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Abstract

Real-time garbage collection is essential if object-oriented lan-
guages (in particular, Java) are to become predictable enough
for real-time embedded systems. Although techniques for hard
real-time garbage collection exist, they are based on estima-
tions of the maximum amount of referenced (live) memory.
Such estimations may be difficult to derive manually for com-
plex programs.

We present techniques for predicting the maximum amount
of live memory in object-oriented languages with inheritance
and virtual methods. Annotations are used to bound recur-
sively defined data structures. The annotations may also be
used for timing analysis of code traversing annotated struc-
tures.

A prototype live memory analysis tool has been developed.
The tool interactively provides predictions of the maximum
amount of live memory referenced from an arbitrary reference
or block in an object-oriented program.



38 LIVE MEMORY ANALYSIS FOR GARBAGE COLLECTION IN EMBEDDED SYSTEMS

1 Introduction

Object-oriented programming (OOP) and Java are currently attracting
substantial research interest in the embedded systems community. Al-
though OOP is well established in other areas of software development,
some obstacles remain for OOP to become predictable enough for hard
real-time systems.

One such obstacle is the garbage collection (GC) employed in Java and
other languages. The worst-case GC overhead in execution time must
be bounded and known in order to guarantee that the system will fulfill
its timing requirements. Still, the worst case should be as close to the
average case as possible to allow good hardware utilization in a system
scheduled using fixed-priority scheduling.

As shown by Henriksson [10], GC can be used in a hard real-time sys-
tem by integrating GC with task scheduling. However, that scheduling
requires certain information about the program, in particular, the max-
imum amount of memory possibly used by it. The worst-case execution
time of the garbage collection task depends on the worst-case memory
consumption.

We use the term live memory to denote the memory actually referenced
by a program, i.e. the memory occupied by objects the program can use.
In this paper, we present techniques for predicting the maximum amount
of live memory in programs written in a type-safe object-oriented lan-
guage such as Java. We also show how this live memory analysis relates
to and interacts with timing analysis and traditional semantic analysis.
The developed techniques have been implemented in a prototype envi-
ronment allowing the user to interactively monitor predictions of memory
consumption and execution time of a program during development.

1.1 Related Work

A number of efforts exist to adapt Java for use in real-time embedded sys-
tems, both by Sun Microsystems [6] and others [19]. Real-time garbage
collection is fundamental to real-time Java. However, Henriksson’s sche-
duling-based technique [10] requires information about the maximum
amount of live memory for task scheduling. Nilsen’s hardware-assisted
technique [17] requires similar metrics, which must somehow be deter-
mined during system configuration.

Analysis of pointers and references is done in a variety of contexts.
Alias analysis [13, 14] determines whether pointers possibly (or, in some
cases, definitely) point to the same location and is used to decide which op-
timizations can be made during compilation. Shape analysis techniques
[11, 23] determine the shape of data structures by analyzing the code.
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Such analyses can provide conservative classifications of structures into
a few broad classes (such as trees, directed acyclic graphs, or generally
cyclic structures), but cannot be used to bound the sizes of these struc-
tures.

A related area is that of conflict analysis in parallelizing compilers. In
the approach taken by Hendren et. al. [9], data structures are annotated
with brief information about their shape, facilitating a relatively accurate
conflict analysis.

None of the techniques above attempt to bound the amount of live
memory possible in a program. Alias analysis and shape analysis tech-
niques may provide partial information to a live memory analysis, but
in general the information is not sufficient to determine the maximum
amount of live memory.

As will be shown, our work is related to worst-case execution time
(WCET) analysis [12, 15, 20, 24]. The present work is primarily related
to source code level analyses [1, 5, 18].

1.2 Paper Outline

In Section 2 we present our approach and introduce some concepts and
terms, followed by the live memory analysis algorithm in Section 3. Sec-
tion 4 presents our prototype environment, including a brief overview of
the kind of information the environment provides to the user. We discuss
the applicability of the presented techniques in Section 5, where we also
show the relation to real-time garbage collection. In Section 6 we present
our conclusions and directions for future work, such as integration with
other analyses.

2 Terminology and General Approach

In general, it is difficult (in practice impossible) to statically predict the
exact behavior of garbage collection due to variations in input data. If
such predictions were possible, we would be able to replace the garbage
collection with properly placed deallocations altogether.

However, the garbage collector handles more information than we are
interested in here; for example, we are not concerned with the specific
identities of objects that may be referenced during run-time. We focus
our work on determining an upper bound on the amount of live memory
that can possibly exist in a given program at any time. This is a simpler
problem than predicting the actual garbage collection in the general case.

To handle recursive data structures, our approach employs annota-
tions on data structure declarations to aid the analysis. Such annotations
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indicate, for instance, the maximum length of a linked list or the maxi-
mum depth of a binary tree. In general, these annotations indicate the
longest possible sequence of linked objects in the annotated data struc-
ture. Note, however, that several such bounded data structures of the
same type may exist simultaneously.

Although such annotations are probably overly restrictive in general,
they are quite reasonable in real-time software for embedded systems.
The amount of live memory affects the garbage collection overhead and
thus we need an upper bound. In addition, dedicated embedded systems
are typically designed for a specific task and are equipped with a suitable
amount of memory for that task. (Virtual memory is generally not used in
these systems due to the high costs for the infrequent page misses.) These
memory limitations must be known and considered throughout develop-
ment. Thus, the annotations represent information that should already
be known to the programmer.

2.1 Type System Assumptions

Throughout this paper, we assume a Java-like object-oriented type sys-
tem. Dynamic memory is allocated by creating objects. Every object is
an instance of a class. A class contains declarations of data (scalar vari-
ables, such as ints and booleans), references (referencing objects, or being
null-valued), and methods. Subclasses may introduce additional data, ref-
erences, and methods. A class may provide alternative implementations
of methods inherited from its superclass.

Every reference is qualified by a class. We call this class the static
qualification of the reference. The type system guarantees every refer-
ence to either have the null value, or reference an instance of its static
qualification (or a subclass of it).

2.2 Bounding Recursive Data Structures

Aslong as inheritance and recursive data structures are avoided, the max-
imum amount of live memory can be conservatively (although rather pes-
simistically) estimated by assuming all references to refer to unique ob-
jects. However, the following three circumstances complicate the problem:

e Recursive data structures. Without additional information, it is im-
possible to determine the number of elements in a general recursive
data structure, and thus the amount of memory occupied by it.

e Unnecessary pessimism due to aliasing. The assumption that all
references reference unique objects is generally not true; references
may be used for traversing data structures (similar to loop induction



TERMINOLOGY AND GENERAL APPROACH 41

variables) or to otherwise simplify data structure traversals (such
as the back reference in a double linked list). Such references are
redundant from a live memory analysis point of view.

e Inheritance and method dispatching as used in object-oriented lan-
guages. Inheritance implies that a reference with static qualification
¢ also may refer to objects of subclasses of c¢. Since objects of these
subclasses may contain more data and references than those of their
superclass, the amount of live memory may be affected.

Memory is referenced from activation records for procedures and
methods. Consequently, we also need to consider method dispatch-
ing in our live memory analysis. This will be treated in Section 3.4.

2.3 Classification of References

To cope with recursive data structures, we need class declarations to be
annotated with a maximum traversal length. Consider, for instance, a
linked list. An annotation may be associated with the list element class
and denote the maximum length of a linked list. We call a recursively
defined class with such an annotation a bounded class and a reference to
such a class a bounded reference.

Using the simple declarations in Figure 1 as an example, we divide
references into four categories:

Entry: a reference to some sort of 'root’ in the data structure, such as the
first element of a linked list, the root node of a tree, or the first node
in a directed acyclic graph (DAG). The first reference in Figure 1 is
an entry in this sense.

Link: a reference introducing recursion into a class, such as the next ref-
erence in the example.

Redundant: a reference that always refers to data referenced by other
non-redundant references, thus not referencing any additional live
memory. Such redundant references are used, for example, as ’cur-
rent’ references while iterating through data structures, or to enable
traversals in different directions (as the pred reference in Figure 1).

Simple: a reference to a non-recursively defined class.

To minimize the specification work for the programmer, we would like
to automatically classify references into one of these categories. We em-
ploy a conservative classification scheme which may be complemented by
annotations. References to recursively defined classes are either entries
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class List {
Element first;

¥

class Element {
int data;
Element next;
Element pred;

Figure 1 A simple recursive data structure: a doubly linked list.

or links: references within the declaration cycle are links, and references
outside the cycle are entries. References to non-recursively defined classes
are automatically classified as simple. Annotations are used to declare
that a reference is redundant.

An interesting extension is to use additional analyses to assist the
programmer in annotating the program. Such analyses may be used both
to verify whether the annotations are consistent with the remaining pro-
gram, and to refine the automatic default annotations (e.g. to detect re-
dundant references). We address this topic further in Section 6.1.1.

The Element class in Figure 1 is recursively defined and can thus not
be analyzed without additional information. The class further contains
two recursive references. However, knowing that the class is in fact a
doubly linked list, the programmer can immediately deduce that the pred
reference is redundant.

The doubly linked list is given in its annotated form in Figure 2. This
representation includes information about the maximum possible length
of a list, as well as the usage of the list (the pred reference is redundant).
The path-bound annotation indicates the longest possible sequence of ob-
jects in the recursive data structure, which in this case corresponds to the
maximum length of a list.

Note that without the redundancy information, the data structure
above would be indistinguishable from a binary tree of depth 50. Such
a tree may contain up to 2°0 — 1 ~ 1.12 - 10*® elements rather than the
50 in a list. A live memory analysis without the redundancy information
would clearly be exceedingly pessimistic.
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class List {
Element first;

¥

class Element /*$ path-bound 50 */ {
int data;
Element next;
Element pred; /*$ redundant */

Figure 2 The doubly linked list in annotated form.

3 Live Memory Analysis

The maximum amount of live memory depends on the execution point.
Memory can be referenced from not only references within the current
activation record, but also from all activation records throughout the call
chain, from the current record to the outermost scope of the program. To
handle this chain of activation records, the prediction of the maximum
amount of live memory is performed in two steps:

1. Predicting the maximum amount of memory referenced by a given
reference variable.

2. Predicting the maximum amount of memory referenced from a block,
possibly via a set of method activation records.

We start with a basic algorithm in Section 3.1. Although this algo-
rithm is unable to deal with some data structures, it serves as an in-
troduction to the more general algorithm in Section 3.2. In Section 3.3,
we present a further generalization to accommodate inheritance, and in
Section 3.4, we present techniques for predicting the amount of memory
referenced from a block.

The algorithms are given in a form suitable for implementation us-
ing attribute grammars in, for instance, a compiler-compiler environment.
We outline an environment based on such an implementation in Section 4.
However, a number of other implementation schemes are possible.

3.1 Basic Algorithm

The idea of our basic live memory analysis algorithm is to recursively
compute the size (in bytes) of the maximum set of objects in the bounded
data structure. The function R(p, ¢,n) recursively computes the maximum
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amount of memory referenced from the reference p. The two additional
parameters, ¢ and n, are used to convey information between recursive
calls regarding the analyzed recursive data structure. The currently tra-
versed bounded class is ¢. The integer n represents the remaining depth
to analyze, i.e., the number of times a link to ¢ yet can be traversed.

The algorithm is initially called with the parameters (p, NO_CLASS, 0),
meaning that no bounded class is initially traversed.

R(p,c,n) = sizeoffry) + Z R'(q,c,n)
g€refs(cp)

In this equation we denote the static qualification of a reference p by
¢p, the size of an object of class ¢ by sizeof(r), and the set of references
declared in class ¢ by refsgc). We thus compute the maximum amount of
memory referenced from p as the sum of the size of the referenced object!
and the sum of the memory referenced by references in c,.

For non-recursive data structures, the function R’ is identical to R,
intuitively computing the maximum amount referenced memory. To cope
with recursive data structures, however, R’ is defined as follows:

,

0 g redundant (i)
R(q,cq,Btcy)) gentry A ¢ =NO_CLASS (i)
R(g,e,n—1) glink Ac=cg An>0 (iii)

R'(q,c,n) =< 0 glink ANec=¢;, An=0 (iv)
R(q,c,m) g simple (v)
— Error — c#cy N c#NO_CLASS  (vi)

A (g entry V g link)

\

Case (1) handles redundant references, which do not contribute to the
maximum amount of live memory. Case (ii) occurs when an entry is en-
countered; the reference is traversed as usual, but the c and n parameters
are set to the class ¢, and its bound Bfc,). Case (iii) occurs on traversals
of a link in the data structure; again, the reference is traversed, but the
n parameter is decreased. Case (iv) is the base case, which occurs when
a link has been traversed the number of times the class bound specifies.
Case (v) represents traversals of other (non-recursive) unbounded classes.
The final case, (vi), occurs when a reference to a bounded class (entry or
link) is encountered while traversing a another bounded class. Since the
two parameters of the function can only represent the traversal of one
bounded class at a time, the algorithm fails in this case.

This algorithm can be used to analyze several common data structures,
such as linked lists and trees. However, it prohibits the use of two or more

!We assume a compacting real-time GC algorithm, as in [10]. This implies that no
fragmentation overhead between objects needs to be accounted for.
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different bounded classes in the same data structure, such as a bounded
binary tree with a bounded linked list in each node. If such data struc-
tures are to be analyzed, we must be able to perform an analysis even
when multiple bounds are interleaved, rather than signaling an error as
is done above. The following general algorithm is designed to analyze
such interleaved bounds.

3.2 General Algorithm

For the general form of the algorithm, we use a bound set S consisting of
tuples of the form (c,n). Each such tuple indicates that the longest possi-
ble remaining sequence of ¢ references is n. We have thus generalized the
second and third parameter of the basic algorithm to a set of such pairs.
(Note, however, that any particular class ¢ occurs in at most one tuple in
S;i.e., Sis a mapping from classes to integers.) This generalization allows
us to analyze data structures with multiple cooperating bounds.

As a shorthand, we introduce two infix binary operators. The first is
called the insert operator, is written S @ ¢, and adds the tuple (¢, B(c)) to
S. If ¢ is already associated with some integer in S, that association is
removed. The operator is defined as

S@C:{ (S —{{c,a)) U{{e, B(c))} Fa:(ca)eS
SU{{c,B(c))} otherwise

where — is the relative complement operator and U is the union oper-
ator.

The second operator is called the decrease operator, is written S@c, and
decreases the integer associated with a class ¢ in S by one. It is defined
only if S contains the tuple (¢, n) for some n:

Soc=(S—{{c,n)}) U{{c,n —1)}

We then generalize the R function as follows:

R(p,S) = sizeof(c,) + Z R'(q,S)

g€refs(cp)
0 g redundant (i)
R(q,S ®cq) qentry (i)
R'(q,59) = R(q,S@cq) qlink A 3a>0: (cq,a) €S (iii)
0 g link A (cg,0) € S (iv)
R(q,S) g simple (v)

The five cases in this version of the R’ function correspond directly
to the first five cases of the previous version. However, there is no sixth
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error case; interleaved traversals of multiple bounded classes are accom-
modated by case (ii).

3.3 Inheritance in Object-Oriented Languages

The inheritance mechanism in object-oriented languages is not accounted
for in the algorithms just presented. A reference declared to reference
objects of class ¢ can point to not only ¢ objects, but also to objects of
subclasses of c¢. Subclasses may add data to the object layout, causing
objects of subclasses of ¢ to be larger than ¢ objects. The analysis above is
thus optimistic in presence of inheritance.

We now describe the extensions necessary for the general algorithm
to give safe predictions of referenced memory when inheritance is used.
These extensions are based on the following two observations:

e Subclasses may introduce additional data or references. A reference
declared to reference objects of class ¢ can reference objects of sub-
classes of c. The function R(p, S) must thus compute the maximum
amount of referenced memory from an object of class ¢, or any of its
subclasses.

e Superclasses may introduce bounds. Every instance of a class can
be considered to be an instance of any of its superclasses. When
traversing a bounded class ¢, it is not sufficient to test the static
qualification of an encountered reference p for exact equality with
c; if the static qualification of p is a subclass of ¢, it must still be
considered to point to a part of the bounded data structure. That
is, bounds should be inherited. (Bounds must not be redefined by
subclasses, however.)

With these observations in mind, the extensions to the general algo-
rithm are straight-forward. Using the notation ¢, < ¢, (¢, > ¢,) to indicate
that ¢, is equal to or a subclass (superclass) of ¢,, the algorithm looks as
follows:

R(p, §) = max (Sizeoftc) +Y R'(q, S))

g€refs(c)

In this equation, we assume refs¢c) to include references declared in ¢
as well as in superclasses of c.

0 g redundant (i)
R(q,S ®cq) gqentry (ii)
R'(q,S) =4 R(q,;S©cq) qlink A e cga>0:¢c,a) €S (iii)
0 glink A 3c>c¢y:6c,0) €S (iv)

R(q, S) g simple )
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Again, the five cases in this algorithm correspond directly to those in
the previous algorithms.

3.4 References from Entire Blocks and Activation Records

When extending the techniques above to bound the memory referenced
from an entire block (compound statement, procedure body etc), the ef-
fects of references from activation records throughout the call chain must
be taken into account. Bearing this in mind, we estimate the maximum
amount of memory referenced from a block as

Rblock(b) = ( Z R(d)> +< max Rstmt(3)>

deb.decls seb.stmts

where Rsimi(s) is the maximum amount of memory referenced during
the execution of statement s, b.decls is the set of reference declarations in
b, and b.stmts is the set of statements in b. For procedure calls, R (s) is
computed from the procedure body using the same equation as above; for
other statements, Rgyn(s) = 0.

Virtual methods require special consideration. Since the executed
code is not determined until run-time, R,:(s) must equal the maximum
amount of live memory referenced from any implementation of the called
method.

These considerations can be summarized as

Ryjock (s-decl.block), s procedure call
Ryt (s) = dEimIIr)llz(i;.(decl) Ryiock(d.block), s method call
0, otherwise

where impl(s) denotes the set of implementations of the method s and
s.decl.block denotes the body of the called procedure or method.

Recursive procedures and methods require special care, since the num-
ber of recursive calls somehow must be bounded. This requirement is
common in real-time systems; for the worst-case execution time to be
bounded, the depth of recursive calls must also be bounded. Such bounds
may either be given in explicit annotations from the programmer, or de-
termined by special analyses such as the one presented in the following
subsection.

3.5 Relation to Timing Analysis and Semantic Analysis

As mentioned in Section 1, live memory analysis can provide input to
the scheduling of garbage collection in real-time systems. In addition,
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the following three analyses (amongst others) are applicable for real-time
systems:

e name analysis, that is, the mapping of occurrences of identifiers to
declarations,

e type analysis, and

e worst-case execution time (WCET) analysis.

Although the area of WCET analysis is specific to real-time systems,
the former two analyses are performed during compilation of programs
in all high-level languages. Live memory analysis can be performed in
isolation for many programs, but much can be gained from integration
with these other analyses, both in terms of higher accuracy and lower
complexity.

The algorithms presented in this section all use information that can
be obtained from name analysis. The algorithms for bounding referenced
memory in Sections 3.1, 3.2, and 3.3 all require information about the lay-
out of referenced objects. Such a mapping from reference declarations to
classes is typically computed during name analysis. Similarly, the equa-
tions in Section 3.4 require information about procedure/method declara-
tions at the call site, which is also determined during name analysis.

In addition to this name analysis information, the algorithm in Sec-
tion 3.3 requires information about inheritance relationships between
classes. These relationships are typically determined during type ana-
lysis.

The result of the same algorithm also depends on the depth of recur-

sive calls. Determining an upper bound for that depth is a task for the
WCET analysis.

The WCET analysis can benefit from an integration with live memory
analysis. An important subproblem in WCET analysis is to determine up-
per bounds for the number of iterations in loops. Although such bounds
are difficult to compute in general, they can in some important special
cases be derived from the data structure annotations presented in Sec-
tion 2.3. A general discussion of bounding loop iterations and recursive
calls using data structure annotations is beyond the scope of this paper,
but we outline some interesting points of contact with the present work.

One important use of loops is to traverse data structures. Such traver-
sals often follow a generic pattern:
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int traverselist(List 1) {
Element e = 1.first;
while (e !'= null) {

e = e.next;

}

If the list is null-terminated (which may be indicated by an annota-
tion, say /*$ null-terminated */), and the list is not modified during the
iteration, we can conclude that the while loop will not iterate more times
than the bound annotation of the Element class specifies.

Similarly, a common use of recursion is to traverse data structures.
Consider the following method (assumed to be declared in the Element
class):

Element find(int data) {
if (data == this.data)
return this;
else if (next != null)
return next.find(data);
else
return null;

¥

The depth of the recursive call next.find(data) is bounded by the
bound of the Element class. Again, we require the data structure to be
null-terminated.

4 The Environment

We have implemented prototype analyses of memory allocation and exe-
cution time for a simple object-oriented language in APPLAB (APPlica-
tion language LABoratory), an environment originally designed for inter-
active development of domain-specific languages [2, 3]. APPLAB inte-
grates structure-oriented editing with semantic analysis and code gener-
ation and is based on reference attributed grammars [8], an extended at-
tribute grammar formalism. The language our tool operates on supports
advanced object-oriented language concepts such as classes and inheri-
tance.

Separate attribute grammar modules hold specifications of live mem-
ory analysis, WCET analysis, type analysis, name analysis, and code gen-
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&= picojava < Release 1.4.1 Rev 383 =
R BBSTRACT o Type dnalysis e List (source code)l

<* CONCRETE o Name #nalysis class List {
Ny Element first;
o DDSL; O WCET dnalysis

int sum() {
Element e; /*§ redundant */
int s

&

O Live Memory Analysis

addto Block
1 syn block3ize: integer
(¥ Activation record size *);
ey blocksize :=
a_Decls.tot¥arSize; : 1
ey R = :
. a_Decls.R + a_Stnts.R I class Element /*$ path-bound 25, null-terminated */ {
¥ : int data;
: Element next;

addto Decls : .
: Element pred; /*% redundant */
{ syn totvarSize: integer : P $

syn Ri integer
eq totvarsize :=

first; e = null; e = e.next)
s = + e.data;

return

W

[

A0 85 = (0| $5 + son.varSize);
eq R :=

AC 85 = (0 | $5 + son.R)

b
| |

Figure 3 Example live memory analysis. The window labelled R shows
the maximum amount of memory referenced from the first reference. In
addition, the loopBound window shows the maximum number of iterations
in the for loop.

eration. In Figure 3 a screendump is given, showing excerpts of an ex-
ample program as well as the memory analysis module. The screendump
also shows sample predictions of memory consumption and loop iteration
bounds. Such predictions can be interactively viewed while the program
is being edited.

The tool uses data structure annotations as presented in Section 2.3.
These annotations are expressed as special ’tagged’ comments and thus
pose no problem to a traditional compiler, but our tool can parse them and
use the information therein.

The live memory analysis currently implemented is based on a subset
of the algorithms presented in Section 3. The environment provides pre-
dictions of the amount of memory referenced from an arbitrary reference
or block. The WCET analysis is based on the timing schema approach [20]
and provides timing information in terms of source code constructs to the
programmer during development.

The live memory analysis utilizes information from name analysis,
type analysis, and data structure annotations. The WCET analysis uses
information from name analysis, code annotations, and data structure an-
notations. The implementations of the different modules are separated,
however; for example, the complexity of name analysis for object-oriented
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languages is not reflected in either the live memory analysis or the WCET
analysis.

5 Discussion

The algorithms presented in Section 3 are applicable for live memory ana-
lysis of data structures with increasing degree of complexity. The basic
algorithm in Section 3.1 is the least complex to implement and has no
analysis-time memory requirements beyond function call administration.
It cannot analyze data structures where two or more bounds are com-
bined (such as a DAG with a bounded list of edges in each node, as well
as a path bound for nodes themselves). However, it can be used as-is for
large classes of common data structures, such as lists and trees. If a DAG
is implemented with an array of edges (rather than a bounded list) in each
node, the basic algorithm can be used for that data structure as well.

The general algorithm in Section 3.2 handles data structures with in-
terleaved bounds, like the DAG just mentioned. This generality brings a
slightly higher analysis-time cost since the set of traversed bounds must
be maintained. However, we expect the size of the bound set to rarely
become larger than three or four elements.

An extension of the general algorithm to provide safe approximations
in the presence of inheritance was presented in Section 3.3. This exten-
sion may also be adapted to the basic version of the algorithm without
difficulty.

As outlined in Section 3.5, bounds for loop iterations and recursion
depth can in some common important cases be derived from data struc-
ture annotations. This saves work on the programmer’s part, since no
additional annotations need to be associated with traversal loops. Since
the size of a data structure is a property of the data structure rather than
the code using it, we also consider these annotations to be more intuitive
than code annotations.

The presented techniques are primarily intended to be used off-line
during system development to determine scheduling parameters. How-
ever, if dynamic class loading is to be employed (as is possible in Java),
a live memory analysis must be performed on-line whenever a class is
loaded to determine whether the garbage collection can still be scheduled.
Some of the presented algorithms also require global information, such
as the subclasses of a particular class or implementations of a particular
method. If that information is not available at compile time (for example,
due to restrictive separate compilation), the live memory analysis may be
performed on-line at class loading time.

We have based our analyses on explicit annotations associated with
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data structure declarations, similar to the annotations used by Hendren
et. al. for parallelizing compilers [9]. In practice, however, it is desirable
to associate bounds with uses of (i.e. references to) data structures. Such
an extension would allow the existence of data structures of the same type
but with different bounds in a program. This extension is outside the
scope of this paper; however, it does not affect the presented algorithms,
only the form of the annotations.

5.1 Real-Time Garbage Collection — an Application for Live
Memory Analysis

As mentioned in Section 1, an important application for live memory ana-
lysis is to obtain metrics for scheduling real-time garbage collection. In
the remainder of this section we give a brief overview of the approach
developed by Henriksson for his thesis [10].

In this approach, the tasks of a real-time system are divided into two
groups: high-priority (HP) tasks and low-priority (LP) tasks. (The ex-
act priorities of tasks are not important here, as long as all HP tasks
have higher priorities than all LP ones.) An additional garbage collection
process, with priority between the LP and the HP tasks, is scheduled to
guarantee that initialized (i.e. zeroed) memory is always available for the
HP tasks when they require it. The LP tasks, on the other hand, perform
initialization and garbage collection work along with object allocations
within their own contexts.

The garbage collection algorithm used is a variant of Brooks’ algorithm
[4], which is a compacting algorithm. The garbage collection work W that
must have been performed at any given time can be expressed as

W > Wmam

-A
o S_Ema:c_MHP

where A is the amount of new objects (allocated within the current
garbage collection cycle). W, denotes the worst-case amount of work to
perform during a garbage collection cycle and depends on the maximum
amount of live memory. For the purposes of this overview, W and W4,
can be considered to be measured in seconds. In addition, S denotes the
amount of available memory?, E,,,, denotes the maximum amount of live
memory, and My p denotes the amount of memory that is pre-initialized
to be directly available to HP tasks. (Mgyp depends on the worst-case
allocation rate of HP tasks, which we do not deal with in this paper.)

*More precisely, S denotes the size of tospace as used in Brooks’ algorithm [4].
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6 Conclusions

We have presented techniques for determining an upper bound on the
amount of live memory possible in a task. Such bounds are necessary
for predictable garbage collection in embedded systems. The live mem-
ory analysis algorithms compute conservative estimations which may be
tightened by annotations representing programmer knowledge.

We base our approach on annotations associated with data structure
declarations. These annotations allow us to analyze recursive data struc-
tures in a type-safe object-oriented language such as Java. Care is taken
to accomodate object-oriented language concepts such as inheritance and
virtual methods.

We have outlined how the WCET analysis can benefit from the anno-
tations as well. An important and common use of loops and recursive calls
is to traverse data structures, and the presented data structure annota-
tions can in many cases be used to compute bounds for loop iterations and
recursion depths. We claim this approach to save the programmer from
unnecessary repetitive code annotations.

Although our prototype tool operates on a simple fictive language, it
shows how data structures in a type-safe object-oriented language like
Java may be conveniently annotated and automatically analyzed.

6.1 Future Work

We are working on extending our tool to handle the Java language and
further investigate the interplay between live memory analysis, WCET
analysis, and semantic analysis. As mentioned in Section 5, it would be
advantageous to associate bounds with uses of data structures rather than
declarations. Such an extension allows data structures of the same type
but with different bounds to co-exist. We would also like annotations
to reference other annotations. For instance, annotations for complex
traversing loops (which cannot be analyzed using the techniques outlined
in Section 3.5) may reference annotations for the traversed data struc-
ture. Similarly, iterator objects (as used in the Java libraries) may exploit
this information.

As mentioned in Section 5.1, Henriksson’s real-time garbage collector
requires some more information than a live memory analysis can provide,
such as the worst-case allocation rate of high-priority processes. We plan
to investigate an approach analogous to the timing schema [20] for this
purpose.
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6.1.1 Combination with Other Analyses

The presented live memory analysis can be complemented by a number
of other analyses. In Section 3.3 a reference with static qualification ¢
was assumed to possibly reference an object of class ¢ or any subclass of
c. A points-to analysis [21] can provide more detailed information about
which objects a given reference actually can refer to, excluding a number
of impossible cases. Similar analyses can be used to determine which
implementations of a virtual method can be called from a given call site
[22], thus improving on the pessimistic assumptions in Section 3.4.

The redundancy annotations presented in Section 2.3 would probably
benefit from a complementing alias analysis. Such an analysis can pro-
vide redundancy information automatically in some cases. However, since
such an analysis must be conservative, we believe explicit programmer
annotations to be useful where an alias analysis may be unable to give a
sufficiently exact result. The redundancy annotation in the doubly linked
list example in Section 2.3 may be difficult to determine by an alias ana-
lysis, but significantly influences the live memory analysis. In such cases,
an alias analysis may be used to verify explicit annotations by attempting
to find contradictions between annotations and uses of references.

Although alias analysis may be used to verify some annotations, com-
plete static verification is not possible in the general case. (As in all veri-
fication work, we can ultimately only find faults, not prove their absence.)
A reasonable approach would be to use various run-time checks during
development, and disable those checks in the final product in a fashion
similar to contracts [16].
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