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Abstract— Modern embedded systems are typically built
using an operating system (OS) (frequently an embedded OS).
As energy consumption has become an important issue in the
design of embedded systems (e.g., mobile computing and wire-
less communication devices), various techniques have been de-
veloped for the design of energy-efficient embedded software.
In OS-driven embedded systems, the OS has a significant im-
pact on the system’s energy consumption directly (energy con-
sumption associated with the execution of the OS functions
and services), as well as indirectly (interaction of the OS with
the application software).

As a first step towards designing energy-efficient OS-based
embedded systems, it is important to develop methodologies
to analyze the energy consumption of the embedded OS. We
present, in this work, an energy simulation framework that
can be used to analyze the energy consumption characteristics
of an embedded system featuring the embedded Linux OS
running on the StrongARM processor.

I. INTRODUCTION

The complexity of embedded system software and the un-
derlying hardware, tight performance and power budgets, and
aggressive time-to-market schedules, usually necessitate the
use of sophisticated run-time software support. In embed-
ded systems where a single processor executes many different
system tasks (each system task may be further divided into
communicating processes), the use of an embedded OS for
run-time execution support is quite common. Investigations
of performance issues related to the use of an OS can be found
in [1-4]. However, on modern microprocessors, where idle or
sleep modes are usually exploited by software, performance
optimization does not necessarily lead to energy optimization.
Not much literature deals with energy consumption issues re-
lated to an embedded OS.

In this paper, we present EMSIM, an energy simulation
framework that enables simulation of an embedded Linux OS
on a typical hardware platform based on the Intel StrongARM
processor. As described in Section III, such a simulation im-
poses special requirements in terms of modeling the function-
alities of the hardware platform.

The remainder of the paper is organized as follows. In the
next section, we present some previous work and highlight our
contributions. Section III presents the design and validation
of our simulator. Section IV concludes.

II. RELATED WORK AND OUR CONTRIBUTIONS

In this section, we discuss related work and highlight our
contributions.
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A. Related Work

Rosenblum et al. [5] presented SimOS, a machine simulator
that simulates the hardware of MIPS-based multiprocessors
in enough detail to boot and run an essentially unmodified
version of Silicon Graphics’ IRIX OS. Energy analysis of a
real-time OS was first performed by Dick et al. [6], who en-
hanced the work of [7] and developed an energy simulation
and analysis framework for 4C/OS-SPARClite based embed-
ded systems. A similar work by Cignetti et al. [8] modeled
the power consumption of the PalmOS™™ family of devices
based on discrete device states and provided an energy simu-
lator based on this power model. Flinn et al. [9] introduced
PowerScope as a hardware instrumentation tool to map en-
ergy consumption to program structures such as processes and
procedures.

B. Paper Contributions

Our work includes the following contributions:

o As Linux gains popularity as a general-purpose OS, its
use in embedded systems is also increasing. We have
modeled the StrongARM microprocessor and the re-
quired peripherals in sufficient detail so as to run Linux
OS starting from system initialization to the spawning
and execution of multiple application processes. This
is significantly different from previous work such as [10]
wherein an OS cannot be executed in their simulator. We
have also included power models for various components
in the modeled system so as to enable energy simulation
of the embedded software (system and application).

e As far as we know, this is the first energy simulation
framework for an embedded system featuring a Stron-
gARM microprocessor and Linux OS. Our energy mod-
eling and accounting methodology can also be easily ap-
plied to other embedded system platforms.

III. DESIGN OF THE SIMULATOR

To enable an OS such as Linux to run in the simulator, we
need to model the various system modules in sufficient detail.
Besides modeling for the core components such as instruc-
tion decoder, pipeline, caches and memory management unit
(MMU), other hardware components essential for the func-
tionality of an OS should also be modeled correctly. In the
case of Linux OS, we need to have timers to set the pace
for task scheduling. We also need to model Universal Asyn-
chronous Receiver Transmitters (UARTS), since Linux can use
one of the serial ports as the console output. Most impor-
tantly, we need to have an interrupt controller to service the
interrupt requests from the timers, UARTSs and the internal
software interrupts.

In the following sub-sections, we discuss various aspects of
the design in detail.
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Fig. 2. Energy analysis framework

A. Basic Features

The hardware structure of the system that we model in our
simulator is shown in Fig. 1. The corresponding simulation
framework is shown in Fig. 2. Shown on the right half of Fig. 2
are the simulation models for all the sub-systems featured in
Fig. 1, whereas the sequence of the steps involved in using
the simulation framework is shown on the left. As shown in
Fig. 2, the simulator includes the following components:

o A simulator for the StrongARM core, consisting of an
instruction-set simulator (ISS), and simulation models
for 16K D-cache and I-cache, and a memory management
unit (MMU).

« Simulation model for an interrupt controller.

o Simulation models for two timers.

« Simulation models for two UARTS conforming to the 8250
series. By default, we direct the transmitter of UARTO0
to the host terminal.

o Simulation model for 32 Mbytes of memory.

We have modeled each component in sufficient detail to
enable a version of Linux OS to execute on it. The Linux
OS that we adapted for the purpose of simulation has the
following features:

o It is arm-linuz version 2.2.2, configured for the EBSA-110

platform.

¢ We have configured the arm-linuz to mount an initial
ramdisk (initrd) as the root filesystem. The user appli-
cation code is pre-installed into the initrd. At the end of
the kernel initialization steps, the user application pro-
gram is loaded from the ramdisk.

« We have also configured the arm-linuz to use UARTO
as the console. Output from the kernel as well as from
the user application can thus be displayed on the host
terminal since the transmitter of UARTO is redirected to

the host terminal.

B. Usage of the Simulator

The flow diagram depicting the usage of the simulator is
also included in Fig. 2. Given the arm-linuz source code,
we generate the arm-linuz object code using a cross-compiler.
In parallel, we also generate the user application object code
from the application source code using the cross-compiler. As
mentioned in the previous sub-section, we need to pre-install
the user application code into the initrd. To do that, we use
an initrd generator. The output of the initrd generator is a
compressed image of the initrd. After that, a linker is used
to link the arm-linuz object code and the compressed initrd
image into a final ROM image.

At the start, the simulator loads the ROM image into the
memory. Notice that the application object code is also loaded
by the simulator, as depicted in the flow diagram. This is
necessary even though the application is already pre-installed
in the initrd because we need the function symbol information
directly from the application code to enable function energy
profiling.

C. Energy Modeling in the Simulator

Simunic et al. [10] have shown that reasonably accurate
(within 5% error) power estimation can be obtained even if
the power models of the constituent components are inferred
directly from the data-sheet information. In our work, we
follow this philosophy for most components of the simulator
except for the processor, for which we have obtained the Stron-
gARM instruction-level energy models from [11]. The energy
consumption of the modeled embedded system in every execu-
tion cycle can be expressed as a sum of the energy contribution
from the following components:

Processor core: The instruction-level energy
models from [11] already include the energy contri-
butions of all parts of the processor core, including
cache, MMU, clock generator, timer, interrupt con-
troller, etc. Following the original methodology de-
scribed in [12], the instruction-level energy models
are applicable when cache hits occur. From the data
provided in [11], the energy consumption of the pro-
cessor core in each core cycle ranges from 1.17 nJ
to 1.68 n.J, depending on the instruction being exe-
cuted. When cache misses occur, additional energy
is consumed as a result of external bus and memory
access. We address this next.

Memory: We assume that our memory part is the
same as that used in the Western Research Lab’s
Itsy pocket computer v1.5 [13]. The energy con-
sumption of the memory part in each bus clock cycle
can be extracted from the data given in [13]. Note
that clock switching [14] is normally enabled by the
arm-linuz kernel, hence the bus clock frequency is
half of the core clock frequency. From [13], we esti-
mate the memory energy consumption for each bus
clock cycle to be 4.70 nJ.

UARTSs: According to [13], the additional power
consumption incurred when UARTSs are enabled is
fairly constant at approximately 44 mW. At a core
clock frequency of 206 M H z, we estimate the energy
consumption of the UART module in each cycle to
be 0.21 nJ.

Other peripherals: Energy models for other pe-
ripherals can be added in the future in the same



manner as for the UART.

Our simulator also supports StrongARM’s idle mode.
When the processor is running the Linux kernel without a
workload, the idle task in the kernel kicks the processor into
tdle mode. From [13], we obtain the idle mode power consump-
tion of the processor chip to be 656 mW for a clock frequency
of 206 M Hz. Hence, the idle mode energy consumption is
0.32 nJ per core cycle.

D. Energy Accounting

Correct accounting for the task and function energy is one
of the challenging parts of the design of our simulation frame-
work. The energy accounting mechanism of our simulator is
task-based. In other words, we keep a separate energy balance
sheet for each task running in the simulator. At the beginning
of the initialization of the kernel, there is only one task, the
tdle-task. The name idle-task might be misleading since this
task does a lot of the hardware initialization before spawning
another task called ¢nit-task. The init-task continues with ker-
nel software initialization, mounts a root filesystem near the
end, and executes the first user-mode program.

The energy balance sheets in the simulator have a one-to-
one correspondence with the tasks running in the simulator.
At the beginning, there is only idle-task. Hence, there is only
one energy balance sheet. When the init-task is created, a
new energy balance sheet is created and the energy value
for the new balance sheet is initialized to zero. Anytime a
context switch occurs, the simulator is able to detect the con-
text switch non-intrusively and attribute the energy consump-
tion of the embedded system to the running task accordingly.
Therefore, at any point in time, the energy value in each en-
ergy balance sheet indicates the energy consumption of the
embedded system due to the corresponding task. The sum of
energy values from all the energy balance sheets equals the
total energy consumption of the embedded system.

Energy profiling for the software functions is more involved.
Basically, we maintain a function energy stack for each task.
The function energy stack in the simulator tracks the function
call stack for the corresponding task. The only additional
information stored in each slot of the function energy stack is
the energy value of the task at the entry of a function. When
the function exits, the current value of the task energy minus
the energy value at the entry is the energy consumption of that
particular function instance. The slot is closed by storing the
energy consumption value in a database.

Since task creation in the Linux OS is always accomplished
by task cloning, the function energy stack is also cloned when
a task is created. However, the entry energy values for all the
slots in the new function energy stack are reset to zero, as
is the energy value of the new energy balance sheet. This is
necessary to avoid double counting.

The simulated program triggers the end of the simulation
by setting the program counter to 0x00000000. Once this
happens, the simulator starts consolidating the function en-
ergy stacks for all the tasks in the simulator. Basically, all the
slots in the function energy stacks are closed and the partial
energy consumptions of the functions are stored in the energy
database. After that, the energy database is stored into a file
for post-processing.

E. Simulator Validation

Validation of our simulator consists of two parts. The first
part validates the functionality of the simulator, while the
second part validates the energy modeling accuracy.
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Fig. 3. Energy measurement setup

E.1 Functionality validation

For functionality validation, we ran a few commonly known
multi-task programs to make sure that the outputs of the sim-
ulations were the same as those obtained from host executions.
The multi-task programs we tried include:

Dining philosopher: This program has five tasks to repre-
sent five philosophers and another five tasks to represent
five forks available. Acquisition of a fork by a philoso-
pher is accomplished through message passing from the
philosopher task to the fork task.

Priority inversion: This program demonstrates the priority
inversion problem inherent in the Linux OS. It consists of
three tasks. It makes calls to the sleep() library function
and also tests the idle-mode of the simulator.

Time-of-flight: The purpose of this program is to measure
the time it takes a message to be transfered across a
message queue. The total time includes the time to make
the call to msgsnd(), the time for the system to transfer
the message, the time for context switch, and finally, the
time for other end to call msgrev().

E.2 Energy modeling accuracy

This validation is targeted at energy modeling accuracy of
the simulator. We ran a few example programs both in the
simulator and on an Itsy evaluation board [15]. The Itsy board
has more components than what we have modeled in the sim-
ulator. However, since the Itsy board also provides a built-in
measurement circuit to allow convenient measurement of the
current going from the 1.5V supply to the StrongARM pro-
cessor chip, we only make comparisons of the processor energy
consumption.

We built an energy measurement setup as illustrated in
Fig. 3. The measurement setup consists of a computer run-
ning National Instrument’s data acquisition software called
Labview, a data acquisition card (DAQ card), and a wire con-
nector box. What we measure directly is the voltage across a
sense resistor R, which is connected in series with the bat-
tery. From the measured voltage V;, the power supplied to
the processor chip is calculated as

Vs(t)
R,

Py(t) = Vaa (1)
where Vyq4 is its supply voltage. At the beginning of each
program, we insert code to set a GPIO pin to HIGH. At the
end of the run of the program, we have code to reset the GPIO
pin to LOW. We use the GPIO signal S(t) as a gating window
for the integration of power Ps(t). The energy consumption
of the program is calculated by

E(t) = / ” S(t)Pa(t)dt (2)



TABLE 1
DESCRIPTIONS OF THE EXAMPLE PROGRAMS USED IN THE VALIDATION

|| Program || Description

ins_sort A program that performs insertion sort on arrays of integers

chksum || A program that performs checksum on arrays of integers

myfrag A program that implements packet fragmentation in the IP protocol stack

mult A program that performs matrix multiplication

brmem | A synthetic program that makes many memory accesses

brsmem || Another synthetic program that makes different memory footprints

edgedet A program that performs edge detection on a series of images

myqsort A program that performs quick sort on arrays of integers
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