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Abstract

Modern embedded devices (e.g. PDAs, mobile phones)
are now incorporating Java as a very popular implementa-
tion language in their designs. These new embedded sys-
tems include multiple complex applications (e.g. 3D ren-
dering applications) that are dynamically launched by the
user, which can produce very energy-hungry systems if they
are not properly designed. Therefore, it is crucial for new
embedded systems a better understanding of the interac-
tions between the applications and the garbage collectors
to reduce their energy consumption and to extend their bat-
tery life. In this paper we present a complete study from
an energy viewpoint of the different state-of-the-art garbage
collectors mechanisms (e.g. mark-and-sweep, generational
garbage collectors) for embedded systems. Our results
show that typical optimizations aiming at performance im-
provement for Java-based systems do not necessarily pro-
duce low-power final solutions.

1 Introduction

Currently Java is becoming one of the most popular
choices for embedded/portable environments due to its high
portability. Nevertheless, the great abstraction level pro-
vided by Java creates an additional major problem, which
is the performance degradation of the system due to the in-
clusion of an additional component, i.e. the Java Virtual
Machine or JVM, to interpret the native Java code and to
execute it onto the present architecture.

In recent years, a very important research effort has been
done for Java-based systems in order to improve perfor-
mance up to the level required in new multimedia embed-
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ded devices. This research has been mainly performed in
the JVM. More specifically, it has focused on optimizing
the execution time spent in the automatic object reclama-
tion or Garbage Collector (GC) subsystem, which is one of
the main sources of overall performance degradation of the
system. However, the increasing need for power efficient
systems limits very significantly the use of Java for new
embedded devices since GCs are usually efficient enough
in performance, but very costly in energy and power. Thus,
efficient (from the energy viewpoint) automatic Dynamic
Memory (DM) reclamation mechanisms and methodologies
to de- fine them have to be proposed for a complete
integration of Java in the forthcoming low-power
embedded systems.

In this paper we present a detailed study of the energy
consumed in current state-of-the-art GCs, which is the first
step to design custom energy-aware GCs for actual dynamic
applications (e.g. multimedia) of embedded devices. The
remainder of this paper is organized in the following way. In
Section 2 we summarize some related work. In Section 3 we
describe in detail the experimental setup used to investigate
the energy consumption features of state-of-the-art GCs and
the representative GCs used in our study. In Section 4, we
briefly introduce our case studies and present the experi-
mental results attained. Finally, in Section 5 we draw our
conclusions.

2 Related Work

Nowadays a very wide variety of well-known techniques
for uniprocessor GCs are available in a general-purpose
context [18]. Recent research on GC policies has mainly
focused on performance. The performance of the different
GC strategies in a Java context is exhaustively studied in
Blackburn et al. [15]. Our work extends their research to
the contexts of energy consumption and pause time, where
very little work has been done up today.



Eeckout et al. [11] investigate the microarchitectural im-
plications of several virtual machines including Jikes. In
this work, each virtual machine has a different garbage col-
lector, so their results are not consistent related to mem-
ory management. Similar to this work is the Sweeney et
al. [13] study. They conclude that the garbage collection
increases cache misses for both instruction and data. How-
ever, they do not analyze the impact of different strate-
gies in the total energy consumed in the system as we do.
Farkas et al. [10] evaluate the energy impact of manual ver-
sus automatic memory management strategies in the con-
text of C/ C++ programs. The garbage collector is the
Boehm-Demers-Weiser conservative mark-and-sweep col-
lector. Our study differs from this in that it is focused on
the energy impact of the different automatic memory man-
agement strategies on a Java context.

In addition, Chen et al. [4] describe a technique that trig-
gers the GC frequently without waiting for filling the heap.
This way they can turn off memory banks thus reducing
energy consumption. Nevertheless, they do not study the
influence of their strategy in the performance or the pause
time and their work is limited to the mark-and-sweep al-
gorithm. Also, in [5], Chen et al. propose to compress the
heap to reduce the memory footprint and therefore the mem-
ory restrictions. They use a mark-and-sweep collector, but
their approach is GC strategy independent, so it can be used
in addition to our proposal.

Finally, a large body of research on memory optimiza-
tions and techniques exists for static data in embedded sys-
tems (see e.g. [3, 12] for good tutorial overviews). All these
techniques are complementary to our work and are appli-
cable in the part of the Java code that accesses static data
in the dynamic applications under study. Furthermore, they
are useful as back-end for our approach, once the amount of
dynamic memory used by the system is allocated into mem-
ory banks that can be statically declared and optimized.

3 Experimental Setup

In this section we first describe the whole simulation en-
vironment used to obtain detailed memory access profiling
of the JVM (more specifically of the GCs). It is based on
cycle-accurate simulations of the original Java code of the
applications under study. In the second part of this secion
we briefly summarize the representative set of GCs used in
our experiments.

3.1 Simulation Environment

Our simulation environment is depicted in Figure 1 and
consists of three different parts. First, the detailed simula-
tions of our case studies have been obtained after modifying

significantly the code of Jikes RVM (Research Virtual Ma-
chine) from the Watson Research Center of IBM [6]. Jikes
RVM is a Java virtual machine designed for research. It
is written in Java and the components of the virtual ma-
chine are Java objects [7], which are designed as a modular
system that enables the possibility of modifying extensively
the source code to implement different GC strategies and
custom GCs. We have used version 2.3.2 along with the
recently developed memory manager JIMTk (Java Memory
management Toolkit) [6].

The main modifications performed in Jikes have been
done to integrate in it the Dynamic SimpleScalar framework
(DSS) [18], which is an upgrade of the well known Sim-
pleScalar simulator [2]. DSS allows a complete Java vir-
tual machine simulation by supporting dynamic compila-
tion, threads scheduling and garbage collection. It is based
on the PowerPC ISA and has a fully functional and accurate
cache simulator. We have included a cross-compiler [9] to
be able to port our whole Jikes-DSS system and run it in the
Pentium-based platform available for our experiments in-
stead of the PowerPC traditionally used for DSS. We have
used the option provided by DSS of implementing virtual
devices to allow the simulator and simulated program to
communicate with each other, using the Java Native Inter-
face (JNI) and the Linux function M-ADVISE.

Finally, after the simulation in our Jikes-DSS environ-
ment, energy figures are calculated with an updated ver-
sion of the CACTI model [1], which is a complete en-
ergy/delay/area model for embedded SRAMs that depends
on memory footprint factors (e.g. size, internal structure
or leaks) and factors originated by memory accesses (e.g.
number of accesses or technology node used). One of its
main advantage is that it is scalable to different technol-
ogy nodes. For all our results shown in Section 4, we use
the .13pm technology node. In our energy results for the
SDRAM main memory used we also include static power
(e.g. precharging of a bank, page misses, etc.) values that
have been derived from a power estimation tool of Micron
32Mb/64Mb mobile SDRAM.

3.2 Studied State-of-the-art Garbage Collectors

In this section we briefly describe the studied GCs to
show how they can cover the whole state-of-the-art spec-
trum of choices in current GCs. We refer to [8] and [16]
for a complete overview of garbage collection techniques
and for further details of the specific implementation used
in our experiments with Jikes.

In our study all the collectors are from the categories of
GCs known as Tracing and stop-the-world [18]. We study
the following representative GCs for embedded devices:

- The classic tracing collectors Mark-and-sweep (or MS)
and SemiSpace copying collector (SemiSpace or SS).



Figure 1. Graphical overview of our whole
simulation environment

- Generational Collectors: in this kind of GCs, the heap
is divided in areas according to the antiquity of the data.
The collector can manage the distinct generations with the
same policy or assign to each one different strategies. We
consider in this case two typical examples:

e GenCopy: A generational collector with semispace
copying policy in both nursery and mature generation.

e GenMS: A hybrid generational collector with semis-
pace copying policy in the nursery and mark-and-
sweep strategy in the mature generation. It does not
need to reserve space for objects in the mature space
where the generational hypothesis expects to find a
high surviving rate.

- Copying collector with Mark-and-Sweep (or CopyMS
in our experiments): It is the non-generational version of the
previous one. Objects that survive a collection are managed
with a mark-and-sweep strategy and therefore they are not
moved any more.

4 Case Studies and Experimental Results

We have applied the proposed experimental setup to the
GCs presented in the previous subsection running into the
most representative benchmarks in the suite SPECjvm98
[14] for new embedded devices. These benchmarks
could be launched as dynamic services and extensively use
dynamic data allocation. They are the following:
201 _compress, 202 _jess,- 205_raytrace, -213- javac and
-222- mpegaudio.- -

The results shown in this section were obtained on a Pen-
tium 1l processor at 866 MHz with 1024 MBytes
SDRAM and running GNU/Linux 2.4.

As we said earlier, the collectors in this study are stop-
the-world. This implies that the running application (more
frequently known as mutator in the GCs context) is paused
during the garbage collection to avoid inconsistencies in the
references to dvnamic memorv in the svstem. This pause is
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Figure 2. Energy fgues for traditional GCs for
embedded devices.
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javac with a heap size of 16MB
the main obstacle for applications using GCs to be executed
with real-time requirements.

We have performed two different kind of experiments:
In our first set of experiments we have measured the global
energy consumption for all GCs Figure 2. In this case, the
L1
D-cache and I-cache have sizes of 8 KB each and the main
memory is 16 MB. As these results show, all GCs based on
Generational collectors (i.e. GenMS and GenCopy) achieve
the best energy results compared to more typical GCs im-
plemented in the JVM of real-life Java-based embedded de-
vices (e.g KVM [4]).

Figure 3 shows the results for the most representative
case studies of this set of experiments (i.e. jess and Javac)
since they are the ones that most intensively access memory.
Here we can see that the percentage of energy spend by the

garbage collector increases with the strategies based in
the copying policy, being the biggest percentage in
GenCopy. However, our second set of experiments measure
the effective processing time of an application (mutator)
for atime interval spectrum. The minimum mutator
utilization (MMU) gives us the percentages the JVM is
spending in the collector and the program. This is the
usual way of characterizing the response time of a
collector, that is to say, its capacity for running applications
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Figure 4. Effective processing execution time
percentage for jess and for different GCs.

GCs do not need to make a full heap collection, their MMU
is one order of magnitude better than non-generational col-
lectors. So, we find here a trade-off between energy con-
sumption and pause time.

5 Conclusions

New embedded devices can presently execute complex
dynamic applications (e.g. multimedia). These new com-
plex applications are now including Java as one of the most
popular implementation languages in their designs due to its
high portability. Hence, new Java Virtual Machines (JVM)
should be designed trying to minimize their energy con-
sumption while respecting the soft real-time requirements
of these embedded systems. In this paper we have presented
a complete study from an energy viewpoint of the different
state-of-the-art garbage collectors mechanisms used in cur-
rent JVM (e.g. mark-and-sweep, generational garbage col-
lectors) for embedded systems. We have shown how typi-
cal optimizations aiming at performance for Java-based sys-
tems have to be modified to match the low-power require-
ments of new embedded systems. In the future, we would
explore more in detail the different sizes of L1 caches used
in Java-based systems because our energy results show that
they heavily depend on the application under study.

This shows that it would be convenient to use
generational GCs in embedded devices, contrarily to what is
more usually done nowadays because of the most
traditional belief of the inherent complexity of this kind
of GCs. The main reason for these results is because
since generational GCs group objects with similar
temporal behaviour, temporal locality in the D-caches is
improved. Also, the heap does not get so frequently
fragmented (i.e. Dead objects mixed with alive ones in
memorv) and less aarbaae collec- tions are needed.
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