
E.g., while it is possible to implement m = m+sm;
by first calling mpn_mul_1 and then mpn_add_n,
GMP provides mpn_addmul_1 as a separate func-
tion, in order to support more efficient implemen-
tations.

5 https://en.wikipedia.org/w/index.php?title=List_
of _arbitrary-precision_arithmetic_software&oldid=
1305070005#Libraries

6 https://gmplib.org/manual/Low_002dlevel-Functions
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6 Hand-written assembler code

In the following we take a look at hand-written
(hopefully optimal) code for the central part of
one limb of three computations: m = m, + my,
m = mg + mp + Mg, m = smy + my. This pro-
vides a reference for comparing with the compiler-
generated code we see in Section 7.

The first and third computation directly corre-
spond to mpn_add_n() and mpn_addmul_1(). The
three-summand addition is instructive because it
shows the limits of having a single carry flag. It
can also be seen as a simplified variant of a prob-
lem we have in m = sm, + my; while it looks like
there are only two summands here, we actually
have to add, in each iteration, three words: the
upper word of sm,, from the previous iteration, the
lower word of sm, from the present iteration, and
my.

Central part means the computation without load-
ing the source limbs and storing the the result
limb, and without loop overhead. We show as-
sembly language code for RISC-V, ARM A64, and
AMD64. On RISC-V and ARM A64, the desti-
nation register is leftmost, on AMD64 rightmost
(AT&T syntax). In this section we use variable
names instead of registers, to make the code eas-
ier to follow.

The latency numbers given are based on realistic
assumptions about the timing of the instructions in
a core with wide out-of-order execution; in partic-
ular, add, adcs etc. have one-cycle latencies, and
mov has a zero-cycle’ latency.

6.1 Two-summand addition

For m = m, + my:

RISC-V:

add sum, summandl, summand?2
sltu carryl, sum, summandl
add sum, sum, carry

sltu carry2, sum, carry
add carry, carryl, carry2

ARM A64:
adcs sum, summandl, summand2

AMD64 :
#summandl is in sum
adc summandl, sum

7 In many recent cores with out-of-order execution, mov is usu-
ally performed by register renaming

On ARM A64 and AMDG64, carry is in the C flag
before this and the new value of carry is in the C
flag afterwards. The RISC-V code has three cy-
cles of carry-to-carry latency, the ARM A64 and
AMDG64 codes have 1 cycle of carry-to-carry la-
tency on typical implementations of these archi-
tectures.

6.1.1 Kogge-Stone addition

Alexander Yee has implemented Kogge-Stone ad-
dition (normally a hardware adder design tech-
nique) in AVX-512.8 This is pretty far from any-
thing discussed in this paper, so the rest of this pa-
per ignores this possibility. However, Yee reports
that his AVX512-F code “is about 2x faster than
the classic approach of chaining adc instructions
on Skylake X.”. So we should look at whether
SIMD instruction sets can be more profitably used
to achieve the best performance before investing
much time in tuning the performance of carry-flag-
based approaches.

6.1.2 Breaking dependencies

Two-summand and three-summand addition with
chains of carries can be latency-bound on
wide cores, with the loop-carried dependencies
through carry forming the critical path. Michael
S presents® and evaluates'® a technique for con-
verting a data dependency into an extremely pre-
dictable control dependency, which eliminates the
dependency in case of a correct prediction (i.e.,
almost always).

Xorq carry, carry
L: movq (ma,i,8),sum
xorq carry2, carry2
addq (mb,i,8),sum
setc carry2
addq carry, sum
jc C
M: movq carry2, carry
movq sum, (m,i,8)
incq i
decq n
jnz L
. finish ...
ret
C: incq carry2
jmp M

8 http://www.numberworld.org/y- cruncher/internals/
addition.html

9 news:20250805014356. 0000073c@yahoo.com

10 news : 20250806204333 . 00006869@yahoo . com
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This code starts a new dependecy chain by clear-
ing carry2 at the start, which is then set to the
carry of ma; +mb;. The old carry is then added to
sum, and there is a low probability that this addi-
tion has a carry, which would need to be added to
carry2. The carry-out of this addition is not added
to carry2 in a data-dependent way (e.g., with adc)
to avoid producing a data dependency cycle. In-
stead, the carry-out is checked with a conditional
branch, and on correct prediction (the usual case
for this very predictable branch) iteration i+2 uses
nothing from iteration ¢ except loop counter up-
dates, which can be reduced by unrolling.

While this loop reduces the dependence chains
through carry, one iteration contains a lot of in-
structions, and therefore this code is likely to take
more than one cycle per output word despite the
reduction in dependencies. One way to counter-
act this may be to unroll the loop by a factor of n,
and do the first n — 1 original iterations with adc
and only the last using the conditional branch, in
order to achieve a better balance between general
resource consumption and dependencies.

6.2 Three-summand addition

For m = mg + my + m., things become more in-
teresting:

RISC-V:

add m, ma, mb

sltu carryl, m, ma

add m, m, mc

sltu carry2, m, mc

add m, m, carry

sltu carry3, m, carry
add carry, carryl, carry2
add carry, carry, carry3

RISC-V with carry in GPRs:

# carry = carry(m)+carry(mab)
add tmp, ma, mb

addc mab, tmp, mab

add tmp, mab, mc

addc m, tmp, m

ARM A64:

# carry = carryl+C

adcs ml, ma, carryl

adc carryl, xzr, xzr
adds m2, mb, mc

adc carryl, carryl, xzr
adds m, ml, m2

AMD64 :

# carry = carryl+C
adc ma, mb

setb carry2

add $-1, carryl
adc mc, mb

mov carry2, carryl
#sum in mb

AMD64 with ADX:
#ma in m

adcx mb, m
adox mc, m

The RISC-V, ARM A64, and AMD64 code has
three cycles of carry-to-carry latency, the ADX
code has one cycle. For the AMD64 code the
setb may not break the dependency on the earlier
contents of carry1, and it may be useful to insert
amovl $0, carryl before the setb.

In the ARM A64 variant, carry1 can have values
0-2, but the complete carry is the sum of carry1
(in a general-purpose register) and the C flag; the
sum can only have values 0—2. In the AMD64 vari-
ant, carry1 can only be 0—1. One could use the
approach used for AMD64 for ARM A64 and vice
versa. For generalizing to more summands, the
ARM A64 variant may be better.

Another approach for implementing three-
summand addition is to combine two two-
summand additions, but doing this naively would
increase the number of stores and loads, and
the loop overhead. Instead, one can unroll the
loop to do two two-summand additions while
the intermediate result fits in registers, and, at
the unrolling boundaries, use the carry-handling
approach used by the AMD64 code above:

ARM A64:

#carry = carryl+c
#minusl=-1

adcs mabO, maO, mbO
adcs mabl, mal, mbl
adcs mab2, ma2, mb2
adcs mab3, ma3, mb3
adc carry2, xzr, Xzr
adds xzr, carryl, minusl
adcs sumO, mabO, mcO
adcs suml, mabl, mcil
adcs sum2, mab2, mc2
adcs sum3, mab3, mc3
mov carryl, carry2
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For an unrolling factor of n, this approach has a
latency of n + 2 (if the CPU can perform two adcs
per cycle). If the loads are arranged to be as late
as possible and the stores to be as early as possi-
ble, the number of registers needed is n+ 3 (n+4
when using load-pair and store-pair), plus another
4 for addresses and loop control. The same ap-
proach can also be used on AMD64, with similar
code, latency, and register requirements.

6.3 Multiplication step
For m = sm, + my:

RISC-V:

mulhu tmpl, s, ma

mul sma, S, ma

add tmp2, sma, mb
sltu tmp3, tmp2, sma
add tmpl, tmpl, tmp3
add m, carry, tmp2
sltu tmp4, m, carry
add carry, tmpl, tmp4

RISC-V with carry in GPRs:
mulhu tmpl, s, ma

mul sma, s, ma

add tmp2, sma, mb

addc tmpl, tmpl, tmp2
add m, carry, tmp2

addc carry, tmpl, m

ARM A64:

# carry = carryl+C
umulh tmpl, s, ma

mul sma, s, ma

adcs tmp2, sma, mb

adc carry2, tmpl, xzr
adcs m, tmp2, carryl
mov  carryl, carry2

ARM A64 with umaddh:
# carry = carryl+C
umaddh carry2, s, ma, mb

madd smab, s, ma, mb
adcs m, smab, carryl
mov carryl, carry2

AMD64 :

#rax = ma

mulq s

addq mb, rax

adcq $0, rdx

addq carry, rax

adcq $0, rdx
mov rdx, carry

AMD64 with ADX:
#rdx = s

#carry = carryl+C+0
mulx ma, m, carry2
adcx mb, m

adox carryl, m

mov carry2, carryl

While the carry can be represented in one
general-purpose register, in some cases it re-
duced the instruction count and sometimes the la-
tency to leave a part of the carry in the C (and,
with ADX, the O) flag, so | used this in some
cases.

Concerning latency, on a wide-enough processor
with out-of-order execution the execution speed
is determined by loop-carried dependencies. In
the loop surrounding these code fragments the
carry register (or carry1 and the C flag) are loop-
carried, so the latency from the carry coming from
the last iteration to the carry passed to the next
iteration is relevant. Therefore this code has been
written to first perform the multiplication and the
addition of m;, and only then perform the addi-
tion of carry. In the code above this latency has
been minimized, in some cases at the cost of ad-
ditional instructions; in some cases mov there is a
mov instruction that can be eliminated by adding
the carry-in earlier if latency is not an issue.

The carry-to-carry latency is: 3 cycles for RISC-V,
2 cycles for ARM A64, AMD64 and RISC-V with
carry in GPRs, 1 cycle for AMD64 with ADX and
ARM A64 with umaddh.

In the code with upper/lower pairs, | keep the pairs
together in the same order produced by compil-
ers, in the hope that the hardware combines the
halves and reduces the resource consumption of
the code (for RISC-V this is recommended). This
results in an additional mov on the ARM A64 with
umaddh.

7 Programming language support

7.1 High-level languages

Many high-level languages provide arbitrary-
precision integers (aka bignums). However, most
programs deal with integers small enough to fit
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in one machine word all the time, and the arbi-
trary decision is just a better way (than terminating
the program or modulo arithmetics) to deal with
cases where the result of an operation does not
fit in one machine word. Moreover, in these lan-
guages multi-word integers are dynamically sized
and therefore implemented boxed, with dynamic
memory allocation and usually with dynamic typ-
ing; all of these implementation techniques cost
performance, so one would not implement a high-
performance application like y-cruncher in such a
language, or at least rewrite it in a low-level lan-
guage such as “C/C++ with Intel SSE intrinsics”!’
soon.

It would be possible to improve the performance
of multi-precision arithmetics in these languages,
by a lot, but | don’t expect it to happen anytime
soon, thanks to the vicious circle of it not happen-
ing due to lack of demand and the existing de-
mand switching to lower-level languages.

7.2 Low-level languages

In particular, | look at C, but the techniques should
work in other low-level languages, too. The gen-
erated code depends on the compiler, however.

The code presented below is the output of clang
14.0.6 -march=x86-64-v4 on AMD64, and clang
11.0.1 on ARM A64 and RV64GC (RISC-V), with
-Os to reduce the amount of unrolling in order
to get a result that is easier to understand and
present; however, the compilers tend to be better
in making use of the flag during one iteration than
between iterations, so unrolling generally helps
in more ways than just reducing the loop over-
head.

| have also looked at the output of gcc in some
cases, and have not seen significantly better re-
sults, except through unrolling.

7.2.1 Double precision

64-bit integers have been supported on C im-
plementations with 32-bit word size since around
1990. It took until around 2005 until 128-bit in-
tegers appeared in some gcc targets with 64-bit
words (and then it took several years until all the
operations on these integers worked correctly in

gcc).

" https://www.numberworld.org/nagisa_runs/euler-14.
9b_log2-15.5b.html

With these double-precision types available (we
use d_t for double-precision and s_t for single-
precision unsigned integers), we can use them
to implement multi-precision. For two-summand
multi-precision addition, the central loop is:

for (i=0; i<n; i++) {
s_t sl=mi[i];
s_t s2=m2[i];
d_t d=s1+(d_t)s2+carry;
m[i] = d;
carry = d>>64;

The d>>64 extracts the most significant word of d,
and should be changed appropriately if the word
size is not 64 bits.

On RISC-V the code above results in the canon-
ical five-instruction sequence for add with carry-
in and carry-out (Section 6.1) for the computa-
tion part of this loop. Unfortunately, the results
on AMD64 and ARM A64 are far from optimal; for
the central addition in this loop:

AMD64

r9=carry

xorl %eax, %eax

addq (%rsi,%r8,8), %r9
setb %al

addq (%rdx,%r8,8), %r9
adcq $0, %rax

#after storing r9:
movq %rax, %r9

ARM A64

x8=carry x9=sl1 x10=s2
adds x8, x9, x8

adcs x9, xzr, xzr
adds x10, x8, x10
adcs x8, x9, xzr

The compilers obviously do not make optimal use
of a carry flag for this code.

For three-summand addition, the C code with dou-
ble precision is:

for (i=0; i<n; i++) {
s_t s1=11[i];
s_t s2=12[i];
s_t s3=13[i];
d_t d=s1+(d_t)s2+(d_t)s3+carry;
1[i] = d;
carry = d>>64;
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Note that carry can have the value 2 in this code,
so in order for the compiler to use two carry flags
(with ADX), it would have to represent that sum
distributed over the two carry flags, and fuse the
addition of each carry flag into a different one of
the two addition of the three limbs. Not beyond
today’s compiler technology, but it would require
an amount of development that apparently has not
been invested yet, and probably never will. The
code for two architectures is:

RV64GC
#ab=carry
#t1,a7,t0=s1/2/3
add a5, t1l, a6
sltu a6, ab, ti
add a7, a7, ab
sltu ab, a7, ab
add a6, a6, ab
add tO, tO, a7
sltu ab, t0, a7
add a6, a6, ab

AMD64
#ri10=carry

xorl %eax, %heax

addq (%rsi,%r9,8), %ril0
setb %al

addq (%rdx,%r9,8), %ri10
adcq $0, %rax

addq (%rcx,%r9,8), %ril0
adcq $0, %rax

#after storing ri0:
movq %rax, %rl0

The RISC-V code has the same number of in-
structions as the hand-written code, but does not
minimize the carry-to-carry latency; It may be pos-
sible to fix that aspect by source-code changes.

For ARM A64 the code is slightly worse than the
hand-written code, for AMDG64 significantly worse.
Concerning ADX, clang does not generate ADX
instructions with the options | used, possibly be-
cause ADX has not been included in x86-64-v4.
The ARM A64 code follows the pattern of the
two-summand addition, i.e., it now has 6 instruc-
tions.

The central loop of m = sm, + m; can be written
as:

for (i=0; i<n; i++) {
s_t sl=malil;
s_t s2=mbl[i];
d_t d = (s*(d_t)sl+s2)+carry;
m[i] = d;
carry = d>>64;

Here carry is a full word. Here’s what clang pro-
duces for the central computation:

RV64GC

#ab=carry

#t0=s1 t1=s2
mulhu t2, tO0, al
mul t0, t0, a1l
add ab, t1, a6
sltu a6, ab, ti
add t0, tO, ab
sltu t1, t0, ab
add ab, a6, t2
add a6, a5, ti

ARM A64:

#x8=carry

#x11=s1 x12=s2
umulh x13, x11, x1
adds x8, x12, x8
mul x11, x11, x1
adcs x12, xzr, Xzr
adds x11, x8, x11
adcs x8, x12, x13
#x11=bottom(d)

AMD64
#rax=carry
mulxq (%r9,%r10,8), %rbx, %rii

xorl ‘hesi, %esi

addq (%rcx,%r10,8), Y%rax
setb Ysil

addq %rbx, %rax

adcq %rill, Y%rsi

#after storing rax:
movq ‘%rsi, %rax

Again, the RISC-V code uses as many instruc-
tions as the hand-written version, but with worse
carry-to-carry latency, which may be fixable by
writing the source code a little differently. Like-
wise, the ARM A64 code uses as many instruc-
tions but worse carry-to-carry latency.

The AMDG64 code also has a worse carry-to-carry
latency than the hand-written code. It uses mulxq
from the BMI2 extension (which is in x86-64-
v4) to achieve more flexibility in register alloca-
tion. Compiling the C code to for straight AMD64
code results in an additional register-to-register
move.

7.2.2 C with Carry

There are two ways to make carry explicit in some
C compilers:
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» The Intel-specific way is to use the intrinsic
c_out=_addcarry_u64(c_in, sl1, s2, &sum)

» The Clang-specific way is to use the builtin
sum=
__builtin_addcll(sl, s2, c_in, &c_out)

GCC does not have a builtin that supports carry-
in.

| show the in the following, because it works for
architectures other than 1A-32 and AMD64.

For two-summand addition, the loop with the
Clang-specific way looks as follows:

for (i=0; i<n; i++) {
s_t s1=11[i];
s_t s2=12[i];
1[i] =
__builtin_addcll(sl,s2,carry,&carry);

For RISC-V a five-instruction sequence for add
with carry-in and carry-out is produced, slightly
different from the one shown earlier.

For the other architectures, the sequences are:

ARM A64:

adds x9, x9, x10
cset wil0O, hs
adds x9, x9, x8
cset w8, hs

orr w8, wlO, w8

AMD64 :

addq  (%rdx,%r8,8), %r9
setb  %ri10b

addq  ‘hrax, %r9

setb  Y%al

orb %r10b, %al

movzbl %al, %eax

All these sequences fail to make use of the adcs
(ARM A64) or adc (AMD64) instruction and pro-
duce longish, RISC-V-like workarounds.

The source code for the Intel-specific way differs
only in the call to the intrinsic in the obvious way,
and we only get code for AMD64:

addb $-1, %r8b
adcq (Jrdx,%rax,8), %r9
setb %r8b

This code actually makes use of the adc instruc-
tion. However, because the compiler is pretty bad
at preserving the C flag, it transfers it to a general-
purpose register with setb right after the adc in-
struction, and transfers it back into the C flag with
the addb right before it.

For the three-summand addition, using the Clang-
specific builtin leads to two instances of the code
shown above (with variations in register alloca-
tion) on all three architectures, which is worse
than the code that uses double precision. This
is particularly unexpected for those architectures
that actually have a carry flag and an add with
carry-in and carry-out.

When using the Intel-specific intrinsic, the re-
sult is also two instances of the three-instruction
sequence shown above for this intrinsic, but
that’s not that much worse than the hand-written
code.

7.2.3 _BitInt

The C23 standard allows defining integer types for
which you can specify the number of bits, e.g, as
follows:

typedef unsigned _BitInt(4096) u4096;

This feature is supported in gcc-15.1 and clang-
20.1 on AMD64 (not on all architectures), with
an implementation-dependent maximum number
of bits. gcc-15.1 supports up to 65,535 bits, while
clang-20.1 supports up to 8,388,608 bits. | looked
at the code generated by these two compilers
with -0s for a three-summand addition with 65535
bits.'?

Clang produces straight-line code, which tends to
make good use of the carry flag (no ADX instruc-
tions). However, the number of live words in this
computation does not fit in the registers, and the
register allocator deals with this situation not as
well as one might like, resulting in about 9 instruc-
tions for each word of the result.

GCC produces a loop unrolled by a factor of 2,
but unfortunately first performs the two additions
from the first original iteration and then the ones
from the second original iteration, so it has to
move the carries between general-purpose reg-
isters and the carry flags all the time, in the way

2 https://godbolt.org/z/abcIc8non
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that we see with the Intel intrinsic. Overall gcc ex-
ecutes 10 instructions per result word.

Still, these are early days for this language fea-
ture. Hopefully the generated code will improve
over time. Certainly the potential exists: With this
feature the programmer directly expresses the in-
tended meaning, instead of expressing it through
lower-level features such as double-precision inte-
gers, builtins or intrinsics, where the compiler may
have to extract the intended meaning from this
lowered code in order to transform it to the best
code for the architecture (maybe Kogge-Stone ad-
dition using AVX-512).

8 Further Work

While the present work contains some perfor-
mance estimations, actual measurements are
missing. This is especially relevant given that the
main focus in this paper has been latency, while
resource constraints may limit performance more
on today’s processors.

9 Conclusion

The present work looks at several multi-precision
integer operations, how AMD64, ARM A64 and
RISC-V support implementing them and what
the corresponding assembly language code looks
like. These operations can implemented through
libraries written in assembly language, or through
programming languages. In particular, the
present work looks at the code resulting from
C with double-precision integers (uint128_t), C
with a builtin or intrinsic for add with carry-in and
carry-out, and C with _BitInt(...). The code
using double precision often works better than
the code with intrinsics or (worst) builtins; while
_BitInt(...) is not yet as good as one would
naively expect, it has the best future potential.
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Abstract

Dependent types tend to become verbose rather quickly. Consequently,
many languages that support dependent types also provide powerful syn-
tax extension mechanisms. These mechanisms enable the definition of
embedded domain-specific languages (DSLs), facilitating safe abstraction
(cf. [5]). However, such mechanisms have their limitations. Declarative
approaches, such as Agda’s mixfix operators [1, 4], support only a subset
of context-free languages. Procedural approaches, such as Lean’s macro
system [10], allow the definition of arbitrary context-free syntax but sacrifice
much of the purity and elegance of context-free grammars.

Noo [8] is a dependently typed general-purpose programming language
featuring dependent (co-) pattern matching in the style of Agda [3] and a
novel syntax-extension formalism based on our prior research [7, 9]. At
its core, this formalism relies on context-free grammars, enabling the un-
restricted definition of context-free syntax within the language while pre-
serving much of the purity of Chomsky’s formalism [2, 6]. The language
is structured into a meta-language and an object language, with the object
language being unfolded through a bootstrapping process. This approach
allows for the definition of arbitrary new object languages and, conse-
quently, embedded domain-specific languages for more natural and safer
abstractions.
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Abstract

Java-TX ist eine auf Java basierende Programmiersprache, die Java um
verschiedene Konzepte aus funktionalen Programmiersprachen erweitert.
Dazu gehdren eine globale Typinferenz und echte Funktionstypen. Ein
weiteres Feature, welches im Rahmen dieser Arbeit implementiert wer-
den soll, ist das Pattern Matching. Hierzu soll zum einen der Stand von
Java erreicht werden, das heif3t ein Pattern Matching innerhalb von Switch-
Statements soll ermdglicht werden. Neu hinzu kommt, dass Pattern Match-
ing auch innerhalb von Funktionsképfen angewandt werden darf. Dieses
Feature ist von Haskell inspiriert. Durch die Anwendung auf eine objek-
torientierte Sprache mit Funktionstiberladung ergeben sich einige interes-
sante Herausforderungen.

In Haskell wird das Uber Datendefinitionen
maoglich gemacht, welche eine Menge von validen
Werten definieren. Dies entspricht als algebrais-

1 Motivation

Pattern Matching ist an sich eine erweiterte Fal-

lunterscheidung. Im Gegensatz zu normalen If-
Statements wird hier keine Bedingung Uberpriift,
sondern nach der Struktur von Werten unter-
schieden. Diese Struktur wird Uber sogenannte
Patterns definiert.

In der Mathematik werden Fallunterscheidungen
oft eingesetzt, um Funktionen zu beschreiben,
die auf bestimmten Untermengen des Definitions-
bereichs anders definiert sind. Deshalb bildet
Pattern Matching eine intuitive Implementierungs-
grundlage fir solche Funktionen und wird in der
funktionalen Programmierung oft verwendet.

Ein Pattern kann zum Beispiel eine simple Equiv-
alenz sein, die einen Wert Uberprift, wie die
Zahl 10 oder eine Zeichenkette ,text”. Ander-
erseits kdnnen auch komplexere Patterns abge-
fragt werden, wie ,eine Zeichenkette, die mit dem
Buchstaben A anféngt”, oder ,eine Liste mit 3
Elementen”. AuBerdem kann ein Pattern ein
Wertkonstruktor sein. Hierbei kann der konkrete
Typ eines Wertes abgefragt werden und der Wert
gegebenenfalls dekonstruiert werden.

cher Datentyp einem Summentyp.

In Java wird ein alternativer Ansatz mithilfe von
Vererbung verfolgt, um eine solche Fallunterschei-
dung mdglich zu machen. Dieser wird in Ab-
schnitt 2 n&her erlautert.

£ String -> Int

f "text" =1 -- Ezakt "tezt"

f (A’ : rs) = 2 -- Beginnt mit 4

f [a,b,c] = 3 -- Drei Buchstaben
f =4 -- Alles andere

data Option a =
Some a | None

g :: Option Int -> Int

-- Some wird dekonstruiert
g (Some i) = i

g None = 0

Listing 1: Pattern Matching in Haskell

Da Haskell keine Vererbung besitzt, kann nicht
ohne weiteres eine Funktion definiert werden, die
sowohl String als auch Option akzeptiert. In
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Java ist das Ober den gemeinsamen Supertyp
Object mdglich.

Wie aus dem Listing ersichtlich, besitzt Haskell
eine Reihe von Sprachkonstrukten, um das Pat-
tern Matching leichter und méchtiger zu machen.
Diese sind in Java bislang noch nicht angekom-
men.

2 Pattern Matching in Java

In Java gab es von Anfang an Switch-Statements.
Diese machen es méglich, nach Konstanten zu
matchen. Da das Switch-Statement urspriinglich
(in C) dazu vorgesehen war, einen méglichst ef-
fizienten Tableswitch als Sprachfeature zu ver-
ankern, besitzt das Switch-Statement ein paar
Eigenheiten, die es schwierig machen, dieses
Sprachkonstrukt fir Pattern Matching zu erweit-
ern.

Zunachst waren Switch-Statements nur fir
primitive ganzzahlige Datentypen vorgesehen.
Dadurch war eine Ubersetzung in einen Ta-
bleswitch noch sehr einfach und direkt. Mit Java
7 konnten nun auch Strings als Labels verwendet
werden. Hier wurde ganz klar eine Richtung
eingeschlagen, um das Switch-Statement in ein
héheres Sprachfeature zu entwickeln, das nicht
mehr direkt mit einem Sprungbefehl implemen-
tiert werden kann.

Ein weiteres Problem stellt der sogenannte ,Fall-
Through” dar. Vereinfacht gesagt funktioniert ein
Case-Label wie eine Sprungmarke. Das heif3t,
alle Befehle unterhalb der Sprungmarke werden
so lange ausgefiihrt, bis ein Break-Statement er-
reicht wird. Wenn nun aber die einzelnen Falle
sich gegenseitig ausschlieBen, muss garantiert
werden, dass ein Break-Statement vor dem né&ch-
sten Case-Label folgt. Ansonsten ist das Pro-
gramm fehlerhaft.

2.1 Records

Records sind ein Sprachfeature, welches in
Java 16 eingefiihrt wurde [2]. Auf den ersten
Blick sind Records lediglich Klassen, die von
java.lang.Record erben und einige Methoden
wie toString und equals automatisch imple-
mentieren. Eine wichtige Eigenschaft ist, dass
Records nur finale Felder besitzen kénnen. Ein
Record ist damit immutable. Records eignen sich
gut um Value-Klassen zu implementieren, also

Klassen, die als simple Halter von Daten agieren
und keinen eigenen Zustand besitzen.

Wichtig fir das Pattern Matching ist, dass
Records anders als normale Klassen einen
kanonischen Konstruktor besitzen. Dieser wird
in der Record-Definition angegeben und definiert
sowohl den Konstruktor selber als auch die finalen
Felder des Records. Der kanonische Konstruktor
definiert, wie ein Record in einem Pattern dekon-
struiert werden kann. Er entspricht damit funk-
tional einem Wertkonstruktor in Haskell, der fir
das Pattern Matching verwendet wird. In [4] unter
~Future Work” wird darauf verwiesen, dass Pat-
tern Matching eventuell in Zukunft auch fir nor-
male Klassen verwendet werden kann.

record Point (Number x, Number y) {}

int m(0Object o) {
return switch(o) {
case Point(int a, int b) ->
a + b;
case Point (double a, double b) ->
(int) (a * b);
case Point(var a, var b) ->
a.intValue () - b.intValue();
case String s -> s.length();
default -> -1;
}s
}
Listing 2: Pattern Matching mit Records

Wie in Listing 2 zu sehen, wird hier jeweils eine
Instanz vom Typ Point dekonstruiert. Die Felder,
welche aus dem Record herausgenommen wer-
den, entsprechen genau der Position innerhalb
des Konstruktors von Point. Es kann ein be-
liebiger Variablenname verwendet werden. Der
Typ muss nicht exakt lbereinstimmen. Er kann,
wie in diesem Beispiel, auch spezieller sein als
in der Record-Definition angegeben. In diesem
Fall wird eine weitere Unterscheidung zur Laufzeit
gemacht, welche die Typen Uberprift. Das zeigt,
dass Patterns auch ineinander geschachtelt wer-
den kénnen. Wenn exakt derselbe Typ wie in
der Record-Definition gewollt wird, kann auch das
Schliisselwort var verwendet werden.

Normale Klassen wie String kdnnen nicht dekon-
struiert werden, hier wird lediglich der Typ
gematcht.

2.2 Sealed Interfaces

Sealed Interfaces sind ein weiterer Baustein fir
das Pattern Matching. Diese werden in [3]
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beschrieben. Wie auch Records kénnen Sealed
Interfaces in verschiedenen Kontexten sinnvoll
sein. Fir sich gesprochen, erlaubt ein Sealed
Interface eine Reihe von Klassen anzugeben,
welche das Interface implementieren drfen.
Damit ist dieser Interface-Typ abgeschlossen und
kann nicht mehr von auBerhalb erweitert wer-
den. Das kann zum Beispiel fiir ein besseres API-
Design verwendet werden.

Fir das Pattern Matching ist interessant, dass
innerhalb von Switch-Expressions nun garantiert
werden kann, dass alle méglichen Félle imple-
mentiert worden sind. Damit kann der Default-
Case wegfallen. Falls eine neue Implementierung
erlaubt wird, ist das Programm nun nicht mehr
valide, bis alle Switch-Expressions angepasst
worden sind. Das hilft Fehler zu vermeiden.

Pattern Matching mit Sealed Interfaces kann ef-
fektiv dafir verwendet werden, um das Visitor-
Pattern [5] in Java zu ersetzen. Die Garantien
durch den Compiler sind dieselben und im
Gegensatz zum Visitor-Pattern kann die Imple-
mentierung an einer Stelle zusammengefasst
werden, statt sie (ber mehrere Klassen zu
verteilen.

sealed interface Shape
permits Circle, Square {}

record Circle(int r)
implements Shape {}

record Square(int w)
implements Shape {}

Listing 3: Sealed Interfaces

2.3 Switch-Expression

Wegen der in Abschnitt 2 oben genannten Prob-
leme mit Switch-Statements wurden die Switch-
Expressions als neues Sprachkonstrukt einge-
fohrt [1]. Diese sind, wie der Name schon ver-
muten lasst, echte Expressions. Das heif3t, sie
werden zu einem Wert ausgewertet. Es kdnnen
mehrere Case-Labels zusammengefasst werden
und der ,Fall-Through” entféllt.

int input = ...;
int res;
switch(input) {
case 10: case 20: case 30:

res = 1;

break;
case 40: res = 2; break;
default: res = 0;

res = switch(input) {
case 10 | 20 | 30 -> 1;
case 40 -> 2;
default -> 0;

};

Listing 4: Switch-Statement & Switch-Expression

Wie hier zu sehen ist, ist die Switch-Expression
kompakter und lasst sich einfacher lesen. Die
Switch-Expression kann auch als Statement ver-
wendet werden und muss keinen Wert zuriick-
geben. Sowohl das Switch-Statement als auch
die Switch-Expression kénnen grundsétzlich far
das Pattern Matching eingesetzt werden. Weil
die Switch-Expression jedoch kompakter ist, wird
diese in den nachsten Beispielen verwendet.

2.4 Zusammenspiel der Features

Wenn Records, Sealed Interfaces und Switch-
Expressions zusammen verwendet werden, kann
im Folgenden die Funktion g aus Listing 1 imple-
mentiert werden:

sealed interface Option<T>
permits Some, None {}

record Some<T>(T a)
implements Option<T> {}

record None<T>()
implements Option<T> {}

int g(Option<Integer> o) {
return switch(o) {
case Some(Integer a) -> aj;
case Nome() -> 0;
}
}

Listing 5: Funktion g mit Pattern Matching

Das Interface Option agiert hier als Ubergeord-
neter Typ, wahrend Some und None als Wertkon-
struktoren fungieren. Durch das Sealed Inter-
face ist der Typ Option abgeschlossen und der
Default-Case kann wegfallen. Wie in Haskell kann
Option nicht direkt instanziiert werden, wohl aber
Objekte vom Typ Some und None. Anders als in
Haskell kénnen beide allerdings auch als Typen
verwendet werden, was fur Java-TX interessant
ist, weil dadurch Funktionsiiberladungen fir die
einzelnen Konstruktoren méglich sind.
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3 Anpassungen an Java-TX

Fir das Pattern Matching in Java-TX im Rahmen
von Switch-Expressions wurde die Semantik aus
Java mit wenig Anderungen iibernommen. Um
mit Funktionsdefinitionen koharent zu bleiben, ist
das var-Schllsselwort bei verschachtelten Pat-
terns optional.

In Java-TX kénnen Methoden automatisch tber-
laden werden, falls die Typinferenz mehrere L6-
sungen flr dieselbe Funktion berechnet. Dazu
passend soll in Java-TX das automatische
Uberladen von cases innerhalb von Switch-
Expressions mdglich sein.

import java.lang.Integer;
import java.lang.Double;
import java.lang.Number;

record R(Number n) {}

Number f(Double d) { ... }
Number f(Integer i) { ... }

public m(r) {
return switch(r) {
case R(o) -> f(o0);
};
}
Listing 6: Uberladung von cases in Switch-Expres-
sions

Durch die explizite Typisierung von f ergeben
sich zwei mdgliche Typen fir die Variable o:
Integer und Double. Als zusétzliche Bedingung
gilt hier auch noch, dass £ in beiden Uberladun-
gen Number als Rickgabetyp hat. Konkret heif3t
das, dass es hier fiir den Case zwei Moglichkeiten
gibt: case R(Integer o) und case R(Double
o). Normalerweise werden solche Falle durch
Uberladung auf Funktionsebene geldst, hier
haben jedoch beide Mdéglichkeiten dieselbe Sig-
natur von Number m(R r). Dadurch fallen beide
Methoden zusammen und die Uberladung ergibt
sich ausschlie3lich aus einem neu eingefligten
Case innerhalb derselben Funktion.

4 Pattern Matching in Funktionskopfen

Wie bereits in Listing 1 zu sehen, kann in Haskell
ein Pattern auf Funktionsebene definiert werden.
Es gibt auch eine Case-Expression, die ahnlich
zur Switch-Expression in Java aufgebaut ist. Im

Normalfall wird eine Funktion jedoch durch die
einzelnen Falle im Definitionsbereich definiert.

In Java-TX soll es méglich sein, im Funktion-
skopf anstatt von normalen Parametern auch Pat-
terns zu verwenden. Im Grunde genommen sind
Funktionsparameter ohnehin eine spezielle Form
von Pattern, die sich als Typ-Pattern in Switch-
Expressions wiederfinden.

Im einfachsten Fall &ndert sich fiir die Klassendef-
inition nichts, und es wird lediglich eine neue
Funktion definiert, welche in einer Praambel die
Dekonstruktion der Parameter Ubernimmt. Der
Rest der Funktion sieht nur die neu definierten
Variablen.

record R(int x, int y) {}

// int m(R r)
m(R(x, y)) {
return x + y;

}
// int m(int x)
m(x) {

return x * 2;

}
Listing 7: Pattern mit eindeutiger Uberladung

Hier kdnnen problemlos mehrere Methoden des
gleichen Namens definiert werden, da die Signa-
turen jeweils eindeutig sind. Wenn von anderer
Stelle m referenziert wird, kann die Typinferenz die
korrekte Methode auswahlen.

Interessanter wird es jedoch, wenn Methoden
definiert werden, die keine eindeutige Unter-
scheidung der Methoden zur Kompilierzeit er-
moglichen. Das passiert, wenn geschachtelte
Patterns verwendet werden.

record R(Number x) {}

// int m(R T)
m(R(int x)) {
return Xx;
}
m(R(double x)) {
return (int) (x + 1);

}
Listing 8: Pattern mit uneindeutiger Uberladung

Diese zwei Methoden machen nur als Einheit
Sinn.  Zur Laufzeit muss entschieden werden,
welche konkrete Funktion aufgerufen werden soll.
Im Prinzip muss hier eine gemeinsame Funk-
tion generiert werden, welche aus einer Switch-
Expression besteht, die jeweils die konkrete Im-
plementierung aufruft.
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int m$1(R r) {
// Praeambel
var x = (Integer) r.x;
// Funktionskoerper
return Xx;

}
int m$2(R r) {
var x = (Double) r.x;
return (int) (x + 1);
}

int m(R r) {
return switch(r) {
case R(int x) -> m$1(r);
case R(double x) -> m$2(r);
default -> throw
¥
}
Listing 9: Generierte Methoden

Hier kann die schon vorhandene Implementierung
von Switch-Expressions verwendet werden. Die
zwei originalen Methoden mussen umbenannt
werden, damit die Signatur eindeutig wird. Von
auBen und aus Sicht der Typinferenz existiert nur
die generierte Methode. Alle weiteren Aufrufe von
m werden also korrekt abgebildet.

5 Beispiel: Konkatenation von Listen

In diesem Beispiel wird ein einfacher Algorithmus
zur Konkatenation von Listen vorgestellt. Wir ori-
entieren uns wieder an Haskell und zeigen dann,
wie das Beispiel in Java-TX aussehen kdnnte.

data List a = [] | a : List a

append :: [a]l -> [a]l -> [al
append [] ys = ys
append (x:xs) ys = x

Listing 10: Konkatenation in Haskell

(append xs ys)

Listen sind in Haskell schon vordefiniert, deshalb
ist diese Datendefinition als Pseudocode zu ver-
stehen.

Um zwei (verknipfte) Listen zu konkatenieren,
gibt es hier eine Fallunterscheidung. Der er-
ste Fall entspricht der leeren Liste konkateniert
mit einer beliebigen Liste. Hier wird einfach die
zweite Liste zurlickgegeben. Dieser Fall bricht die
Rekursion ab.

Der zweite Fall nimmt das erste Element einer
nicht leeren Liste und fligt dieses am Anfang einer
neuen Liste an. Der Rest dieser Liste entspricht

dem rekursiven Aufruf von append mit allen weit-
eren Elementen der ersten Liste als erstes Argu-
ment, und der zweiten Liste als weiteres Argu-
ment.

Um diesen Algorithmus in Java-TX abzubilden,
muss zunachst die Datendefinition dbernommen
werden. Das geschieht analog zu Unterab-
schnitt 2.4. Die beiden Wertkonstruktoren werden
als Records Empty fir die leere Liste und Cons
fur die einzelnen Glieder der Liste implementiert.
Der Ubergeordnete Typ ist das Sealed Interface
List.

sealed interface List<T>
permits Cons, Empty {}

record Cons<T>(T a, List<T> 1)
implements List<T> {}

record Empty<T>()
implements List<T> {}

Listing 11: Datendefiniton fir List

Die Implementierung von Append folgt ebenfalls
dem Beispiel von Haskell. Es werden zwei Meth-
oden erstellt, die jeweils eine der Mdglichkeiten
abdecken.

append (Cons (a, b), 1list2) {
return new Cons<>(
a, append(b, list2));
}

append (Empty (), 1list2) {
return list2;

}
Listing 12: Append Methode in Java-TX

Als ersten naiven Ansatz kdnnte man diese Meth-
oden ahnlich wie in Listing 9 zusammenfassen.
Diese Variante ware vermutlich die naheliegend-
ste bei einer manuellen Ubertragung. Sie ignori-
ert allerdings das Ergebnis der Typinferenz, dazu
mehr in Unterabschnitt 5.1.

<T> Cons<T> append$1 (
Cons<T> c, List<T> 1list2) {
return new Comns<>(c.a(),
append(c.1(), list2));
}

<T> List<T> append$2(
Empty<T> e, List<T> 1list2) {
return list2;

}

<T> List<T> append/(
List<T> a, List<T> b) {
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return switch(a) {
case Cons<T> c¢ -> append$1(c, b);
case Empty<T> e -> append$2(e, b);
}s
}

Listing 13: Ubersetzung Append Methode

Diese Uberlegung basiert darauf, dass beide
Methoden Teil einer gemeinsamen Methode
darstellen. Das ist in Haskell auch der Fall,
da Funktionen in Haskell nicht Uberladen wer-
den kdnnen. In dieser zusammengefassten
Methode kann jetzt ein allgemeinerer Typ List
als Argument angenommen werden. Fir die
urspringlichen Methoden passt List auch als
zweiter Parameter. Das Ergebnis ist insofern per-
fekt, weil die Intention des Programmierers umge-
setzt wurde. Gewollt wurde eine Methode, die
zwei Listen konkateniert. Genau das ist das
Ergebnis.

5.1 Ergebnis der Typinferenz

Listing 13 mag zwar wie das richtige Ergebnis
erscheinen, allerdings ist es von der falschen

Nach dem Parsen werden an allen Stellen, wo
Typen eingesetzt werden sollen, sogenannte
Typplatzhalter eingeflgt. Die Typinferenz liefert
eine Liste von Ergebnismengen. Jede dieser
Ergebnismengen stellt eine korrekte Typisierung
des Programms dar. In der Ergebnismenge
stehen die konkreten Typen fir die Typplatzhalter
und Ubrig gebliebene Bedingungen, welche in
einem spéteren Schritt in Generics umgewandelt
werden. Die Ergebnismenge unterscheidet nicht
nach Funktionen, sie enthalt immer das gesamte
Programm. Es kann also durchaus passieren,
dass einerseits mehrere Methoden in der Sig-
natur dieselbe Typisierung bekommen, sie sich
andererseits aber im Inhalt unterscheiden. Was in
einem solchen Fall genau passieren soll, ist noch
nicht vollstandig definiert. Die Uberlegungen aus
Abschnitt 3 betreffen allerdings genau so einen
Fall.

Fir unser Beispiel liefert die Typinferenz drei
Ergebnismengen.  Eingesetzt in die Method-
enkdpfe sehen die Signaturen folgendermafen
aus:

1. Methode mit Cons:

Cons append(Cons(Cons a, Empty b), Empty list2)
Cons append(Cons(Cons a, Empty b), Cons list2)
<AU> Cons append(Cons(Cons a, Cons b), AU list2)

Richtung her gedacht. Sie ignoriert die logische
Abfolge der Schritte des Compilers, namlich:

Parsen — Constraints generieren — Typinferenz —
AST Transformation — Codegenerierung

Jeder dieser Schritte wird nur einmal ausge-
fuhrt. Um unser ,perfektes” Ergebnis zu bekom-
men, misste die Typinferenz wissen, dass beide
Append-Methoden zusammengehdren. Dies kdn-
nen wir leider wahrend der Constraintgenerierung
nicht herausfinden, weil die Typen zu diesem Zeit-
punkt noch nicht berechnet sind. Konkret ist zwar
der erste Parameter eindeutig, da das Pattern den
Typ direkt angibt. Der zweite Parameter allerdings
hat noch keinen festen Typ angenommen. Die
einzige Moglichkeit ware also, die Typinferenz so
abzuéndern, dass hier Methoden zusammenge-
fasst werden kénnen. Das wirde allerdings die
Typinferenz komplizierter machen und wéare nur
unter groBBem Aufwand umsetzbar.

Unser Ansatz ist demnach, die Typinferenz ohne
Anderungen laufen zu lassen und dann den
AST so zu transformieren, dass das gewlinschte
Ergebnis erreicht wird.

2. Methode mit Empty:

Empty append(Empty(), Empty list2)
Cons append (Empty(), Cons list2)
<BG> BG append(Empty(), BG list2)

Eine interessante Beobachtung ist hier, dass die
geschachtelten Patterns mit Cons hier jeweils
eigene konkrete Typen bekommen. Wie sich
spater herausstellen wird, ist das der springende
Punkt, der es moglich macht, die Rekursion zu
terminieren.

Von uns wird nun folgender Ansatz verfolgt: Alle
Félle, die durch Javas Uberladungsmechanismus
nicht mehr unterscheidbar sind, werden zusam-
mengefasst.

Wir betrachten jeweils die erste Variante von
append. Das erste Argument fallt in jedem Fall
zusammen, hier passiert also nichts Besonderes.
Interessant ist der zweite Parameter. Der erste
und der zweite Fall sind unterscheidbar, da Cons
und Empty verschiedene Typen sind. Der erste
und dritte Fall allerdings sind nicht unterscheid-
bar, da fir das Generic AU auch der Typ Empty
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eingesetzt werden kann. Genauso verhélt es sich
mit dem zweiten und dritten Fall.

Analog dazu werden auch die Félle der zweiten
Methode zusammengefasst. Die Zusammenfas-
sung erfolgt auf der Ebene der Ergebnismenge.
Das heiB3t, falls zwei Félle der ersten Meth-
ode zusammenfallen, passiert das auch mit der
zweiten Methode. In diesem Fall funktioniert
das auch korrekt, da die Signaturen kompatibel
sind.

Insgesamt entstehen also vier Methoden, welche
die Kombinationen aus Cons und Empty ab-
decken. Die urspringlichen acht Varianten wer-
den beibehalten und umbenannt. Wichtig hier ist,
dass fir den zweiten Parameter gematcht wer-
den muss. FUr AU wird beispielsweise Cons einge-
setzt. Das ist wichtig, damit im Funktionskérper
die richtige Variante von append aufgerufen wird.
Nur so entsteht korrekter Code.

Das Ergebnis ist im Folgenden stark vereinfacht
dargestellt. Die urspriinglichen Methoden werden
direkt in das Ergebnis eingefiigt, anstatt umbe-
nannt und im generierten Code aufgerufen. Uber-
fliissige Switch-Expressions wurden entfernt.

Cons append(Cons 11, Cons 12) {
return switch(l1) {
case Cons(var a, Cons b)
-> new Cons(a, append(b, 12));
case Cons(var a, Empty b)
-> new Comns(a, append(b, 12));
}
}
Cons append(Cons 11, Empty 12) {
return switch(1l1l) {
case Cons(var a, Cons b)
-> new Comns(a, append(b, 12));
case Cons(var a, Empty b)
-> new Cons(a, append(b, 12));
}
}

Cons append (Empty 11, Comns 12) {
return 12;

}

Empty append (Empty 11, Empty 12) {
return 12;

}
Listing 14: Ergebnis Append Methode

Durch die Unterscheidung in der Struktur von
Cons wird bei den ersten zwei Append-Methoden
jeweils eine andere Methode aufgerufen. Der er-
ste Case ruft die eigene Methode auf, wahrend
der zweite Case in eine der unteren Append-
Methoden springt, die das zweite Argument ohne

Anderungen zuriickgibt. So wird die Rekursion
abgebrochen und das Programm verhalt sich kor-
rekt.

Ein paar Fragen bleiben noch offen. Zunachst
werden hier Rawtypes verwendet, das heif3t, die
generischen Parameter wurden weggelassen. Ob
und wie diese automatisch generiert werden kén-
nen, ist noch nicht klar. Ein weiteres Problem
stellt dar, dass unser Ergebnis aus Listing 13
nicht ganz erreicht wird. Es werden zwar alle
Falle abgedeckt, aber normalerweise, wenn mit
Listen gearbeitet wird, ist die Eingabe auch vom
Typ List und nicht Cons. Dieses Problem lasst
sich durch weiteres Zusammenfassen l6sen. Es
kénnte eine Bridge-Methode erstellt werden, die
je nach Kombination der Parameter die richtige
konkrete Funktion aufruft.

Interessant wére ein Fall bei dem die Typinferenz
den allgemeineren Typ List einsetzt, weil dieser
an anderer Stelle benétigt wird.

6 Zusammenfassung und Ausblick

In diesem Paper wurde Pattern Matching als
Konzept vorgestellt.  Ansdtze aus Java und
Haskell wurden verglichen und Konzepte aus
beiden Programmiersprachen in Java-TX integri-
ert. Aus Haskell ibernommen und angepasst
wurde das Pattern Matching in Funktionsképfen,
welches teilweise durch Methodeniiberladung
und Bridge-Methoden umgesetzt worden ist. Mit
der Konkatenation von Listen wurde ein kom-
plexes Beispiel vorgestellt, anhand dessen ex-
emplarisch eine Umsetzungsstrategie fir Java-TX
beschrieben wurde.

In einer weiteren Arbeit mussen die theoretis-
chen Grundlagen erarbeitet werden, um einen
Algorithmus zu finden, der in jedem Fall das
korrekte Ergebnis liefert. Komplexere Beispiele
verhalten sich mdglicherweise anders als hier
beschrieben.
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Abstract

Cyber-physical systems (CPSs) do not only require functional correctness,
but also must comply with non-functional properties, such as energy, time,
security, and robustness (ETSR). Deploying CPSs on parallel and hetero-
geneous computing platforms introduces complex scheduling and mapping
challenges to meet ETSR constraints and objectives. We introduce Lem-
ming, our novel runtime system designed to address these challenges. It
adopts the TeamPlay coordination model: applications are organized as
directed acyclic graphs (DAGs) consisting of tasks that implement user-
defined computations. Edges connect tasks and define dependencies and
stream-based data exchange. Lemming serves as a highly configurable
toolbox. Therefore, it can be used for a wide range of applications with
different ETSR properties. We validate Lemming’s efficacy and efficiency
through a case study that implements a digital signal processing applica-
tion from the music domain.

1 Introduction

O Time Security &

A cyber-physical system (CPS) integrates com-
putational and physical capabilities [4]. Sensors
and actuators serve as interfaces with the phys-
ical world [10]. The cyber-physical system re-
ceives input from the sensors, performs compu-
tations, and controls the actuators. These sys-
tems are prevalent in our world with applications
ranging from medical devices to aerospace sys-
tems [17, 13].

& Energy <> Robustness ©

Figure 1: Non-functional properties and their interde-
pendence

Non-functional properties such as energy, time,

security, and robustness (ETSR) are as important ~ gets of cyber attacks [8, 12]. In addition, the

for CPSs as functional correctness [2]. The ETSR
properties are illustrated in Figure 1. For battery-
powered CPSs the energy consumption is impor-
tant [7, 9]. A CPS must typically respond to sen-
sor inputs with actuator output before some dead-
line and, therefore, has real-time constraints [18].
Security is also important, as a CPS can have a
harmful or even disastrous impact on the physical
environment [11]. As CPSs are often connected
to a network infrastructure, they can become tar-

robustness against software and hardware faults
can also be important [14, 16].

The arrows in Figure 1 emphasize the interde-
pendence of non-functional properties. For in-
stance, dynamic voltage and frequency scaling
(DVFS) [5, 21] can be used to reduce energy
consumption, but increases computation time. N-
modular redundancy is used to increase fault-
tolerance at the cost of higher energy usage be-
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cause the same computation is executed multiple
times. This can be done in parallel, provided that
enough computation units are available at that
time. Otherwise, redundancy affects the ability to
meet deadlines. Similarly, increasing security by
strengthening, for example, the encryption of wire-
less communication increases energy consump-
tion and requires more time. A CPS must balance
these properties on the basis of the constraints
and objectives specific to the application.

Modern computing systems are parallel and het-
erogeneous. These have multiple CPUs, GPUs,
and other specialized computation units. In addi-
tion to the ETSR constraints that must be met, a
CPS must also achieve various objectives. One
common objective is to minimize energy con-
sumption [18]. The decision on which computa-
tion unit and when to run a job on such systems
in order to achieve its objectives presents a chal-
lenging problem. Solving this directly in each and
every CPS application causes additional effort.

We present our novel runtime system Lem-
ming [20] to address these challenges. Lemming
facilitates the deployment of CPS applications on
parallel and heterogeneous computing platforms
while taking ETSR constraints and objectives into
account. Our runtime system serves as a middle-
ware between the user application and the oper-
ating system. It separates coordination concerns
from application programming, allowing users to
focus on implementing application-specific code
while Lemming handles scheduling, mapping, and
inter-task communication. Lemming is designed
as a library for Linux and serves as a toolbox
the user can select the runtime system’s features
from. This includes, for example, application-
specific weighting of ETSR constraints and objec-
tives.

We demonstrate the efficacy and efficiency of
Lemming using a case study that implements a
DSP (digital signal processing) application from
the music domain.

This paper is organized as follows: In Section 2
we present the system model used for our run-
time system. In Section 3 we describe the design
and implementation of Lemming. In Section 4 we
present our case study from the music domain.
Finally, in Section 5 we draw conclusions from our

paper.

2 System model

Lemming adopts the TeamPlay coordination
model [18]. Gelernter and Carriero introduce
the term coordination with their coordination lan-
guage Linda [6]. Coordination code which is inte-
grated within the computation code is called en-
dogenous. Otherwise, coordination code which
separates coordination and computation is called
exogenous [3]. TeamPlay is an exogenous ap-
proach that separates coordination concerns from
application code. Applications in TeamPlay are or-
ganized as directed acyclic graphs (DAGs), where
tasks (vertices) implement user-defined opera-
tions, and edges called channels define timing
dependencies and stream-based communication.
Tasks communicate via typed inports and out-
ports. The data items that are transmitted via
channels are called tokens. A source task is a
special task that lacks inports and is used as an
interface to one or many sensors. In the same
way, a sink task lacks outports and is used as
interface to one or many actuators. Tasks are
stateless, but a state can be modeled using short-
circuited channels from an outport to an inport of
the same tasks. DAG execution is periodic and
must complete before a deadline [18].

Each task has a worst-case execution time
(WCET) and a worst-case energy consumption
(WCEC), which depend on the target platform.
These can be derived through static analysis or
profiling [1, 22]. TeamPlay also supports multi-
version tasks, allowing selection of optimal imple-
mentations based on ETSR objectives. For exam-
ple, a task that performs asymmetric encryption
can implement different security levels in its task
versions. The higher the security level of a task,
for example, by increasing the RSA key length, the
more energy and time the encryption requires. If
the objective is to reduce the energy consumption,
Lemming will prefer task versions with a lower se-
curity level.

In Figure 2 we show an example of a TeamPlay
DAG that we use as a running example in this pa-
per. Task 1 which is the source task executes ev-
ery 20ms, triggering Task 2 and Task 3. When
the execution of Task 2 and Task 3 is completed,
Task 4 executes.

Applications are specified using the TeamPlay co-
ordination language. A compiler from the Team-
Play toolchain generates an executable from the
code written in TeamPlay [18].
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Task 1 n n Task 4
[, gEn

[0] Task3 [o0]

Figure 2: A TeamPlay DAG with four tasks

3 Lemming

In this section we describe our runtime system
Lemming. It is developed in C and designed as a
library. The user describes the application with the
Lemming configuration specification using calls to
the Lemming API. Lemming creates the Lemming
configuration from the specification that is inter-
nally used as a central data structure to describe
the user application.

3.1 Architecture

Lemming consists of several components whose
interplay is illustrated in Figure 3.

» Controller: The controller is the central or-
chestrator and, hence, started first. It cre-
ates a new process for each subcontroller.
Furthermore, it creates a UNIX socket and
shared memory for communication between
the runtime system components.

Subcontrollers: The subcontrollers manage
a group of tasks and a subset of the system’s
computation units and orchestrate the task
execution on these computation units. The
subcontrollers start a worker for each compu-
tation unit. Furthermore, the subcontrollers
spawn a new process or thread for each task.

» Workers: Each worker controls a computa-
tion unit. The workers manage the execution
of tasks on its computation units.

» Tasks: Tasks serve as interface between the
runtime system and user code. They handle
the communication with other tasks and ex-
ecute the user code. Each task’s inport and
outport has a unique index.

Plugins: The user code is implemented in
plugins. These can be defined directly in the
application code or loaded from shared ob-
ject files. The user code reads from the in-
ports, executes computations, and writes the
results to the task’s outports.

Lemming
Controller
g v v
o .=
== Subcontroller 1 Subcontroller 2
E g, Worker Worker Worker
S g s 3
(&) '
Task 1 || Task 4 || Task 2 || Task 3
A A A A A
API
A A Y Y
=6 & | |Plugin1 || Plugin 4 || Plugin 2 || Plugin 3
S®R
T
o = S
3¢ 2
8 &
User application

Figure 3: Lemming architecture overview

» Channels: Each channel connects a task’s
outport with an inport. In addition to the de-
fault channels which only save one token,
Lemming offers stream channels and persis-
tent channels. Stream channels can store
multiple tokens. Persistent channels store a
token until it is overwritten by writing a new
token to the channel.

Figure 3 shows an overview of the Lemming com-
ponents for the running example DAG introduced
in Figure 2. In this example Task 1 and Task 4 are
assigned to Subcontroller 1 and Task 2 and Task 3
to Subcontroller 2. Subcontroller 1 controls one
computation unit and Subcontroller 2 controls two
computation units of the system.

3.2 Task scheduling

Lemming offers three task scheduling classes:
offline scheduling, global online scheduling, and
partitioned online scheduling. Task scheduling is
done non-preemptively. Task migration is allowed
when offline or global online scheduling is used.

With offline scheduling, the user supplies a sched-
ule table to the runtime system via the Lemming
configuration. It specifies the release time and
the target computation unit for each job. When
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struct lem_config config;
lem_config_init(&config);

// Task configuration

struct lem_task_attr task_attr;
lem_task_attr_init(&task_attr);
lem_task_attr_set_name(&task_attr, "Task 1");
lem_task_attr_set_plugin_path(&task_attr,

— "libpluginl.so");
lem_task_attr_set_rule(&task_attr,

— LEM_TASK_RULE_PERIODIC);
lem_task_attr_set_period(&task_attr, ms(10));
lem_task_attr_set_wcet(&task_attr, ms(1));
lem_task_attr_set_inport_count (&task_attr, 0);
lem_task_attr_set_outport_count(&task_attr, 2);
lem_task_attr_set_process(&task_attr, true);
struct lem_task_config *taskl =

— lem_config_add_task(&config, 1, &task_attr);

Figure 4: Add Task 1 from the running example to the
Lemming configuration

the user selects online scheduling, the scheduling
decisions are made during runtime. In the case
of global online scheduling, each task can be ex-
ecuted on every computation unit of the task’s as-
sociated subcontroller. Otherwise, in the case of
partitioned online scheduling, a task can only ex-
ecute on its assigned computation unit. For online
scheduling, a schedulability analysis must be per-
formed beforehand.

3.3 Process scheduling

Each task is executed in its own process or
thread. Lemming controls the process schedul-
ing and mapping of the operating system to com-
ply with real-time constraints and to enforce the
task scheduling decisions. For this purpose, ev-
ery process and thread of the runtime system is
executed using the real-time-capable SCHED_FIFO
scheduling policy and the process priority is set
to maximum. In order to avoid interference with
other non-runtime system processes, the user
has to isolate the CPU cores that are assigned
to the subcontrollers. This can be done using the
boot parameter isolcpus, which modifies the de-
fault process affinity mask to exclude the specified
CPU cores [15]. Additionally, users must modify
the Linux utilization limit for real-time processes,
as the default limit is set to 95%. This can be over-
ridden by changing the sched_rt_runtime_us pa-
rameter [19].

3.4 Lemming configuration specification

Figure 4 illustrates how to add a task to the Lem-
ming configuration using the Lemming API. The
configuration is stored in a variable of the type
lem_config. To add a task, the user specifies
task attributes, which include the task name, the
path to the plugin file, and the execution rule
that determines whether the task runs periodi-
cally, is triggered by predecessor tasks, or runs
sporadically or aperiodically. For periodic tasks,
the attributes are used to set the execution pe-
riod. Additionally, the task attributes are used to
set the worst-case execution time (WCET), and
specify the number of inports and outports. Fur-
thermore, task attributes are used to set whether
the task is executed in a process or thread. The
task is added to the Lemming configuration us-
ing the lem_config_add_task function. This func-
tion takes three arguments: the target Lemming
configuration, a unique task ID, and the task at-
tributes. It returns a pointer to the task for future
reference.

3.5 Plugins

In Figure 5, we show an example of a plugin
that performs a string reverse. The function
plugin_initialize is called by our runtime sys-
tem and sets the run handler function, which is
called on every task execution. In the run func-
tion tokens are retrieved from the task’s inports
using lem_task_get. The port index is passed
to lem_task_get as an argument. In the same
way, tokens can be written to an outport using
lem_task_put. In the example, tokens of the data
type type are received and sent.

4 Case study

To validate the efficacy and efficiency of Lemming,
we implemented a digital signal processing (DSP)
application from the music domain as a case
study. This application processes audio from mul-
tiple instrument inputs, applies effects, and plays
the mixed output via loudspeakers. The DSP ap-
plication interacts with the physical world through
audio inputs from musical instruments and audio
outputs to loudspeakers. It has real-time require-
ments because the audio processing must meet a
timing deadline.
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int plugin_initialize(struct lem_plugin_context
— *plugin_ctx) {
lem_registry_set_run_handler(
plugin_ctx->registry, plugin_run);
return O;

}

void plugin_run(struct lem_plugin_context
— *plugin_ctx) {
struct type *in = (struct type *)
lem_task_get (plugin_ctx->task, 0);
struct type *out = (struct type *)
lem_task_put(plugin_ctx->task, 0);

char *in_str = in->str;
char *out_str = out->str;

size_t length = strlen(in_str);

for (size_t i = 0; i < length; i++) {
out_str[i] = in_str[length - 1 - il;

}

out_str[length] = '\0';

Figure 5: Plugin example for a task that performs a
string reverse

The continuous audio signal of an instrument
is sampled and quantized into a discrete input
buffer. The DSP application applies effects and
outputs the processed signal to an output buffer,
which is then transferred to the sound card or au-
dio interface for playback.

The DSP application is modeled as a DAG, as
shown in Figure 6. The clock task serves as a
source task. It is executed periodically to initiate
audio signal processing. The tasks rgi (rhythm
guitar 1), rg2 (rhythm guitar 2), bass (bass gui-
tar), and strings stream audio from memory to
simulate live-played instruments. The midisrc
task (MIDI source) is a sporadic task triggered by
events from a MIDI device, such as an external
keyboard. The MIDI source task writes the MIDI
data to a persistent channel, which is marked with
a memory icon in the figure. The synth task
(synthesizer) generates a mono-audio signal from
MIDI data. Because the MIDI data is stored in
a persistent channel, the synthesizer can access
the current state of the pressed keys each time the
task is executed. We apply effects such as low-
pass filters and delays to the audio signals. The
mixer task combines the incoming mono-audio
signals and outputs a stereo-audio signal, which
is played through loudspeakers by the sink task.
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Figure 6: DAG of the audio DSP application

5 Conclusion

Lemming is a novel runtime system designed to
address the challenges of deploying CPSs on
parallel and heterogeneous computing platforms
such as real-time scheduling, mapping, inter-task
communication, and meeting non-functional ob-
jectives and constraints. By adopting the Team-
Play coordination model, Lemming separates co-
ordination concerns from application program-
ming, allowing users to focus on implementing
application-specific code. Therefore, our runtime
system speeds up the development time of CPS
applications. Lemming increases the confidence
in the correctness of the solution, and last but not
least, lowers the bar for the qualification of system
engineers. Lemming acts as a highly configurable
toolbox from which the user can select the best
combination of features. This makes Lemming
suitable for a wide range of applications. The effi-
cacy and efficiency of Lemming are demonstrated
through a case study implementing a digital signal
processing application from the music domain.

As future work, we plan to implement task iso-
lation and fault-tolerance techniques for security
and robustness.
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Abstract

Global type inference for Java is able to compute correct types for an in-
put program which has no type annotations at all, but turns out to be NP-
hard. Former implementations of the algorithm therefore struggled with
bad runtime performance. In this paper we translate the type inference
algorithm for Featherweight Generic Java to an Answer Set Program. An-
swer Set Programming (ASP) promises to solve complex computational
search problems as long as they are finite domain. This paper shows that
it is possible to implement global type inference for Featherweight Generic
Java (FGJ) as an ASP program. Afterwards we compared the ASP im-
plementation with our own implementation in Java exposing promising re-
sults. Another advantage is that the specification of the algorithm can be
translated one on one to ASP code leading to less errors in the respective
implementation. Unfortunately ASP can only be used for type inference for
a subset of the Java type system that excludes wildcard types.

1. Global Type Inference the return type of the untypedMethod method.
Also shown as a comment behind the respective
method call. There are two types of type con-
straints. A subtype constraint like var < C1 mean-
ing that the unification algorithm has to find a type
replacement for var which is a subtype of C1. Due
to the Java type system being reflexive one pos-
sible solution would be o(var) = C1. A constraint
var = C1 directly results in o(ret) = C1.

Java is a strictly typed programming language.
The current versions come with a local type infer-
ence feature that allows the programmer to omit
type annotations in some places like argument
types of lambda expressions for example. But
methods still have to be fully typed including ar-
gument and return types. We work at a global
type inference algorithm for Java which is able to
compute correct types for a Java program with no
type annotations at all.

A possible input for our algorithm is shonw in fig-

ure 1. Here the method untypedMethod is miss-
ing its argument type for var and its return type.
Global type inference works in two steps. First we
generate a set of subtype constraints, which are
later unified resulting in a type solution consisting
of type unifiers o. Every missing type is replaced
by a type placeholder. In this example the type
placeholder var is a placeholder for the type of
the var variable. The ret placeholder represents

Our type inference algorithms for Java are de-
scribed in a formal manner in [3], [6]. The first pro-
totype implementation put the focus on a correct
implementation rather than fast execution times.
Depending on the input it currently takes upto sev-
eral minutes or even days to compute all or even
one possible type solution. To make them usable
in practice we now focus on decreasing the run-
time to a feasible level.
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class C1 {
C1 self O{
return this;
}
}
class C2 {
c2 self O{
return this;
}
}

class Example {
untypedMethod (var){
return var.self (); //

}

= {war <C1,ret =C1} || {var <C2,ret = C2}

Figure 1: Java program missing type annotations

2. Motivation

The nature of the global type inference algorithm
causes the search space of the unification algo-
rithm to increase exponentially with every ambigu-
ous method call. Java allows overloaded meth-
ods causing our type inference algorithm to cre-
ate so called Or-Constraints. This happens if mul-
tiple classes implement a method with the same
name and the same amount of parameters. Given
the input program in figure 1 we do not know,
which method self is meant for the method call
var.self (), because there is no type annotation
for var.

An Or-Constraint like {var<C1, ret = C1} || {var<
€2, ret = C2} means that either the the constraint
set {var < C1,ret = C1} or {var < C2,ret = C2}
has to be satisfied. If we set the type of var to
C1, then the return type of the method will be C1
aswell. If we set it to €2 then also the return type
will be C2. There are two possibilities therefore the
Or-Constraint.

If we chain multiple overloaded method calls to-
gether we end up with multiple Or-Constraints.
The type unification algorithm Unify only sees the
supplied constraints and has to potentially try all
combinations of them. This is proven in [6] and is
the reason why type inference for Featherweight
Generic Java is NP-hard. Let’s have a look at the
following alternation of our example:

Now there are four chained method calls leading

untypedMethod (var){
return var.self ().self ()
.self ().self ();

Figure 2: Stacked ambiguous method calls

to four Or-Constraints:

{var <C1,71 =C1} || {var < C2,r1 = C2}
{r1 <C1,r2 =C1} || {r1 <C2,r2 =C2}
{r2 <c1,r3 =C1} || {r2 <C2,r3 = C2}

{r8 < C1,ret =C1} || {r8 < C2,ret = C2}

The placeholder r1 stands for the return type of
the first call to self and r2 for the return type of
the second call and so on. It is obvious that this
constraint set only has two solutions. The vari-
able var and the return type of the method aswell
as all intermediate placeholders r1 — r3 get either
the type C1 or C2. A first prototype implementation
of the Unify algorithm simply created the carte-
sian product of all Or-Constraints, 16 possibilities
in this example, and iteratively tried all of them.
This leads to a exponential runtime increase with
every added overloaded method call. Eventhough
the current algorithm is equipped with various op-
timizations as presented in [5] and [4] there are
still runtime issues when dealing with many Or-
Constraints.

Our global type inference algorithm should con-
struct type solutions in real time. Then it can ef-
fectively used as a Java compiler which can deal
with large inputs of untyped Java code. Another
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use case scenario is as an editor plugin which
helps a Java programmer by enabling him to write
untyped Java code and letting our tool insert the
missing type statements. For both applications a
short execution time is vital.

Answer Set programming promises to solve com-
plex search problems in a highly optimized way.
The idea in this paper is to implement the algo-
rithm presented in [6] as an ASP program and see
how well it handles our type unification problem.

3. ASP Implementation

Our ASP implementation replaces the unification
step of the type inference algorithm. So the in-
put is a set of constraints ¢ and the output is a
set of unifiers . An ASP program consists of im-
plication rules and facts. Here the facts are the
input constraints and the rules are the ones de-
picted in figure 4. After running the resulting pro-
gram through an interpreter the output holds the
desired o(a) =T literals.

4. Proofs

An ASP solver tries to find the smallest possible
set of constraints Cg, which satisfies all implica-
tion rules given in figure 4 while also containing
the input constraints C. The constraint set Cg
is called a stable model. We now want to prove
two key properties. soundness and complete-
ness. Our algorithm is sound if it computes only
correct solutions and complete if it finds a solu-
tion if there exists one. To proof soundness (1)
and completeness (2) we have to show that Cg
contains a o(a) = G for every type placeholder a
used in the input constraints C' and that this unifier
o is correct.

The first thing to show is that every type place-
holder ends up in a constraint of the form ¢ = G
that is transformed into an unifier o(a) = G by
the SOLUTION rule (G must not contain any type
placeholders).

So first we proof that every type placeholder ends
up in a constraint of the form a = N. Then we show
in lemma 4.6 that « = N € Cg also means that
a = G € Cg, which leads to lemma 4.1 (Closed-
ness). Closedness means that every type place-
holder ends up getting a unifier o. Together with
the substitution lemma 4.4 the soundness proof is
apparent: Every constraint S < T € Cg implies that

o(8) < o(T) € Cs and therefore o must be a valid
solution otherwise the algorithm will fail by one of
the Fail-Rules at the bottom of figure 4.

With this proven we can then show that all possi-
ble unifiers are considered by the algorithm (Com-
pleteness). For completeness we prove that every
type placeholder gets every possible unifier as-
signed to it.

Lemma 4.1 (Closedness) Every type placeholder
gets a unifier: If o € C and the input C' ok then
there either exists a stable model Cs with o(a) €
Cg or fail.

Proof. Due to the Solution-Requirement and the
S-Object rule we know that every type placeholder
appears on the left side of a constraint of the form
a = N. With this two preliminaries and lemma 4.2
we know by lemma 4.6 that this also leads to a
a = G constraint and therefore to o(a) = G through
the Solution rule finishing the proof.

O

First we prove in lemma 4.1 that any type place-
holder « inside a given constraint set is get-
ting atleast the type Object assigned (o(a) =
Object). Afterwards we prove well-formedness
for any solution (stable model) with the follow-
ing lemma, which is needed for the Substitution
lemma.

Lemma 4.2 Stable Model is Well-Formed If Cs is
a stable model for an input C with C ok then Cs ok

Proof. We proof this by showing that no rule adds
a not well-formed constraint. Assuming C ok then
after applying one of the rules of Q2 we get a ¢’
with C” ok.

Case Subst-L intermediate, because no new type
is created, only existing ones used in a new
constraint.

Case Subst-R, Subst-Equal, Swap, Reduce,
Solution-Gen, Solution-Requirement are in-
termediate aswell for the same reason.

Case Subst-Param, Subst-Param-Left and
Subst-Param-Right create a new type
C<Py,...G,...P,>, which is ok by WF-Type.

Case S-Object is correct, because a ok and
Object ok by definition.
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0
Il

C<P>
C<G>
w= a|G

T =Ho
I

n= T<T|T=T Constraint
: a|N Type placeholder or Type

Class Type containing type placeholders
Class Type not containing type placeholders
Well-Formed Parameter

Figure 3: Syntax of types and constraints

Case Reduce generates P; = P} constraints. For
each P; and P! there are two possibilities:
P; = a or P; = G and both times P; ok by
definition.

Case Adapt has the same reasoning as the Re-
duce case.

Case Super generates a constraint ¢ = N,,, where
a ok by definition and N,,, ok by premise of
Super.

Case Solution-Gen and Solution-Requirement
have the same reasoning as Super.

O

Lemma 4.3 is part of the substitution lemma
4.4,

Lemma 4.3 (Substitution-Step) If Cs is a stable
model containing C with C ok and {a = G} € Cg
then [G/a]C C Cs.

Proof. We show this for every well-formed con-
straintin C:

1. a = G: Subst-Equal implies T = G finishing
the case, because [T/a]G =G

2. S = C<Py,...,P,>and a ¢ S: Each P €
{Py,...,P,} is either a b or a type G’, which
does not contain any type placeholders at all.
If b = a then we substitute by the Subst-
Param rule. After applying Subst-Param con-
secutively to all parameters of C<Py,... P>
we end up with [G/a]S = [G/a]C<Py,...,Py>

3. Ny = No: Apply Subst-Param to N, until we
get Ny = [G/a]N2. Then use Swap rule to get
to step 2.

4. N<S: ltis either a fail by the Fail-Subtype rule
or we can apply Adapt and continue with step
1-3.

5. a < S: We apply the Subst-Param-Right rule
similar to step 3.

6. S < a: Apply the Subst-Param-Left rule.

Lemma 4.4 (Substitution) If Cs is a stable model
and ({a = G,a =T} UC) C Cs and Cs ok then
[T/a]C € Cs.

Proof. By induction over ¢’ = a = T.
Start ¢’ = {a = G} implies [G/a]C by lemma 4.3.

Step C' = {a =G} U {a =T}. By lemma 4.3 we
know that we also have C” = {a = [G/a]T},
because {a = T} ok. There must be atleast
one a/ = G € C”, because Cy is a sta-
ble model and therefore does not contain a
circle (see lemma 4.5). By 4.3 we get a
C" =|([6¢'/a']T)/a]C from C" U C.

O

Lemma 4.5 A Stable Model does not contain cir-
cles: Let Cs be a stable model containing the con-
straints a = T. If @ are all type placeholders con-
tained in T then the constraints a = T must house
atleast one a = G.

Proof. The proof is intermediate from the defini-
tion of circles 4.8 and the Fail-Circle rules. There
must be either a circle or a a = G constraint if all
type placeholders are involved, otherwise fail and
Cs is not a stable model. O

The next lemma shows that the Solution-
Requirement is enough to ensure a solution set.
The algorithm © does not work if a circle is in-
volved. It will fail otherwise. So there must exist
atleast one a = G constraint and substituting G for
a leads to atleast one other b = G constraint and
so on. This ensures that a set of « = N in a stable
model also means that ¢ = G must also be inside
this stable model.

Lemma 4.6 If Cs is a stable model containing

{a; = Ny,...,a, = N,} then {a; = Gy,...,a, =
Gn}

Proof. Proof by induction.
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Start {a; = N;} implies a; = G;, because every
b € Ny leads to b = Object through S-Object
and Solution-Gen, Note: a ¢ Ny if Cg is a
stable model, due to the Fail-Circle rule.

Step {a; = G,a =N}. By lemma 4.4 we know
[G/a1]a =N € Cg. By lemma 4.5 there must
be atleast one a = G in [G/a;]a = N, because
a; U@ are all type placeholders in Cs.

O

Theorem 1 Soundness If Cg is a stable model
containing C with C ok and containing a set of
unifiers o and no fail, thenVS < T € C : o(8) <:
o(T) andVs =T e C : 0(8) = o(T).

Proof. Additionally we know that for every type
placeholder a there is a o(a) = G € Cs by lemma
4.1. We prove it for each type of constraint indi-
vidually:

< constraints: By 4.4 we know that o(a) = G
and C ok also implies [G/@]C.

= constraints We have [G/@]C by 4.4 and we
know by lemma 4.1 that @ are all type place-
holders contained in C. Therefore the only
constraints remaining in [G/a]C are the ones
of the form G; = G, (and G; < G3). The Fail-
Equals and Reduce rules ensure that G; = Go
implies either G; = G, or fail.

O

The following lemma is only true as long as
there is no multiple inheritance. This is the case
for Featherweight Java, but not for regular Java,
where on class can declare multiple interfaces as
super types. Lemma 4.7 is rather obvious, be-
cause our type system has single inheritance and
each class has only one path upward.

Lemma 4.7 G <: Gy and G <: G, means Gy <: G,
or G, <: Gy is correct

Proof. Proof by induction over the subtype rela-
tions G <: G, (Relation 1) and G <: G; (Relation
2).

Case 1: S-Refl for Relation 1 G = G4. Then G; <:
G, by assumption.

Case 2: S-Refl for Relation 2 G = G,. Analogous
to Case 1..

Case 3: S-Class for Relation 1 G = C<G> in G <:
G; and class C<X> <N with G; = [G/X]N.

Subcase S-Refl for Relation 2 (see case
Case 1:)

Subcase S-Class for Relation 2 means that
Gy = G, because there can only be one
class definition for C<X> with one super-
type. G; <: Gy by S-Refl finishes the
case.

Subcase S-Trans G <: G/, G’ <: G,. Here it
must be G; = G’ and therfore G; <: G,
finishes the case.

This case has three subcases for each
variant of Relation 2:

Case 4: S-Trans for Relation 1 ¢ <: ¢/, ¢’ <: G1.
This case has three subcases:

Subcase S-Refl for Relation 2 (see case
Case 1))

Subcase S-Class for Relation 2 (see case
Case 3:)

Subcase S-Trans for Relation 2 ¢ <: G,
G” <: Go2. By i.h. we know from G <: G
and G <: G” that either ¢ <: G” or
G’ <: G’. Both variants are analogous
and we will look at G’ <: G”. Then we
have G’ <: G, by S-Trans. G’ <: G; and
G’ <: G, leadto either Gy <: Gy 0r G, <: Gy
finishing the case.

O

Definition 4.8 Circular Constraint A set of con-
straints a = N where VN € N : fv(N) # () and @ con-
tains all type placeholders used in N (a = fv(N)) is
called a circle.

The algorithm €2 is not complete in that sense that
it does not support F-Bounded types and nested
type variables in extends-Relations.

Theorem 2 Completeness (partly) The algorithm
will find a solution if there exists one (with one ex-
ception).

Given aC and a o,
where C ok andVS <T € C : o(8) <: o(T)
andvs =T e C:0(8) =o(T).

Then the algorithm will not fail, except when C
contains a circle (see definition 4.8)

Proof. We show that none of the implication rules
remove a possible solution.
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Solution-Gen does nothing as long as there is
atleast one @ = N constraint. The only time
this happens is when there is no constraint
like @ = N or N < a in the constraint set
(Constraints of the form N < a are turned to
a = N by the Super rule). Consequentyl a
only appears in a constraint set C’ C C with
C' = a<N. By assumption we know that
there is a o(a) = Gwith VN € N : G <: o(N).
By lemma 4.7 we know that there must exist
one ¢(N) that is a subtype of all other o(N).
Therefore setting « = N will not exclude any
solution, as long as we choose the right N out
of N and our algorithm just tries every possi-
bility, but must pick atleast one induced by the
Solution-Requirement rule.

Solution-Requirement This rule forces the
Solution-Gen rule to create atleast one ¢ =N
constraint (see Solution-Gen case).

Super We assume that all extends-Relations
are well-formed (see rule WF-Class), which
means that every supertype of a well-formed
type N is well-formed aswell. Super checks all
possible supertypes.

Reduce If o(C<Py,...P,>) = o(C<P/y,...P/p>)
then also o(P1) = o(P'1),...,0(Py) = a(P'y,).

Adapt Same as Reduce case.

Subst-Param and all other Subst-Cases. If a« =
G € C then o(a) = G, because o is a valid
solution. Knowing o(a) = G we can replace
all occurences of a by G without excluding any
solution.

S-Object All classes in Java are a subtype of
Object. o(a) <: Object holds by definition
of Java subtyping.

Swap Intermediate.

Solution Intermediate.

5. ASP Encoding

See appendix A for the complete program
including an example input

ASP statements consist of a head and a body
separated by a implication operator ": -": head :-
body. This statement is interpreted as an implica-
tion rule. If the premises in the body are satisfied

the facts stated in the head are deducted. The im-
plication rules defined in figure 4 are formulated
in a way that can be translated to an ASP pro-
gram. This chapter explains how to decode our
algorithm Q in ASP. At first we give a ASP repre-
sentation for each syntax element used in figure
3:

Syntax element | ASP representation

<. subcons(..., ...)

cee = equalcons(..., ...)

a tph("a")

C<...> type("C", params(...))

Object type("Object", null)

For further clarification we will present some ex-
amples:

C<0Object> = type"C", params(Object,null)
a < b = subcons(tph("a"), tph("b"))

List<a> = type("List", params(tph("a")))

The subtype rules in figure 4 require a special
treatment, because the S-Class rule contains a
substitution which has to be encoded using vari-
ables. Given a extends relation class C<X><D<X>
we generate the ASP code:

subtype (type("C", params (X)),
type("D", params(X)))
:- subtype(type("C", params(X))).

Capital letters like X are variables in
ASP and the former statement causes
any literal like subtype (type("C",
params(tph("a")))) to imply the literal

subtype (type("C", params(tph("a"))),
type("D", params(tph("a")))).

The vital part is the generation of the cartesian
product of the Or-Constraints.

subcons(A,B); orCons(C,D) :-

orCons (subcons(A,B), subcons(C,D)).

The operator ";" tells ASP to consider either
the left or the right side. By supplying multiple
Or-Constraints this way the ASP interpreter will
consider all combinations, the cartesian product
of the or constraints.

The rules implying a failure @ are translated by
leaving the head of the asp statement empty. If
the body of such rules is satisfied the algorithm
considers the deduction as incorrect. See an ex-
ample in listing 1 that shows an ASP encodign of
the Fail-Equals rule.
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Listing 1: Fail-Equals rule in ASP

:- equalcons (type(A, _),
type(B, _)),A != B.

6. Outcome and Conclusion

ASP handles Or-Constraints surprisingly well. We
tested our ASP implementation of the unification
algorithm with the constraints originating from the
program in figure 2. We compared it with the cur-
rent implementation of the Unification algorithm in
Java.! We increased the complexity by adding
more stacked method calls up to ten stacked calls
and the interpreter clingo? was still able to handle
it easily and finish computation in under 50 mil-
liseconds. By contrast our Java implementation
already takes multiple seconds processing time
for the same input.

We are using this example for a fair compari-
sion between the two implementations because it
does not include generic type parameters causing
the unification algorithm not to consider wildcard
types. The Java implementation also supports
Java wildcard types whereas the ASP implemen-
tation does not. It is unfortunately not possible to
implement the unification algorithm including wild-
card support with Answer Set Programming. The
reason is that subtype checking in Java is turing
complete [1]. While the grounding process of the
ASP interpreter clingo would not terminate if the
problem is turing complete [2]; the Java imple-
mentation is still able to spawn atleast one solu-
tion in most cases and only never terminates for
specific inputs, whereas the ASP program never
terminates as soon as wildcards are involved.
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Subtyping:
S-R S-TRANS S-CLAss
T-< E';L Ty <:Tg Ty <: T3 class C<X> <N
) T <: T3 C<T> <: [T/X]N
Unify:
SuBST-L SuBsT-R SUBST-EQUAL SwapP
a=T a<To a=T To<a a=T, a =Ty T =Ts
Ty <To To < Ty T =Ts Ty =Ty
SuBST-PARAM SUBST-PARAM-RIGHT 3-0
a=G T=C<Pi...,a,...Pp> a=G b<C<Ty...,a,...Tp> ~OBJECT
- a < 0Object
T =C<Py,...G,...Py> b<C<P1,...G,...Pn>
ADAPT REDUCE
N < C<P;...Pp> N <:C<Py...P> C<Py...Pp> =C<P'y...P/>
P,=T; ... P, =T, P, =P,
SUPER
N<a N <:Ni,...,N<:N, Ni,...,N, ok
foroneme {l,...,n}: a=N,
Solution:
SOLUTION SOLUTION-GEN SOLUTION-REQUIREMENT
a=G a <N a<Ny,...,a<<N,
o(a) =G a=Nora<N there must exist atleastone: =N
Fail Conditions:
FAIL-SUBTYPE FAIL-EQUALS
C<...><D<...> Cnot extendsD C<...>=D<...> C#D
0 0
Anti Circle Conditions:
BUILD CONNECT FAIL-CIRCLE
a=C<...;b,...> a—b b—c a—a
a—b a—b fail

Figure 4: Unify Algorithm Q
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A. ASP Program + Example Input

% TEST INPUT

subtype (type("java.lang.Boolean",null) ,type("java.lang.0Object",null)):-subtype(type("java.lang.
Boolean",null)) .subtype(type("java.lang.Integer" ,null),type("java.lang.Number" ,null)):-
subtype (type("java.lang.Integer",null)).subtype(type("java.lang.Number" ,null),type("java.
lang.0Object",null)) : -subtype(type("java.lang.Number" ,null)).

subtype (type("java.util.Vector",,params(XX)) ,type("java.lang.Object",null)):-subtype(type("java.
util.Vector",params(XX))).

subtype (type("Matrix",null) ,type("java.util.Vector",params(type("java.util.Vector",params (type (
"java.lang.Integer",null)))))):-subtype(type("Matrix",null)).

subtype (type("java.lang.Boolean",null) ,type("java.lang.0Object",null)):-subtype(type("java.lang.
Boolean",null)).subtype(type("java.lang.Integer" ,null),type("java.lang.Number" ,null)):-
subtype (type("java.lang.Integer",null)).subtype(type("java.lang.Number",null),type("java.
lang.0Object",null)) : -subtype(type("java.lang.Number",null)) .subtype (type("java.util.Vector
",params (XX)) ,type("java.lang.0Object" ,null)) : -subtype(type("java.util.Vector",,params(XX)))
.subtype (type("Matrix",null) ,type("java.util.Vector" ,params(type("java.util.Vector",params
(type("java.lang.Integer",null)))))) :-subtype(type("Matrix",null)).

subtype (type("C1",null) ,type("java.lang.0Object",null)) :-subtype (type("C1",null)).

subtype (type("C2",null) ,type("java.lang.0Object",null)) : -subtype (type("C2",null)).

subtype (type("java.lang.Boolean",null) ,type("java.lang.0Object",null)):-subtype(type("java.lang.
Boolean",null)) .subtype(type("java.lang.String",null) ,type("java.lang.Object",null)):-
subtype (type("java.lang.String" ,null)) .subtype(type("java.lang.Integer",null),type("java.
lang.0bject",null)) :-subtype(type("java.lang.Integer",null)) .subtype(type("0rConsTest",
null) ,type("java.lang.Object",null)) :-subtype (type ("OrConsTest",null)) .subtype (type ("
MyPair",params (XX,XY)) ,type("Pair",params (XX,XX))) : -subtype (type ("MyPair" ,params (XX,XY))) .
subtype (type ("Pair",params (XX,XY)) ,type("java.lang.Object",null)) : -subtype(type("Pair",
params (XX,XY))) . subtype(type ("List",params (XX)) ,type("java.lang.0Object",null)) : -subtype(
type("List",params (XX))) .subtype(type("Integer",null) ,type("java.lang.Object",null)):-
subtype (type ("Integer",null)) .subtype(type("String",null) ,type("java.lang.Object",null)):-
subtype (type ("String",null)).

% Or-Constraints
undCons (A,B) :- orCons(undCons(A,B), null).
undCons (A,B); orCons(C,D) :- orCons(undCons(A,B), orCons(C,D)).

% undCons

subcons(A,B) :- undCons(subcons(A,B), _).
undCons (C,D) :- undCons(_, undCons(C,D)).
equalcons(A,B) :- undCons(equalcons(A,B), _).
undCons (B,C) :- undCons(A, undCons(B, C)).

% Subtyping

subtype(A, A) :- subtype(A). % reflexive

subtype(A, A) :- subtype(A, B). % reflexive

subtype(B) :- subtype(A, B). % transitive

subtype(A, C) :- subtype(A, B), subtype(B, C). % transitive

% named Subtyping

namedSubtype (A,B) :- subtype(type(A, AP), type(B, BP)).

% is reflexive and transitive because subtype it stems from subtype

% generate the subtype relations for every constraint where one is needed: (this could be
optimized)

subtype (type(A, P)) :- subcons(_, type(A, P)).

subtype (type(A, P)) :- subcons(type(A, P), _).
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% subst:
subst (tph(A), type(N,P)) :- sigma(tph(A), type(N, P)).

% subst-L:

subcons(B,C) :- subst(A, B), subcons(A, C).
Y%subst-R:

subcons(C,B) :- subst(A, B), subcons(C, A).
%subst-Equal:

equalcons(B,C) :- subst(A, B), equalcons(A, C).

fswap:
equalcons(A,B) :- equalcons(B,A).

%S-0bject

subcons (tph(A), type("java.lang.Object", null)) :- subcons(tph(A), _).

subcons (tph(A), type("java.lang.Object", null)) :- subcons(_, tph(A)).

subcons (tph(A), type("java.lang.Object", null)) :- subcons(_, type(_, params(tph(A)))).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(_, type(_, params(tph(A), _))).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(_, type(_, params(_, tph(A)))).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(_, type(_, params(tph(4), _, _))).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(_, type(_, params(_, tph(4), _))).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(_, type(_, params(_, _, tph(A)))).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(type(_, params(tph(A))), _).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(type(_, params(tph(4), _)), _).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(type(_, params(_, tph(A))), _).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(type(_, params(tph(A), _, _)), _).
subcons(tph(A), type("java.lang.Object", null)) :- subcons(type(_, params(tph(A), _, _)), ).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(type(_, params(_, tph(d), _)), _).
subcons (tph(A), type("java.lang.Object", null)) :- subcons(type(_, params(_, _, tph(4))),
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(tph(4), _).

subcons (tph(A), type("java.lang.Object", null)) :- equalcons(_, tph(A)).

subcons (tph(A), type("java.lang.Object", null)) :- equalcons(_, type(_, params(tph(A)))).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(_, type(_, params(tph(A), _))).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(_, type(_, params(_, tph(A)))).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(_, type(_, params(tph(A), _, _))).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(_, type(_, params(_, tph(A), _))).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(_, type(_, params(_, _, tph(4)))).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(type(_, params(tph(A))), _).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(type(_, params(tph(Ad), _)), _).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(type(_, params(_, tph(A))), _).

subcons (tph(A), type("java.lang.Object", null)) :- equalcons(type(_, params(tph(A), _, _)), _).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(type(_, params(tph(A), _, _)), _
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(type(_, params(_, tph(A), _)), _).
subcons (tph(A), type("java.lang.Object", null)) :- equalcons(type(_, params(_, _, tph(4))), _

% Subst-Param:

equalcons(A, type(C, params(T2))) :- equalcons(A, type(C, params(T))), subst(T, T2).
equalcons (A, type(C, params(T2, P2))) :- equalcons(A, type(C, params(T, P2))), subst(T, T2).
equalcons(A, type(C, params(P1l, T2))) :- equalcons(A, type(C, params(P1, T))), subst(T, T2).
equalcons(A, type(C, params(T2, P2, P3))) :- equalcons(A, type(C, params(T, P2, P3))), subst(T,

T2).

equalcons (A, type(C, params(P1, T2, P3))) :- equalcons(A, type(C, params(P1, T, P3))), subst(T,
T2).

equalcons (A, type(C, params( P1, P2, T2))) :- equalcons(A, type(C, params(P1, P2, T))), subst(T
, T2).

% Subst-Param-Right:
subcons (A, type(C, params(T2))) :- subcons(A, type(C, params(T))), subst(T, T2).
subcons (A, type(C, params(T2, P2))) :- subcons(A, type(C, params(T, P2))), subst(T, T2).
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subcons (4, type(C,

params (P1, T2)))

:- subcons(A, type(C, params(P1, T))), subst(T, T2).

subcons (A, type(C, params(T2, P2, P3))) :- subcons(A, type(C, params(T, P2, P3))), subst(T, T2)

subcons (A, type(C, params(P1, T2, P3))) :- subcons(A, type(C, params(P1, T, P3))), subst(T, T2)

subcons (A, type(C, params( P1, P2, T2))) :- subcons(A, type(C, params(P1, P2, T))), subst(T, T2

).

% reduce

equalcons(P1, PP1)
equalcons(P1, PP1)
equalcons (P2, PP2)
equalcons(P1, PP1)
equalcons (P2, PP2)
equalcons (P3, PP3)

% super
{ equalcons(tph(A)
CP), tph(A)).

% Solution-Gen

{ equalcons(tph(4), type(T,P)) } :-

:- equalcons(type(C, params(P1)), type(C, params(PP1))).

:- equalcons(type(C, params(P1, P2)), type(C, params(PP1, PP2))).

:- equalcons(type(C, params(P1, P2)), type(C, params(PP1, PP2))).

:- equalcons(type(C, params(P1, P2, P3)), type(C, params(PP1, PP2, PP3))).
:- equalcons(type(C, params(P1, P2, P3)), type(C, params(PP1, PP2, PP3))).
:- equalcons(type(C, params(P1, P2, P3)), type(C, params(PP1, PP2, PP3))).

, type(D, DP)):

% Solution-Requirement
:- subcons(tph(A), _), not sigma(tph(A), _).

%Solution:

subtype (type(C, CP), type(D, DP)) } == 1 :- subcons(type(C,

subcons (tph(A), type(T,P)).

tphs( P ) :- equalcons(tph(A), type(C, P)).

sigma(tph(A), type(C,P))

% fail-equals

:- equalcons(tph(A), type(C, P)), not tphs(_, P).

:- equalcons(type(C, CP), type(D, DP)), C != D.

% fail-subtype

:- subcons(type(C, CP), type(D, DP)), not namedSubtype(C, D).

% Build
connected(A,B) :-
connected(A,B) :-
connected(A,B) :-
connected(A,B) :-
connected(A,B) :-
connected(A,B) :-
Yiconnect
connected(A,C) :-
Y%Fail-circle

:- connected(A,A).

%% Helpers
Jtphs:

tphs (tph(P), params(tph(P)))
tphs(P) :- tphs( params(type(C, P))).
tphs(tph(A), params(type(C, P)))

tphs (tph(P), params(X, tph(P)))
tphs (tph(P), params(tph(P), X))
tphs(P) :- tphs( params(X, type(C, P))).
tphs(P) :- tphs( params(type(C, P), X)).

equalcons (tph(4),
equalcons (tph(4),
equalcons (tph(4),
equalcons (tph(4),
equalcons (tph(4),
equalcons (tph(A),

type (_,params (tph(B)))).
type (_,params (tph(B),_))).
type(_,params(_,tph(B)))).
type (_,params(tph(B),_,_))).
type (_,params(_,tph(B),_))).
type(_,params(_,_,tph(B)))).

connected(A,B), connected(A,C).

tphs (tph(A), params(X, type(C, P)))

:- tphs( params(tph(P))).
:- tphs( params(type(C, P))), tphs(tph(A), P).

:- tphs( params(X, tph(P))).
:- tphs( params(tph(P), X)).

:- tphs( params(X, type(C, P))), tphs(tph(A), P).
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tphs(tph(A), params(type(C, P), X)) :- tphs( params(type(C, P), X)), tphs(tph(A), P).

tphs (tph(P), params(tph(P), X, Y)) :- tphs( params(tph(P), X, Y)).

tphs (tph(P), params(X, tph(P), Y)) :- tphs( params(X, tph(P), Y)).

tphs (tph(P), params(X,Y,tph(P))) :- tphs( params(X, Y, tph(P))).

tphs(P) :- tphs( params(type(C, P), X, Y)).

tphs(P) :- tphs( params(X, type(C, P),Y)).

tphs(P) :- tphs( params(X,Y,type(C, P))).

tphs (tph(A), params(type(C, P), X, Y)) :- tphs( params(type(C, P), X, Y)), tphs(tph(A), P).
tphs(tph(A), params(X, type(C, P), Y)) :- tphs( params(X, type(C, P), Y)), tphs(tph(4), P).
tphs (tph(A), params(X, Y, type(C, P))) :- tphs( params(X, Y, type(C, P))), tphs(tph(A), P).

#show sigma/2.
f#tshow sigma2/2.
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Abstract

Java-TX is a language based on Java. The predominant new features are
global type inference and real function types for lambda expressions. In
recent years theory and implementation was done, such that a compiler is
available.

There are some further projects to refine Java-TX. We give an overview in
this paper:

Pattern Matching: In the latest versions of Java record types and pattern
matching has been introduced. In combination with global type infer-
ence pattern matching can be extended such that pattern matching is
similar to Haskell (especially pattern matching in method headers).

Generated Generics: As result of the type inference algorithm constraints
of two type variables (a < b) could arise. Generally, these constraints
are transferred to bound type variables. Furthermore, type variables in
Java-TX are only reflexive if they are declared as reflexive <X extends
X>. Declarations like this are not allowed in Java. Therefore, a
Java-TX-Signature has to be introduced in Java-TX.

Real Functiontypes in Java-TX: The implementation of the strawman
approach (integration of real function types and functional interfaces)
has to be completed.

Heterogeneous Translation: In Java type erasure erases all parameters
of types during compilation. From this follows that some results of
the type inference could not be translated into byte-code. Therefore,
heterogeneous translation is needed.

Type Inference of Bound Generics: At the moment Java-TX allows
bound type variables (<A extends ty>) only if the bound is a type
variable, too. The introduction of other bounds would reduce the run-
time of the type inference algorithm.

Unifications algorithm as a Webservice: We wolud like to offer the unifi-
cation algorithmus as webservice on a powerful parallel system, such
that complex type constraints can be solved even if the client is not
powerful.

Java-TX-compiler in Java-TX: A first large Java-TX-project is the imple-
mentation of a Java-TX-compiler.

Module System for Java-TX: A new challenge is to transfer ideas from
the complex SML module system to Java-TX.
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1 Introduction

Java-TX (i.e. Type eXtended) [6] is a language
based on Java. The predominant new features
are global type inference and real function types
for lambda expressions. Global type inference
means that all type annotations can be omitted,
and the compiler infers them without losing the
static type property.

Function types are introduced in a similar fash-
ion as in Scala but additionally integrated them
into the Java target-typing as proposed in the so-
called strawman approach.

The language Java-TX corresponds to Java in
version 8. Apart from some trivia, we reduced the
language currently by two essential features, ex-
ceptions and generics bound by non type-variable
types (only type variables as bounds are allowed).
Furthermore, basic types (int, float, bool, ...)
were left out, such that one has to use the boxed
variants. Literals as 1, 2, 3, ..., true, false are
still allowed. All type annotations are optional.
They can be inferred by our type inference algo-
rithm.

The Java-TX type system corresponds closely to
the original Java 8 type system described in [1].
However, we have extended it with real function

types [5].

In Java 14 record types and switch expressions
were introduced. The record types are the basis
of pattern matching in Java.

Finally, pattern matching has been introduced in
the versions 16 - 22. In contrast to functional pro-
gramming languages, all pattern-variables must
have a type annotation and it is not allowed to give
patterns in method headers. Both caveats are ad-
dressed in Java-TX.

We have developed a prototypical implementation
and a language server plugin for common IDEs

(3].

In this paper, we present an overview of the
Java-TX roadmap.

2 Pattern matching

In the latest versions of Java record types and pat-
tern matching have been introduced. In combina-
tion with global type inference, pattern matching

can be extended to provide Haskell-like function-
ality (especially pattern matching in method head-
ers).

For clarification, consider the example in Listing 1.
First, a sealed interface List is declared. Sealed

sealed interface List<T>
permits Cons, Empty {}

public record Cons<T>(T a, List<T> 1)
implements List<T> {}

public record Empty<T>()
implements List<T> {}

public class PatternMatchingListAppend {

public append(Cons(a, b), list2) {
return
new Cons<>(a,append(b,list2));
}

public append(Empty (), 1list2) {
return list2;
}
}

Listing 1: Pattern Matching in Java-TX

interfaces restrict which types are permitted to im-
plement the interface, in the permits-clause. In
this example Cons and Empty are the only types
which implement List. Sealed interfaces in Java
correspond to the data- and newtype-declaration,
respectively, in Haskell.

The Java-TX-class PatternMatchingListAppend
contains the well-known append method in a
Haskell-like style. Note that pattern matching is
used in method headers and no type declarations
are given. The goal is to compile code as given
in Listing 2. In Haskell both append-declarations

<T> Cons append(Cons<T> 11, List<T> 12) {
return switch(11) {
case Cons(T a, Cons<T> b)
-> new Cons(a, append(b, 12));
case Cons(T a, Empty<T> b)
-> new Cons(a, @append(b, 12));
}
}
<T> Cons append (Empty<T> 11, List<T> 12) {
return 12;
}

Listing 2: Compiled code of append

would be a single case-by-case defined function
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class TPHsAndGenerics {
id = x -> x;

id2(x){

return id.apply(x);}
m(a, b){

return b; }

m2(a, b) {
var ¢ = m(a,b);
return a; }

class TPHsAndGenerics {
Fun1$$<UD, ETX>
id = (DZP x) -> x;

ETX id2(V x) {

return id.apply(x);}
AI m(AM a, AN b){

return b; }

AA m2(AB a, AD b){
AE ¢ = m(a,b);
return a; }

}

{AB < AA,AD < AN, AN < AT, AT < AE,V < UD, AB < AM,DZP < ETX, UD < DZP }

Figure 1: Java-TX source code and the result of type inference algorithm

with domain List xList. In contrast in Java-TX, it
is represented as two (overloaded) functions with
the domain ConsxList and EmptyxList, respec-
tively. Therefore the function-call @ could call both
functions depending on the type of the argument.
Calling the method with the domain EmptyxList
represents the base case and therefore termi-
nates the recursion.

Additionally, in Java-TX a new bridge-method
with the domain List xList should be generated
which calls the corresponding method.

A more detailed consideration of pattern matching
in Java-TX is given in these proceedings in [2].

3 Generated Generics

One of the main features of Java-TX is global
type inference. The type inference algorithm [8]
consists of two steps, the tree traversal and the
type unification [7]. During traversal of the ab-
stract syntax tree, type constraints are generated.
These type constraints are then resolved by the
type unification. The result of the type unification
is a finite number of mostly general unifiers and
a set of remaining constraints, consisting only of
two type variables (a < b). Generally, these con-
straints are transferred to bound type variables
<a extends b>. In some cases this turns out to
be impossible (cycles, infima). These constraints
have to be reduced in such a way, that the princi-
pal type is not restricted.

The algorithm consists of four steps:

+ Building the family of generated generics of
the class and its methods

» Complete the family of generated generics
+ Eliminating the cycles
« Eliminating the infima

Let us consider an example for the first two steps
of the generics algorithm. In Figure 1 the Java-TX
source program and the result of the type infer-
ence algorithm are given. In Listing 3 the com-
pleted family of generated generics is given.

class TPHsAndGenerics
<UD extends DZP, DZP extends ETX, ETX> {

Funi1$$<UD, ETX> id = x -> x;

<V extends UD> ETX id2(V x) {
return id.apply(x);}

<AM, AN extends AI, AI>
AI m(AM a, AN b){
return b;}

<AA,AB extends AA, AD extends AE, AE>
AA m2(AB a, AD b){

AE ¢ = m(a,b);

return a;}

}
Listing 3: Completed family of generated generics

The generics are divided in class generics (UD,
DZP, and ETX and generics of the methods (Vv of
id2, AM, AN, and AI of m, and AA, AB, AD, and AE
of m2). Bounds of the method generics can be ei-
ther a class generic (UD is a bound of V) or other
generics of the same method. In this example the
latter is the case.
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The next examples show how Java-TX eliminates
cycles in generics. Let the class Box in Listing 4
with type annotations, be given.

class Box<T> {
T elem;

T get() { return elem; }

void set(T x) { elem = x; }
}

Listing 4: The class Box

Furthermore an untyped method m is given as

m(bl, b2) {
bl.set(b2.get());
b2.set (bl.get());
}

Type inference and the first two steps of the algo-
rithm results are shown in Listing 5.

<L extends M, M extends L>}

void m(Box <L> b1, Box<M> b2) {
bl.set(b2.get());
b2.set(bl.get());

}

Listing 5: Cycle in generics

The problem is, that <L extends M, M extends
L> is not correct. In this case, we introduce a fresh
type variable which replaces all type variables of
the cycle (Listing 6).

For more details (especially eliminating infima) we
refer to [10].

3.1 Fully-fledged Wildcards in Java-TX

In Java-TX the use of wildcards is changed. Wild-
cards are full-fledged types and can be used at
any position as all other types. The subtyping
relation is extended by the following semantics
idea:

7 extends 0: There is a subtype of 6.

? super §': There is a supertype of '.

<L> void m(Box <L> b1, Box<L> b2) {
bl.set(b2.get());
b2.set(bl.get());
}
Listing 6: Introduction of a fresh type variable L to elim-
inate cycles in generics

Definition 3.1 (Subtyping Relation on wildcards)

For two Java-TX-types 6 <: ¢’ holds

6 <: ?superd and
?extendsf <: 6.

From this follows ? extendsf <: ?superf’ and
especially: <: is not reflexive on wildcards.

Let us consider Listing 4 again, under the as-
sumption that Listing 5 is correct. In the following
snippet

Box<?> bbl = ...;

Box<?7> bb2 e
m(bbl, bb2);

the call of m would not be correct as the instantia-
tion of 7 for L and M, respectively, would lead to 7
<: 7, which is not correct.

Considering Listing 6 this would also mean that
<: could not be reflexive on type variables. There-
fore, type variables in Java-TX are only reflexive if
they are declared reflexive, i.e. <X extends X>.

Declarations like this are not allowed in Java. Es-
pecially, a cyclic declaration of generic bounds
leads to the crash of the JVM.

Therefore in Java-TX, additional
signatures have to be introduced

Java-TX-

Java-TX-signature: <L extends L>

which are type checked during the method call is
type checked.

Consider the following slightly varied example of
our Box class

class Box<T> {
T elem;

T get() { return elem; 1}

void set(T x) { elem = x; }
}

void m(Box <T> b) {
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import javafx.event.ActionEvent;
import javafx.event.EventHandler;
import javafx.scene.control.Button;

Button btn = new Button();
btn.setText ("Say,,’Hello World’");
btn.setOnAction(

event -> System.out.println("HelloyWorld!")
)

Fun1$$<ActionEvent, String> helloworld

= event -> System.out.println("Hello,World!");
Button btn = new Button();

btn.setText ("Say,,’Hello World’");
btn.setOnAction(helloworld);

Figure 2: Function types in Java and Java-TX

b.set(b.get());
}

Box<?> bb = ...;
m(bb) ;

Now the call of m is sound. In this case no addi-
tional

Java-TX-signature: <L extends L>
is not necessary!

Summarized, the idea of implementing generics
in the Java-TX type system with full-fledged wild-
cards is:

* During traversal of the abstract syntax in the
type inference algorithm, any node gets ei-
ther the known/declared type or pairwise dif-
ferent type placeholders.

 If during cycle or infima eliminating type
placeholders are coincided in generics decla-
ration, an additional reflexive bound is added
as Java-TX-signature.

+ Type variables in annotated types can only be
used once.

4 Real function types in Java-TX

4.1 Special Java-TX functional interfaces

In [5] we gave the theory of Java-TX function
types. The function types are special functional
interfaces like function types Scala. Addition-
ally, we realized the so called strawman approach
[11].  In comparison to the Java approach of
lambda expression with functional interface as
target types of lambda expressions the Java-TX
approach types lambda expressions by function
types and allows subtyping of function types and
direct application of lambda expressions without

type-casts. The implementation of the straw-
man approach (integration of real function types
and functional interfaces) allows the implemen-
tation of SAM-types (essentially interfaces with
one method) by all expressions with a compatible
function type.

In Figure 2 the implementation of a JavaFXex-
ample, borrowed from Oracle’s getting-started-
tutorial, illustrates the situation: On the left hand
the Java implementation is given. The lambda ex-
pression

event -> System.out.println("Hello,World!")

as argument of the method setOnAction im-
plements the functional interface EventHandler
where the untyped lambda expression is (type)
compatible to the method handle in the functional
interface EventHandler

On the right hand side the Java-TX implementa-
tion is given. The typed lambda expression is as-
signed to the local variable helloworld. After that
the method setOnAction is called with the argu-
ment helloworld. In Java this would not be pos-
sible, as the interface Fun1$$ is not compatible to
the interface EventHandler.

4.2 Heterogeneous translation of functional
interfaces

In Java type erasure erases all parameters of
types during compilation. From this follows that
some results of the type inference could not be
translated into byte-code.

Therefore, we have introduced heterogeneous
translation for the special Java-TX functional in-
terfaces [14].

The following example shows the feature. Sup-
pose the operator + is overloaded by Double,
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class OLFun {

m(£f) {
var x;
x = f.apply(x+x);
return x;

}

}

Integer, and String. Therefore, the function £
would be overloaded by

Double — A
& Integer — A
& String — A

But the descriptors generated a Java-TX compiler
with homogeneous translation would be ambigu-
ous:
<A> A m(Funi$$ <Double, A>);

descriptor: (LFuni1$$;)0bject;
<A> A m(Funi$$ <Integer, A>);

descriptor: (LFunl$$;)0bject;
<A> A m(Funi$$ <String, A>);

descriptor: (LFuni$$;)0Object;

The parameters of the functional interface would
be erased.

In contrast in Java-TX $-separated arguments to
the special functional interfaces are added:

<A> A m(Funi$$ <Double,A>);
descriptor: (LFun1$$$_$Double$_$LTPH$_$;)0bject;
<A> A m(Fun1$$ <Integer,A>);
descriptor: (LFun1$$$_$Integer$_$LTPH$_$;)0bject;
<A> A m(Fun1$$ <String,A>);
descriptor: (LFun1$$$_$String$_$LTPH$_$;)0bject;

Therefore the class OLFun becomes a (type-)
correct Java-TX-class.

In the future the implementation of the Java-TX
function types has to be completed, where we will
orient our implementation to the implementation
of function types in Kotlin.

5 Heterogeneous translation

In subsection 4.2 we described the heteroge-
neous translation of special functional interfaces.
There are similar effects in further generic types.
Let aus consider the class VectorAdd. The
JVM descriptors generated by a Java-TX-compiler
without heterogeneous translation of function
types, erases the type parameters of the types of
vl and v2. Therefore the method m is ambigu-
ous.

class VectorAdd {
m(vi, v2) {
var ret = new Vector<>();
while (i < vi.size()) {
erg.addElement (vl.elementAt (i)
+ v2.elementAt(i));
it++;

>

1

Double m(Vector<Double>, Vector<Double>);
descriptor: (LVector;LVector;)LVector;

Integer m(Vector<Integer>, Vector<Integer>);
descriptor: (LVector;LVector;)LVector;

String m(Vector<String>, Vector<String>);
descriptor: (LVector;LVector;)LVector;

In the future, a similar approach as in the spe-
cial functional interfaces should be transferred to
all generic types in Java-TX. However, there are
some challenges to this. Nonetheless, there is a
first approach to this general heterogeneous com-
pilation introduced by PIZZA [4].

6 Type Inference of Bound Generics

At the moment Java-TX allows bound type vari-
ables (<A extends ty>) only if the bound is a
type variable, too. The introduction of other
bounds would reduce the run-time of the type in-
ference algorithm.

Let us consider the class Pair. The type inference
and the process of generated generics lead to the
program in Listing 7. If we add the method m

m() { Number n = getfst(); }

class Pair<X> {
X fst;
X snd;

Pair(X fst, X snd) { this.fst=fst;
this .snd=snd; }

X getfst() { return this.fst; }

Pair<X> swap() {
return new Pair<>(this.snd, this.fst);
}
}

Listing 7: The class Pair
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to the typeless version of Pair, the constraint { X<
Number } is generated. This induces the result of
the type inference X = Number.

This means that the class Pair is no longer
generic and instead the type variable X is given
the type Number.

In [13], we extended the type inference algorithm
such that constraints like { X < Number } will be un-
changed. This would lead to a bound generic <X
extends Number> as given in Listing 8.

class Pair<X extends Number> {
X fst;
X snd;

Pair(X fst, X snd) { this.fst=fst;
this.snd=snd; }

X getfst() { return this.fst; }

Pair<X> swap() {
return new Pair<>(this.snd, this.fst);

}
void m() { Number n = getfst(); }

Listing 8: Generic Pair with bound parameter

In future versions of the Java-TX-compiler, we in-
tend to implement this new feature.

7 Java-TX-Compiler in Java-TX

In a student research project a part of the existing
Java-TX-Compiler — implemented in Java — was
translated to Java-TX [12]. As Java-TX compiles
to bytecode just as original Java, the codebase
can be translated class by class, preserving the
usability of the whole compiler and allowing for it-
erative testing.

The following steps have to be done:

Completion of the implementation of the Java-
TX-compiler in Java-TX: The challenge of
this step is, that the actual Java-TX-compiler
is indeed turing-complete, but not all Java
features are implemented yet. This means,
either the original Java code must be rewrit-
ten such that only implemented Java-TX
features are used, or the Java-TX—compiler
has to be extended. We try using the second
possibility, such that the Java-TX-compiler
becomes more and more complete.

Remove type annotations in the Java code:
Basically, it would be possible to compile the
original Java code with the Java-TX-compiler
as Java-TX is a conservative extension of
Java. With this approach, it would be impos-
sible to study the new features of Java-TX.
Therefore, all type annotations are erased
and the types are inferred by the Java-TX
type inference algorithm.

Infer new types and compare: The inferred
types may differ from the annotated types.
We will compare the annotated and the
inferred types. It is interesting to evaluate
which type is more convenient. On the one
hand, the inferred type could be more gen-
eral such the code is better reusable. On the
other hand, the inferred types could be less
meaningful, such that the type annotations
would help documenting the code.

Maven for Java-TX: Both Java and Java-TX can
read classfiles. However, neither compiler
can process source files of the other di-
alect. For the compilation of a project, where
Java-TX- and Java-code is mixed (such as
the Java-TX-Compiler in Java-TX), a make-
tool is desired. This tool should be able to
resolve dependencies between Java-TX and
Java source files such that the files can be
compiled in the correct order. Therefore we
plan to write a maven plugin which can com-
pile projects where Java and Java-TX code
is mixed. With this approach however, circu-
lar dependencies between Java and Java-TX
files cannot be resolved. It would be neces-
sary for the Java-TX compiler to process Java
source files to resolve such dependencies.

First large project in Java-TX: This is the first
large project using Java-TX. Therefore, we
will consider this project as a study to under-
stand which pros and cons Java-TX has in
comparison to original Java.

8 Unification algorithm as a webservice

The type unification algorithm [7] as a part of
the type inference algorithm [8] is NP-hard [13].
Therefore, the run-time is often quite slow. The al-
gorithm is qualified for parallelization, as different
constraint sets are solved independently. There-
fore the implementation is already parallelized

[9].
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We would like to offer the unification algorithm as
a webservice on a powerful parallel system, such
that complex type constraints can be solved even
if the client does not have powerful hardware re-
sources.

9 Module System for Java-TX

A new challenge is to transfer ideas from the com-
plex SML module system to Java-TX.

One caveat of Java-TX is that — for performance
reasons — only explicitly imported types are con-
sidered by type inference. That means, even com-
monly used types, such as String and Integer
— which are implicitly imported in every Java pro-
gram — are only considered by the type inference
if java.lang.String and java.lang.Integer are
explicitly imported, respectively.

That means, the developer must know which
types are reasonable in the program and import
them beforehand.

It would be desirable to develop a more pow-
erful and efficient module system, than the cur-
rent package and classpath based approach of
Java.

For the sake of completeness, it should be men-
tioned that Java has had its own module system
since version 9. However, it seems to address
different problems than those arising in Java-TX.
Specifically, it is used to combine multiple pack-
ages into modules and explicitly declare depen-
dencies between them and protect internal code
from external use.

SML’s module system has some interesting as-
pects such as signatures, structures and
functors in its module system.

However, in object oriented languages modular-
ization, abstraction and code reusability is typ-
ically handled by classes and interfaces and
namespace management is — at least in Java —
primarily handled by packages.

It is ongoing work to evaluate if and how these as-
pects can be applied to Java-TX in a reasonable
way.

10 Summary

In this paper we presented the Java-TX roadmap.
Java-TX is a superset of Java, which extends
the Java programming language primarily through
a global type inference algorithm and real func-
tion types. There is an implementaiton of the
compiler which realizes the fundamental features.
But there is potential for improvement and exten-
sion. We showed possibilities to extend pattern
matching, realizing Java-TX-signatures and non-
variable bounds of generics for an extended ap-
proach of generics, and the implementation of real
function types. Furthermore, it is desired to ex-
tend Java-TX by heterogeneous translation and
a new module system. Finally, we showed the
idea to implement the type unification as a web-
service and presented the project to implement a
Java-TX-compiler in Java-TX itself.
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