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Abstract

Embedded systems are computational environments hav-
ing restricted capabilities. These restrictions make the in-
corporation of high-level general purpose libraries, such as
java.lang and java.util, into the embedded systems
software development process problematic. This paper de-
scribes a general transformation-based approach that can
be used to adapt Java libraries making them compatible
with the computational restrictions imposed by embedded
environments.

1 Introduction

Embedded systems span a broad spectrum of applica-
tions ranging from medical applications, weapons systems,
space borne systems to flight control systems. The increas-
ing complexity of these applications has created an atten-
dant demand for high-level language support for embedded
systems programming. This paper takes a look at one as-
pect of the high-level language support problem: the adap-
tation of general purpose libraries with the goal of making
them suitable for use in embedded applications. In partic-
ular, a transformation-based technique is described capable
of automatically carrying out the majority of the activities
needed to adapt Java libraries such as java.lang for use
with an embedded system known as the SCORE processor
[11, 18], a hardware implementation of a significant sub-
set of the Java Virtual Machine that has been developed at
Sandia National Laboratories.

Today, the computational underpinnings of a variety of
embedded systems are based on the Java Virtual Machine
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(JVM). In essence, what this means is that computing capa-
bilities, at the hardware level, are provided via the execution
of Java bytecodes. In turn, these Java bytecodes are given
a semantics with respect to the JVM. The result is an em-
bedded system that can either (1) execute Java class files
directly, or (2) execute a slightly modified version of Java
class files. A classic example of such an embedded com-
puting platform is the Java Card technology [12] where a
restricted implementation of the JVM is placed on a smart
card, which can then directly execute Java class files. Inci-
dentally, the Java Card platform supports an extremely lim-
ited set of Java libraries.

The hardware in embedded systems is oftentimes sub-
jected to heavy constraints. In addition to economic forces,
physical limitations place strict bounds on various hardware
attributes such as volume, weight, and power usage. As a re-
sult, the computational capabilities of embedded platforms
generally represent a scaled-back version of the more gen-
eral purpose computing platforms found on a PC. This holds
true for embedded systems whose computational capabili-
ties are based on the JVM. Computational restrictions on
the JVM are made precise at the bytecode level. In general,
a computational platform X represents a restricted version
of the JVM if the set of bytecodes supported by X is a strict
subset of the set of bytecodes supported by the JVM. In this
paper, we will use the term jVM to refer to a virtual ma-
chine representing an instance of the JVM that is restricted
in the manner just described.

Listed below are examples of some of the restrictions
that are typically placed on embedded implementations of
the JVM:

1. prohibited use of strings – The direct storage of
strings is a very memory intensive operation. This is
compounded by the fact that many jVM’s do not sup-
port garbage collection.

2. prohibited use of floating point arithmetic – The im-



plementation of floating point arithmetic in hardware
is a well-known source of errors. Thus, the presence
of hardware implementing floating point arithmetic in-
troduces a serious assurance burden for the embedded
system.

3. prohibited use of threading – Multi-threading in-
troduces additional resource and assurance burdens.
First, at least conceptually, individual threads require
separation of their execution space to ensure coher-
ence. Both physical memory and required overhead for
thread separation is expensive. Second, concurrent ex-
ecution introduces a variety of semantic problems that
can occur such as deadlock, where multiple threads are
waiting for each other to release a desired resource.

4. prohibited/restricted ability to execute native meth-
ods – Native methods are used by the libraries when-
ever a required operation cannot be programmed
in Java. Typically, such operations are platform-
dependent, e.g. hashing of a memory location. Dif-
ferent embedded jVMs may support different sets of
native methods.

In general, the restrictions associated with a given jVM
determine the subset of Java which the jVM is capable of
executing. For example, if a given jVM does not support
floating point operations, then Java code fragments (e.g., in
fields, methods, constructors, etc.) containing such opera-
tions are inadmissible.

The computational restrictions imposed by a jVM poses
a problem with respect to goal of providing embedded sys-
tems programmers access to general purpose libraries such
as java.lang and java.util. The option of excluding
general purpose libraries from the embedded systems soft-
ware development process entirely is undesirable because a
strong argument can be made that the abstractions provided
by the Java libraries are an essential component of high-
level Java programming. Therefore, it is highly desirable to
incorporate the use of libraries in the development of em-
bedded applications to the extent possible. However, it is
also the case that substantial libraries such as java.lang
and java.util typically make full use (or near full use)
of the capabilities of the JVM and thus – in unaltered form –
are unsuitable for execution on a given (restricted) jVM. In
other words, an incompatibility exists between the jVM and
a Java library making full use of the JVM’s computational
capabilities. This incompatibility can be resolved through a
process that we call library adaptation.

There are two types of approaches that one can con-
sider in the context of library adaptation: removal and re-
implementation. Removal entails strict deletion of code
that is not supported by a jVM. Re-implementation adapts
the libraries by replacing (when possible) unsupported code

fragments with equivalent code fragments that are ex-
pressed in terms of computations supported by the jVM.
It should be noted that re-implementation is not always
possible. Furthermore, re-implementation of libraries is
a potentially error-prone approach because it involves the
development of new code. Depending on the nature of
the re-implementation (i.e., its scope and complexity), re-
implementation can entail a potentially unacceptable risk
of introducing bugs into the resulting adapted library. Stan-
dard libraries typically undergo a significant number of tests
to ensure their correctness before official release by Sun.
Re-implementation would jeopardize assurance arguments
based on these tests. In addition, standard libraries ma-
ture based on bug feedback from a large group of library
users. Re-implemented libraries used in embedded applica-
tions generally will not be subjected to the maturation pro-
cess associated with a large user base.

Because of the concerns raised in the previous para-
graph, library adaptation based on the removal (of unsup-
ported code) is more attractive than adaptation based on
re-implementation. At least from the perspective of assur-
ance. Abstractly, removal can be understood simply as a
process of deleting code fragments from a library contain-
ing computations that are unsupported by the given jVM.
Such a perspective reveals that removal shares similarities
with program slicing. More specifically, removal can be
seen as the complement of slicing. In a more theoretical
setting, removal can be described as a relation between un-
supported computational elements and code fragments. It is
the calculation of the transitive closure of this relation that
gives rise to the complexity of removal-based library adap-
tation.

Library adaptation based on removal can be done man-
ually. However, manual removal-driven library adapta-
tion is a labor-intensive task. As an experiment, we have
manually migrated one Java library – the system package
java.lang (not including the sub-packages) and it took
about one man-month of work. As of this writing, the stan-
dard libraries consists of 203 public packages. The imprac-
ticality of manual adaptation is further emphasized by evo-
lution of the libraries. Major updates to the libraries (e.g.
v. 1.5 to 1.6) are released approximately once a year. Since
it is desirable to provide embedded systems programmers
with up-to-date versions of the libraries, a newer release
warrants a new iteration of library adaptation. This sce-
nario makes a strong argument for the automation of library
adaptation.

Contribution In this paper, a transformation-based ap-
proach for the adaptation of Java libraries is presented.
This approach is currently being developed to create a tool
that is able to adapt Java libraries (e.g. java.lang and
java.util). The targeted platform for adapted libraries



is the SCORE processor – a jVM developed at Sandia Na-
tional Laboratories [11, 18].

The approach developed in this paper is not restricted
to a particular embedded platform or to the libraries. First,
other embedded platforms might support a different instruc-
tion set. As long as an unsupported feature can be tied to a
particular source code construct, we can remove such un-
supported code: e.g., the floating-point arithmetic feature is
tied to float/double source code declarations. Second, the
targeted platform can evolve to support a larger instruction
set. In such cases, we can re-run the adaptation so that the
newly supported feature is not excluded from the original
libraries. Finally, the libraries represent collections of Java
code. Though applied to libraries, our approach is not re-
stricted to libraries; any legal Java code can be adapted.

The remainder of this paper is organized as follows: Sec-
tion 2 describes adaptation in a semi-formal setting. Section
3 discusses the infrastructure needed to realize adaptation in
practice. Section 4 describes the results of adapting the li-
brary java.util. Section 5 discusses related and future
work, and section 6 concludes.

2 Adaptation

The adaptation of Java libraries can be seen as a
transformation-based process that takes as input a set of
classes (e.g., a library) L1 compatible with a standard JVM,
and produces as output a set of classes (e.g., an adapted li-
brary) L2 compatible with a restricted implementation of
the JVM. In general, a set of classes L is compatible with
a given jVM if the bytecodes in the compiled version of
L (i.e., its classfiles) belong to the set of bytecodes imple-
mented by the jVM.

2.1 Constraints and Considerations

The adaptation problem can be described in a more for-
mal setting as removing terms (i.e., components) from a
term structure C corresponding to a class. In this setting,
the removal of terms is subject to certain syntactic and se-
mantic constraints that will be discussed shortly. We write
t�. . . ti . . .� to denote that the term t contains ti as a sub-
term. Even though the notation t�. . . ti . . .� contains ellip-
sis and is only informally defined, we believe that in the
context of a transformation-based discussion it is conceptu-
ally clearer than either writing ti ∈ t or using the positional
notation that is often used in a more traditional term rewrit-
ing setting. Using the notation t�. . . ti . . .�, a removal-based
adaptation of a class t belonging to a set of classes L can
now be expressed as the selective application of transfor-
mation steps1 having the form:

1In general, a transformation step distinguishes itself from a rewrite
step because it may be realized, in a nontrivial fashion, in terms of a num-

Ti : t�. . . ti . . .� → t�. . . ε . . .� (1)

For example, suppose the jVM we are targeting does not
support the native method Object.hashCode(). Then, the
transformation that removes the declaration of this method
can be expressed abstractly as an instance of the transforma-
tion Ti in which t is instantiated to the class Object and ti
is instantiated to the declaration of the method hashCode.
This would yield an abstract transformation having the fol-
lowing form:

Object�. . . public native int hashCode(); . . .�
→
Object�. . . ε . . .�

In this framework, control over the application of trans-
formation steps like Ti is subject to four primary con-
straints:

1. Each transformation step is required to produce a term
that is syntactically well-formed;

2. When applied to a term Cinitial denoting a class the
transitive closure of transformation steps must yield
a resulting term Cfinal such that Cfinal � Cinitial,
where � denotes refinement with respect to a given se-
mantic function M (e.g., the JVM);

3. After transformation, all terms must consist solely of
elements that are supported by the targeted computing
platform;

4. The removal of terms ti must be minimal with respect
to certain assumptions (to be discussed shortly).

The syntactic well-formedness constraint suggests that
only terms having particular shapes be considered as can-
didates for removal. For example, if the objective is to re-
move dependencies on floating point values and operations
then simply removing all terms denoting floating point val-
ues will yield results that are not syntactically well-formed.
In Figure 1, a number of examples are shown in which such
an approach towards removal leads to syntax errors. These
examples suggest that in order to assure syntactic correct-
ness removals should be performed with respect to larger
term structures such as assignment statements, field decla-
rations and method declarations.

While limiting removal to such terms yields results that
are syntactically well-formed, the goal of producing a se-
mantic refinement places additional constraints on which
terms should be removed. In other words, syntactic well-
formedness alone does not form a sufficient criterion for
the basis of removal. In the second column of Figure 1, two
examples are shown in which removals produce results that

ber of rewrite rules and strategies.



Removals Leading to Syntax Errors Removals Leading to Semantic Errors

int x = (int) 1.0 ; → int x = (int) 1.0 ; int x = 0;
int f(){ double x = 1.0; return (int) x;}

double x; → double x; →
int x = 0;

float foo() {...} → float foo() {...} int f(){ double x = 1.0; return (int) x;}

if (y < 1.0 ) x = 0; → if (y < 1.0 ) x = 0; int ask() {return (int)answer();}
double answer(){return 3.33;}
→
int ask() {return (int)answer();}
double answer(){return 3.33;}

Figure 1. Removal units leading to syntactic/semantic errors

are syntactically correct but which do not satisfy the seman-
tic well-formedness constraint defined by the relation �.

And finally, the minimality constraint requires that a
good-faith attempt be made to retain as much of the orig-
inal code base as possible. Otherwise, an empty code base
could be used to trivially satisfy the constraints 1, 2, and 3.
We address the minimality constraint by removing code at
the level of class members (fields, methods, etc.). Based on
the inspection of several Java libraries, we have found that
code within class members is tightly-coupled, while class
members within a class are loosely-coupled. For example,
removal of a statement within a member will typically inval-
idate the entire member, while removal of a member within
a class will not necessarily invalidate the entire class.

2.2 A Deductive Description of Removal-
based Adaptation

The deductive description presented here is based on a
conceptual model in which there are four term structures
of primary interest: unsupported features (U ), classes (C),
members (M ), and keys (K). Terms corresponding to un-
supported features U describe (at the syntactic level) the pri-
mary set of unsupported features of the target jVM. Terms
corresponding to classes C are list-like structures whose el-
ements are members M . Based on their structural proper-
ties, we partition member terms into two kinds: (1) atomic
members and (2) composite members. The set of atomic
members consists of field declarations, method declarations,
constructor declarations, as well as class blocks (i.e., in-
stance initializers and static initializers). The set of com-
posite members consists of inner class declarations. An ab-
stract syntax defining the syntactic categories of members
is shown in Figure 2.

M ::= x | mb

x ::= inner-classes

mb ::= m | b

m ::= field-declaration
| method-declaration
| constructor-declaration

b ::= instance-initializer
| static-initializer

Figure 2. Syntactic Categories for Class
Members

Our adaptation algorithm treats atomic and compos-
ite members differently. In particular, based on the re-
sults of dependency analysis, an atomic member is ei-
ther removed completely or remains fully intact (e.g., a
field/method/constructor declaration is either in or out). The
decision to subject atomic members to such a removal pol-
icy represents an approximation by our removal algorithm.

In contrast, adaptation selectively removes portions (i.e.,
atomic (sub)members) from classes as well as composite
members occurring as members of classes.

With the exception of class blocks, all atomic member
terms are associated with a key K by which they can be
referenced. In the case of fields, keys denote the fully qual-
ified field identifier. In the case of methods (and construc-
tors), keys denote the fully qualified method (constructor)
identifier and their signature.



class A {
double x = 1.0;
int y;
int z;
{ int x = (int)this. x ; y = x; }
{ z = (int) x ; }

}

Figure 3. References to the member double
x = 1.0

A reference to a member can only occur under certain
environmental conditions (i.e., from within certain scopes).
We write ref-to(m) to denote a function that, when given
an atomic member m, returns the key by which m can be
referenced. The following is a concrete example showing
the relationship between a member m and its key.

m = public native int hashCode();
ref-to(m) = Object.hashCode()

Let t = ref-to(m). We write x�. . . t̂ . . .� to denote an
occurrence of t in an environmental context where t is in-
terpreted as a reference to m. In Figure 3, an example
is given showing a code fragment containing several oc-
currences of x. Occurrences that constitute references to
the atomic member m where m is double x = 1.0 are
highlighted.

Our goal is to develop a transformation that removes a
member term t from a class C when t directly (or indi-
rectly) depends upon a feature that is unsupported on the
target computing platform. It is important to note that this
removal of members from classes is fully extended to inner
classes, but does not extend to inner classes nested within
inner classes. Empirical evidence suggests that nested inner
classes are rare. In such corner cases, a comment is logged
and treatment of the particular case is left to manual adap-
tation.

Removal of terms referencing unsupported features
needs to account for transitive dependencies. To this end,
we define a term set RC that contains the closure of tran-
sitively dependent member terms. Membership in RC

is defined by the set of axioms and rules, presented in
a natural deduction-style syntax, shown in Figure 4. In
the axioms, the terms FpLiteral, Modifier�strictfp�,
BasicType�float�, and BasicType�double� denote
terms corresponding to Java token-level floating point de-
pendencies. The set RC is the smallest set that is closed
under the rules given in Figure 4.

Using the dependency set RC , the removal of members

(Axiom-lit)
FpLiteral ∈ RC

(Axiom-strictfp)
Modifier�strictfp� ∈ RC

(Axiom-float)
BasicType�float� ∈ RC

(Axiom-double)
BasicType�double� ∈ RC

C�. . . m . . .� t ∈ RC m�. . . t̂ . . .�
(T-transitive)

ref-to(m) ∈ RC

Figure 4. Dependency rules for floating point
bytecodes

from a class can be concisely stated by the rules T-adapt1
and T-adapt2.

C�. . . mb . . .� t ∈ RC mb�. . . t̂ . . .�
(T-adapt1)

C�. . . mb . . .� → C�. . . ε . . .�

C�. . . x . . .� t ∈ RC x�. . . t̂ . . .�
(T-adapt2)

x�. . . t̂ . . .� → x�. . . ε . . .�

2.3 An Example

Figure 5 shows an example of removal of floating point
dependencies from the class Cafe. Though the example il-
lustrates just the removal of fields it does highlight the var-
ious kinds of analysis that must be performed. In the exam-
ple, the class instance field innocent has a floating point
dependency and all class members containing references to
this field should be removed. There are three primary anal-
ysis issues that arise:

declaration-before-use Within a given scope, a case that
must be considered is when a “safe” declaration of
the field innocent (i.e., a declaration that is sup-
ported by the jVM) occurs before any use of the
field innocent. In this case, references to the field
innocent occurring in this scope do not constitute
a floating point dependency. An example of this is
shown in the first environment method in Figure
5.

use-before-declaration In this case, a scope is encoun-
tered containing a “safe” declaration of the field
innocent. However, a use of the field innocent



occurs before the declaration. Such a reference con-
stitutes a floating point dependency. An example of
this is shown in the second environment method in
Figure 5.

ref-using-this References to the class instance field
innocent via an expression of the form:
this.innocent. Such references can occur
from within scopes where the integer field innocent
has been re-declared. Nevertheless, the expression
this.innocent constitutes a floating point de-
pendency. An example of this is shown in the Cafe
constructor in Figure 5.

3 Infrastructure

There are a number of language independent transforma-
tion systems that could be considered for implementing the
ideas described in the previous sections. Among these are
Stratego [17], DMS [3], Strafunski [10], CTC [9], Maude
[4], ASF+SDF [16] and HATS [20]. We used the HATS
system to implement the library adaptations described in
this paper.

HATS is an IDE that provides a variety of capabilities
germane to transformation-based software development.
These capabilities include: (1) an engine where transforma-
tion can be performed through the execution of programs
written in a special purpose language called TL [21],[19],
(2) a parser generator having GLR-like capabilities accept-
ing as input extended BNF grammars together with prece-
dence and associativity rules, (3) an abstract pretty printer,
(4) graphical display facilities for viewing the structure of
parse trees, (5) text editors, (6) a display showing various
metrics associated with TL program execution (e.g., num-
ber of rewrites applied, etc.) and (7) some rudimentary trac-
ing capabilities to assist in debugging transformations [22].
A dataflow diagram of HATS is shown in Figure 6.

The classic transformation scenario is to parse a source
program/term, execute analysis and transformations, and
pretty-print (un-parse) the resulting tree back into textual
form. Here, the grammar and pretty-print rules that sup-
port these activities are language-dependent. Transforma-
tion system itself, on the other hand, is usually language-
independent.

One aspect of using meta-programming systems, such as
transformation systems, that oftentimes receives little men-
tion in the literature is the breadth and depth of the effort
needed to create the infrastructure that is necessary in order
to make a given transformation system useable for a partic-
ular problem. In our case, we are interested in creating a
domain in which it is possible to subject Java program to
various kinds of analysis and manipulation. This requires,

class Cafe {

float fabulous = 0xCAFEBABE; //catch me if you can
int innocent = (int) fabulous; // masquerade as int

Cafe(int innocent) {
this.fabulous = 0xDD; // explicit ref to FP field
this.innocent = innocent;

}

int environment(int innocent) { // re-decl in params
innocent = 0xFACADE;
return innocent;

}

int environment() {
int harmless = innocent; // use comes before decl
int innocent = harmless;
return innocent;

}

int order(int choice){
int waitress;
if (choice == 0xC0FFEE) {

int innocent = 0xBABE; // local re-decl
waitress = innocent;

} else {
waitress = innocent; // indirect ref to FP field

}
return waitress;

}

{
// instance initializer (non-static block)
int innocent;
innocent = 0xAA;

}
}

T-migrate−−−−→

class Cafe {
int environment(int innocent) {

// re-decl in params
innocent = 0xFACADE;
return innocent;

}

{
// instance initializer (non-static block)
int innocent;
innocent = 0xAA;

}
}

Figure 5. An example highlighting depen-
dency analysis involved in recognizing a ref-
erence to a field.
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at a minimum, the ability to parse and un-parse (i.e., pretty-
print) Java programs.

In academic settings, the construction of parsers and
un-parsers for small languages is rather straightforward.
In contrast, the construction of a parser and un-parser for
a real-world programming language can require substan-
tial effort. A widely known horror story from the pars-
ing community is the monumental effort needed to con-
struct a parser for C++. It is not uncommon for the BNF
grammar of a real-world language to exceed several hun-
dred productions. When creating BNF grammars on this
scale, the correction of even small typos in the BNF can
require a significant debugging effort. Publicly available
BNF descriptions oftentimes (1) contain minor typos, (2)
make pseudo-implicit assumptions about the treatment of
corner cases, (3) make use of extended-BNF notations, and
(4) make implicit assumptions regarding the capabilities of
the technology that will be used to generate a parser from
the (extended)-BNF. For example, if the parser generator
supports precedence and associativity rules, then a compact
notation can be used to describe arithmetic expressions; oth-
erwise, the precedence and associativity of arithmetic oper-
ations must be made explicit in the grammar.

An example of a corner case involving Java expressions
arises with respect to explicit casting. In Java, the expres-
sion e can be cast to the type A by writing: (A)e. Further-
more, in Java, user-defined types (i.e., classes) are denoted
using identifers. Under these assumptions, unless care is
taken, an expression of the form (id)e will result in an am-
biguous parse. For example, in the expression (x) − y, the
symbol − can be interpreted as the binary operation of sub-
traction. However, this expression could be interpreted dif-

ferently as an explicit cast involving the type x and the ex-
pression −y. Resolving issues such as these result in modi-
fications to the grammar and its associated lexer. Such mod-
ifications increase the need to more thoroughly validate the
resulting parser.

While the grammar of Java well-behaved, constructing
a parser for Java was not without its own challenges. As
a starting point we used the BNF given in The Java Lan-
guage Specification(3rd edition) [7]. In order to make
this BNF operational, we had to resolve several of the is-
sues described in the previous paragraphs. In addition, we
had to modify the BNF so that (most) comments could be
preserved during transformation. The resulting grammar
provides transformation developers explicit control over
chunks of comments belonging to the portions of Java pro-
grams undergoing transformation. As a result, the output of
transformations will contain all comment phrases that were
not removed by the transformations.

Comments are important because they describe the intent
of the source code, the history of changes to the code, and
in some cases formal pre- and post-conditions of the code.
Since the output of transformation for the library adapta-
tion problem is Java source code, instead of some low-level
intermediate code (where comments might be irrelevant),
preservation of comments is extremely desirable. The rea-
son being that post-transformation code inspection is part of
the assurance process, and such inspections benefit greatly
from the presence of comments.

After transformation, adapted source-code level pro-
grams are written to files. In HATS, the formatting per-
formed during this stage is done by a pretty-printer which
is able to format code according to the formatting style for
Java outlined by Sun’s Java Code Conventions [13].

Due to the modifications made to our starting gram-
mar [7], we conducted a test involving parsing and un-
parsing (without any transformations) a batch of source
files consisting of 1061 files in the following frequently
used libraries: java.lang, java.util, java.io,
java.nio, and javax.swing. The result of the test
was that our Java parser was able to parse all of the code
in the libraries. Furthermore, our pretty-printer frequently
produced code in a more conforming format than the origi-
nal source files, which we contribute to the possibility that
some of the code in these libraries was written before the
Code Conventions were adopted. Based on the successful
testing of the grammar and the pretty-printer we concluded
that we had arrived at a properly functioning grammar and
we now had the necessary infrastructure for developing the
transformations needed for adaptation.



4 Results

In this section we report on the results of applying the
library adaptation tool on the utility package of the Java li-
braries – the java.util library (version 1.6.0). The tar-
geted platform is the SCORE processor [11, 18]. We sum-
marize the processor’s restrictions below:

synchronized Multi-threading and mutex features of the
standard JVM is not supported. This feature of the
JVM is tied to the ‘synchronized’ Java source code
keyword. Thus, any mention of the keyword is re-
moved.

floating-point operations Floating-point (FP) arithmetic
is not supported. FP computations arise whenever
float/double variables or methods are declared in the
source code. We remove the declarations and any class
members that reference such declarations.

reflection The reflection features of the standard JVM such
as lookup of the run-time type of an object are not sup-
ported. This feature is related to the Class class and
members of the java.lang.reflect library. We
remove all dependencies on Class and ‘reflect’ mem-
bers.

native Native methods of the libraries are implemented
in platform-dependent manner; such methods are de-
clared in library code and are implemented in non-Java
code. SCORE supports some, but not all, native meth-
ods. We remove dependencies on unsupported native
methods.

The ‘util’ library consists of 96 source files with the aver-
age size of a file around 1000 source lines of code (SLOC).
A source file typically corresponds to one class, however
there are some examples where 2 or more classes are placed
in the same file (e.g. AbstractList). 12 classes were ex-
cluded from transformations because they fell outside of the
operational profile of the SCORE platform: e.g. Timer is a
thread-scheduling class while SCORE is a single-threaded
platform, and JapaneseImperialCalendar is an implementa-
tion of the Japanese imperial calendar system while SCORE
is intended to be used within U.S. system of measures such
as Gregorian calendar.

The tool has been applied on 84 source files, 39 of which
were unaffected by transformations, i.e. they did not con-
tain unsupported features. The results of transformations of
the remaining 45 classes are summarized in Figure 7.

The first two columns in Figure 7 show the original
SLOC and number of class members. The column ‘Auto’

sloc orig auto man end sloc’
AbstCollection 429 16 1 0 15 381
AbstractList 765 22 0 0 22 769
AbstractMap 790 22 0 0 22 785
ArrayDeque 840 49 3 1 45 772
ArrayList 596 30 4 0 26 500
Arrays 4173 161 43 1 117 2788
BitSet 946 47 3 0 44 872
Calendar 2656 160 38 6 116 1619
Collection 423 15 0 1 14 357
Collections 3645 241 17 7 217 2722
Currency 393 36 7 2 27 176
Date 1315 53 45 0 8 216
DupFormFExc 52 5 0 1 4 46
EnumMap 721 66 16 2 48 484
EnumSet 420 28 12 1 15 169
EventObject 60 5 1 0 4 48
Formatter 4389 123 53 0 70 2859
GregorCalendar 2900 82 49 0 33 745
HashMap 1038 58 14 0 44 786
HashSet 296 18 6 0 12 181
Hashtable 1112 50 3 0 47 1015
IdentityHashMap 1216 55 5 0 50 1142
IllFormCPExc 52 5 0 1 4 46
IllFormConvExc 68 7 1 0 6 62
InvPropFormExc 74 4 2 0 2 48
JumboEnumSet 352 21 3 0 18 295
LinkedHashMap 475 24 3 2 19 418
LinkedHashSet 155 5 4 0 1 101
LinkedList 967 52 6 0 46 888
List 569 25 0 1 24 489
Observable 197 12 0 0 12 197
PriorityQueue 721 39 7 0 32 569
Properties 1096 38 18 0 20 395
Random 532 27 19 1 7 51
RegularEnumSet 284 18 3 0 15 234
Set 357 15 0 1 14 289
SimpleTimezone 1679 75 11 0 64 1275
Stack 125 7 0 0 7 17
TimeZone 778 44 21 2 21 283
TreeMap 2417 282 5 6 271 2289
TreeSet 523 36 2 1 33 432
UFormConvExc 52 5 0 1 4 44
UUID 489 28 5 0 23 372
Vector 1015 52 3 0 49 943
XMLUtils 191 14 9 2 3 30
Total 42343 2177 442 40 1695 29199

Figure 7. Transformation results

displays the number of class members removed using the
automation. Due to some limitations described below, some
members had to be manually removed to pass compilation;
the column ‘Man’ lists how many members were removed
manually. The final two columns provide the final number
of members and SLOC.

Our transformation-based approach does not perform se-
mantic evaluation; analysis of dependencies on unsupported
features is based on strictly syntactic matching of calls to
removed members. For example, if method A.foo(int) has
been removed and B.size() is a supported method that re-
turns an integer, a call to A.foo(B.size()) will not match



the filter for A.foo(int). Class members that contain such
dependencies were the main reason why manual post-
transformation removal was necessary.

As an example, consider class Arrays – the largest class
in the ‘util’ library with 161 members in 4173 SLOC.
This class contains various methods for manipulating ar-
rays such as sorting and searching. The 43 removed mem-
bers in this class depended on float/double’s and methods
in the Class class. Among the removed members was
the method deepToString(Object[],StringBuilder,Set) that
returns a StringBuilder representation of a given Object ar-
ray with no duplicate elements. This method was called
from within deepToString(Object[]) with the actual param-
eters (Object[],StringBuilder,HashSet); note that HashSet is
a subclass of Set. Since the formal and actual parameters
did not match syntactically, the calling method was not re-
moved by transformations and had to be removed manually.
The combined auto and manual removals produced 117 re-
maining members in 2788 SLOC.

The task of manual inspection of transformation results
was eased due to the presence of a compiler, which would
report an error whenever transformations had not removed
sufficient number of class members due to the syntactic
limitation described above. The compiler served both as
a helper for tracking the missed dependencies (e.g. source
code line numbers of a missed member) and as an assur-
ance of correctness. Transformations guarantee that direct
dependencies on unsupported features (e.g. ‘float x;’) are
removed. The compiler guarantees that any transitive de-
pendencies on removed members are also removed. The
two tools together provide a full coverage of unsupported
features.

Statistically, transformations removed 442 out of total
482 class members – a 91% coverage of all unsupported
members; on average, less than 1 member per class was
removed manually (40 members in 45 classes). The total
number of members reduced from 2177 to 1695 – 23% re-
duction; SLOC went from 42343 to 29199 – 38% reduction.

Overall, our experience with java.util suggests that
automated transformations provide a significant help. The
manual post-transformation member removal took about
a day, instead of possibly weeks of un-aided manual li-
brary adaptation. The industrial rule-of-thumb, as sug-
gested by Akers et al. [1], states that anything over 75%
adaptation rate using automated techniques produces sig-
nificant cost savings over the manual approach. Using the
transformations-based approach presented here, we have
achieved a 91% adaptation rate.

5 Related and Future Work

Majority of the work on transformation of Java code uti-
lizes behavior-preserving refactoring techniques [14] [2][5].

Refactoring is a transformation that alters structure of exist-
ing code without affecting it’s observable behavior. Refac-
toring can range from simple modifications like format-
ting code with proper indentations to more complex mod-
ifications like converting blocks of code into sub-routines
or methods. Refactoring has been used to customize and
optimize Java code including Java libraries. Sutter et al.
[14] profile libraries and based on their execution speed and
memory footprint create optimized versions of the standard
library classes. Refactoring has also been used to capture
developers’ manual modifications of libraries with the in-
tent of replaying the captured actions on client software that
uses the modified libraries [8].

Recent developments in the use of refactoring to mi-
grate Java code use semantic type information and type con-
straints. Here, the typing rules of Java are captured as type
constraints that have to be satisfied by refactored code. The
impressive work by Tip et al. [15] uses type constraints
to preserve behavior in extraction of interfaces and pull-up
of members into a super-class. Refactoring with type con-
straints has also been used to remove deprecated code [2]
and convert legacy code with downcasts into generic code
that eliminates downcasts [6].

The work presented here differs from other work related
to Java libraries in that we modify the libraries directly in-
stead of the client software that uses the libraries. In addi-
tion, whereas others focus on preserving the API exposed
by the libraries, we reduce the functionality of the libraries
because of restrictions of the target platform. To the best of
our knowledge this has not been done elsewhere. Even Sun
Microsystems does not provide a migrated version of the
standard libraries for use on their Java Card platform [12].

The chief limitation of this work is absence of com-
plete type information; we track strictly syntactical depen-
dencies. Future work entails inclusion of type informa-
tion that can be gathered from superclass-subclass hierar-
chies and class members. Essentially, this involves scan-
ning of class hierarchies in a top-down manner collecting
member type signatures into a set of filters. Then, the
fully scoped semantic dependency on unsupported features
can be precisely calculated eliminating the need for post-
transformation manual revision of code entirely.

6 Conclusion

Library adaptation is an essential part of providing high-
level language support for embedded system programmers.
Libraries such as java.util are evolving artifacts and
periodically new versions of these libraries are released. As
a result, in order to remain current the adaptation of a par-
ticular library must be repeated in response to a new release
of the library. In this paper, we presented a transformation-
based approach for Java library adaptation. The scope of



the adaptation effort is currently limited to the removal of
portions of the library dependent upon features that are un-
supported by a target jVM. Syntactic and semantic well-
formedness constraints influence the shape of terms that are
candidates for removal. In particular, these constraints lead
to a simplifying generalization that limits the scope of re-
moval to a class’ member terms (e.g., fields, methods, con-
structors, inner classes, and class blocks).

Declarative-style rules are given describing the adap-
tation process. The declarative rules T-transitive and T-
migrate have premise conditions that require semantic anal-
ysis (e.g., the recognition of t̂ in a particular context). This
analysis goes beyond syntactic matching capabilities and
can be summarized as a decision procedure for recogniz-
ing references to unsupported elements within a class (e.g.,
floating point dependencies).
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