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Abstract—While targeting a reduced energy consumption for
the embedded real-time systems community, different techniques
exist and, in this paper, we are interested in Dynamic Voltage and
Frequency Scaling. Quan and Hu propose an algorithm ensuring
an energy-optimal CPU frequency assignment for executing
independent programs on a single-core processor under real-
time constraints. Since its optimality is proposed for CPU variable
frequencies, we propose to add variable frequency assignment for
memory accesses to the problem solved by Quan and Hu. Based
on numerical evaluation of energy consumption of TACLeBench
programs, we study the impact of both CPU and memory accesses
frequencies on the energy consumption but no existing energy
model considers these two factors. Moving back to the existence
of an optimal algorithm to assign both frequencies, one may
propose to find the appropriate pair of CPU-memory accesses
frequencies, but an appropriate energy model is required to
compare two different pairs.

I. MOTIVATION, OUR PROBLEM AND EXISTING RESULTS

Since reducing energy consumption is a major concern
for the embedded real-time systems community, techniques
like Dynamic Voltage and Frequency Scaling (DVFS) [1] and
Dynamic Power Management (DPM) [2] have been developed.
In particular, DVES consists of reducing processor voltage and
frequency to reduce power consumption while meeting timing
constraints. Nonetheless, in the literature this technique mainly
considers the processor frequency (or the CPU frequency) and
not the memory frequency. In this paper, we study the impact
of memory accesses on energy consumption and discuss the
existence of an optimal frequency assignment algorithm for
CPU and memory accesses.

Our problem More precisely, we consider a real-time
system composed of a set 7 of n independent, synchronous,
implicit deadline, periodic tasks {71, 72, , 7} scheduled by
a preemptive fixed-priority scheduling algorithm on a single
COre processor.

Each task 7; is defined by its worst-case execution time
(WCET) C;, and its period T; equal to its deadline. An
execution or instance of a task 7; is called job. The execution
time of the j** instance, i.e. the j'* job, of task 7; is
denoted c¢;. The execution time of a job is not necessarily
equal to the WCET of the task. Since we deal with periodic
tasks, a task releases a job at any instant k *7T;, where k£ € N.

Within the paper, unless stated otherwise, we consider a
fixed-priority algorithm. Without any loss of generality, the
priority assignment is given: the tasks are ordered in the

decreased order of their priorities, i.e., 7; has a higher priority
than 7; if ¢ < j. Tasks are executed on a processor with one
core and one memory storage, each of which has an associated
execution frequency, i.e., new operations are performed at
each new cycle. The processor frequency is denoted as f,
and the memory frequency is denoted as f,,. Moreover, f,
and f,, vary by having discrete values respectively within
the interval [0, f;"**] and [0, f;7**] with f**" maximum
processor frequency and f/'%* maximum memory frequency.
Since an execution time of a task 7; depends on CPU and
memory frequencies, we denote it as clf prom

In this paper, we consider that the hardware features of
the processor are such that we cannot modify the frequency
during the execution of a program to match realistic hardware
components. Thus, within our model of real-time system we
consider that both frequencies, memory and processor are fixed
during the schedule.

Existing work To the best of our knowledge, there is no
result providing a solution of finding an optimal frequency
assignment for both CPU and memory accesses to minimize
energy consumption for the real-time systems considered in
this paper. If one considers only the CPU frequency, then Hong
et al. [3] propose a heuristic scheduler, while Quan and Hu
provide a heuristic [4] and then a speed schedule for a fixed-
priority real-time system, based on the offline algorithm of Yao
et al. [1], that leads to a minimal energy consumption [5].
Moreover, these results consider that the CPU frequency is
modifiable during the execution of tasks. Interestingly, Kim et
al. [6] show that the lowest processor and memory frequencies
do not always imply the lowest energy consumption.

Organization of the paper: We provide a detailed de-
scription of our experimental environment, then we propose a
discussion on obtained energy consumption measures as well
as the identification of future work.

II. DESCRIPTION OF EXPERIMENTAL ENVIRONMENT

We consider a real-time system composed of tasks or
programs of the benchmark TACLeBench [7] executed on a
Raspberry Pi 3 model B+ [8]. This micro-controller has a 64-
bit ARM Cortex-AS53 quad-core processor, whose frequency
should vary from 600 MHz to 1400 MHz. The memory is
an SDRAM. The default minimum and maximum values set
for the memory frequency are respectively 400 MHz and



500 MHz [9]. The operating system used is Raspberry Pi OS,
a Linux operating system based on Debian.

In order to monitor the energy consumption, we use the
power analyser Otii Ace Pro [10] and its associated software,
Otii 3 Desktop App [11].

There are three steps in our experiments. The first one con-
sists of creating several test programs with different quantities
of memory accesses. The second step involves building a
real-time system to study the impact of CPU and memory
access frequency on the energy-consumption and the third
step consists of measuring the energy consumption of our test
programs and our system.

Building test programs We build four test programs. The
first two programs are test programs that are used to control
the impact of memory accesses, and the last two are actual
applications on a realistic benchmark, TACLeBench [7].

The first program, called test_mem, involves allocating a
two dimensional array and doing write accesses on each cell.
These accesses are made in a way to maximise cache misses
and, thus, memory accesses. Indeed, if at the iteration k we
access the cell at the position (7, 7), with ¢ representing the
row number and j the column number, then we access the
cell at the position (¢ + 1, j) at the iteration k£ + 1. The second
program, called test_cpu, consists of looping as many times
as there are cells in the array of the previous test. In this way,
we have two control tests against which to compare energy
consumption results.

The last two consist of executing one application of the
benchmark TACLeBench [7] in a loop, however they differ
with their sensitivity to the CPU frequency. The third program
is statemate, executed in a loop of 100 iterations. It is chosen
among all the TACLeBench tasks, because its execution time
is less sensitive to the CPU frequency. Thus, this program is
performing more memory requests (see Section III.B in [12]).
The fourth program is ammunition. For this task, the execution
time is more sensitive to the CPU frequency and should
have less memory accesses [12]. Contrary to statemate, it is
executed in a loop of 10 iterations due to its larger execution
time.

All these tests are set to the highest priority with the
set_priority function. Moreover, we transmit a message
to the power analyser through the Universal asynchronous
receiver transmitter (UART) protocol [13] at the beginning and
at the end of each test. These messages are used to get precise
timestamps of the beginning and the end of each measure.

Description of the real-time system Last section consider
specific programs in isolation, however our real-time system
is more complex, with several tasks. Therefore, we build a
program called global_system composed of three tasks of
TACLeBench [7] described in Table I : statemate, ndes, and
cjpeg_wrbmp. These tasks are chosen since their execution
times are less sensitive to the processors speed and, therefore,
their number of memory accesses is higher than other tasks
(see Section III.B in [12]).

The experimentation is done in two steps: First, the execu-
tion time of these three tasks are measured at the maximum

TABLE I: Task parameters of the systems

Task i lpT A0 m =500
statemate 1 1.60 ms 9.86 ms
ndes 2 1.61 ms 9.86 ms
cjpeg_wrbmp 3 1.72 ms 9.86 ms

CPU and memory frequencies. Every application is executed
on a single core with the sched_setaffinity function.
To ensure our measures are as reliable as possible each
program is set to the highest priority in the user-space with the
set_priority function. Moreover, we disable, via raspi-
config and config.txt the desktop mode, the camera mod-
ule, Bluetooth, Wi-Fi and interfaces options (Serial Periph-
eral Interface (SPI) [14], Inter-Integrated Circuit (I2C) [15],
Wire [16], Virtual network computing VNC [17], and Remote
General Purpose Input/Output (GPIO)). Each application is
executed 500 times. The execution time is measured with the
perf command. Averages, standard deviations and 99% con-
fidence intervals are then computed [18]. The execution times
are the upper limit of the confidence intervals.

Second, we implement a scheduler [18]. The scheduler
executes 1000 times a loop corresponding to the hyper-period
of the real-time system. At the end of a loop, we check
whether the tasks have been completed on time. If a deadline is
missed, we end the program, thus the result is not considered
in our experimentation. At the beginning and the end of the
scheduler, we transmit a message to the power analyser with
the UART protocol as in the test programs. Applying Quan and
Hu’s speed schedule to our system gives us a single interval
with an associated speed which is the initial speed, thus the
initial frequency, divided by two.

Energy consumption measures We power supply the
power analyser Otii Ace Pro [10] with an adjustable power
adapter. We connect the power analyser to 5V and Ground pins
of the micro-controller Raspberry Pi 3B+ through banana to
jumper wires and to a computer through a USB wire. We also
connect RX and Digital Ground pins of the power analyser
respectively to 7X and Ground pins of the micro-controller
to capture UART logs. We use the software Otii 3 Desktop
App [11] to switch on the power analyser which switches on
the Raspberry Pi 3B+.

Since the micro-controller has a quad-core processor, we
disable three of them to get a single core by setting
maxcpus=1 in /boot/firmware/cmdline.txt.

In order to see how energy consumption evolves and to
figure out a pattern, we measure the energy consumption under
different frequency assignments for CPU and memory. We
call a configuration a pair of CPU frequency and memory
frequency (fp, fm). For each configuration, we measure our
programs 100 times.

The configurations ( fp, fm) We choose for our test programs
test_cpu, test_mem, statemate and ammunition are the ones
with f,, varying from 200 MHz to 1400 MHz in steps of 200
and f,, varying from 200 MHz to 500 MHz in steps of 100.
The ranges chosen for the memory frequency are similar to
the ones used in [12].
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Fig. 1: Power consumption according to memory frequency at
different fixed CPU frequency for test_cpu

For the global_system program, the CPU frequency is set
up to 700 MHz according to Quan and Hu’s algorithm output.
We measure the energy consumption under different memory
frequency assignment; f,, € {200, 300,400, 500, 600}.

CPU frequency is set with arm_freg in
/boot/firmware/config.txt. Since we do not want the frequency
to lower during the execution, we set arm_freq min in
/boot/firmware/config.txt with the same frequency. In the
same way, memory frequency is set with sdram_freq and
sdram_freq min in /boot/firmware/config.txt.

Although, lowering the CPU frequency under 600 MHz
does not results in power savings, we keep configurations
where the CPU frequency is below 600 MHz to observe power
consumption patterns, especially when the memory frequency
is equal to or higher than the CPU frequency. The same goes
for the memory frequency, even if it is not explicitly mentioned
that memory frequencies below 400 MHz are not supported.
In addition, we go above the indicated maximum frequency
of the memory for the global_system program since we can
overclock the SDRAM in order to have an additional power
consumption value.

III. DISCUSSION ON ENERGY CONSUMPTION RESULTS
AND FUTURE WORK

The results obtained are in two CSV files [18] for repro-
ducibility purpose. One is about power consumption results
and the other contains the UART log. A power consumption
is given every 20 microseconds. We compute the average
power consumption of each measures and then we compute the
average power consumption between all measures [18]. To do
that, we consider power consumptions whose timestamps are
included between the timestamps “end* and “begin* given in
the UART log file. Timestamps in the UART log file are given
in milliseconds. It is not the same precision as the timestamps
in the power consumption file but is sufficient for our measures
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Fig. 2: Power consumption according to memory frequency at
different fixed CPU frequency for test_mem
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Fig. 3: Power consumption according to memory frequency at
different fixed CPU frequency for ammunition

since the power consumption does not vary significantly during
one millisecond. In addition, standard deviations, minimum
and maximum are also computed [18].

When we look at the results of our test programs (Figures 1—
4), we first see that the program test_mem is more power
consuming than fest_cpu as expected since test_mem does the
same as fest_cpu but with more memory accesses. Moreover,
ammunition is more power consuming than statemate. The
program ammunition has less memory accesses so the vari-
ations of the power consumption is mainly due to CPU fre-
quencies. Conversely, with statemate, the memory frequency
seems to have more impact than the CPU frequency on the
power consumption. It is consistent with the characteristics of
this task which has more memory requests.

The Rasberry Pi3 model B+ has a supported memory
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Fig. 4: Power consumption according to memory frequency at
different fixed CPU frequency for statemate
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Fig. 5: Power consumption according to memory frequency at
a CPU frequency of 700 MHz for global_system

frequency range of 400MHz to 500MHz [9] (these limits are
represented by the vertical red lines in Figures 1-5). On this
specific interval, one can observe that no matter the CPU
frequency, the power consumption obtained at higher memory
frequency, i.e., f,,, = 500 MHz, is equivalent or lower than the
power consumption obtained at lower memory frequency, i.e.,
fm =400 MHz.

When we consider lower CPU frequencies, the lowest power
consumption is almost every time associated with the highest
memory frequency. We observe that this is never the lowest
memory frequency, nor the one closest to the CPU frequency
that leads to the minimal energy consumption. Most of the
time, the patterns of the power consumption in Figures 1-4
are either decreasing curves, or curves that increase and then

decrease. Based on these results, there is a single memory
frequency (this frequency differs according to the programs
and the CPU frequency) that leads to the highest power
consumption which means that, starting from this frequency,
we can either increase or decrease the memory frequency to
lower the power consumption. Given that lowering the memory
frequency increases the execution time [12], it is better to
increase the memory frequency to lower the total energy con-
sumption. However, sometimes the curves of power consump-
tion decrease, increase and then decrease again. Moreover, the
power consumption decreases with the CPU frequency until
the minimum default value which is f, = 600 MHz as expected
since lowering the CPU does not results in power savings [9].

As for the power consumption of the considered real-time
system, we observe that the behaviour of the power consump-
tion differs from the one of the test programs. Indeed, we
can see in Figure 5 the power consumption is increasing with
the memory frequency. If we link this result to the analysis
done in the previous paragraph, it could mean we should
increase the memory frequency to get the memory frequency
leading to the highest power consumption. Notwithstanding,
the power consumption is increasing very slowly. The lowest
power consumption in this case is obtained when the memory
frequency is set to 200 MHz and equals 2.60 W. The highest
power consumption is obtained when the memory frequency
is set to 600 MHz and its value is 2.64 W. Although both
power consumptions are very close, we can get a lower
power consumption. Therefore, there is a gain of 1.5% in
power consumption when exploiting the impact of memory
frequency.

Yet, in terms of gain in power consumption the highest we
get are with statemate at f,, = 400 MHz with a reduce rate of
7.4% or with test_cpu at f, = 400 MHz with a reduce rate
of 8%. Indeed, with statemate we get a power consumption
of 2.69 W at f,,, = 200 MHz and 2.49 W at f,, = 500 MHz.
For test_cpu, the power consumption equals 2.62 W at f,,, =
200 MHz and then decreases to 2.41 W at f,, = 500 MHz.
However, fest_cpu is not supposed to have a lot of memory
accesses.

Nevertheless, the measures show huge variations of power
consumption, in spite of the pattern of the power consumption
for each program. Indeed, the power consumption varies from
1.8 W to 4 W. Even when the CPU is idle, the power
consumption varies around the same values.

Our discussion indicates that an energy model considering
both CPU and memory accesses frequency is not straightfor-
ward. Moving back to the existence of an optimal algorithm
to assign both frequencies, one may propose an exhaustive
search algorithm by considering all possible pairs of CPU-
memory accesses frequencies in order to identify the one with
the lowest energy consumption. Nevertheless, an appropriate
energy model is required to compare two different pairs within
this exhaustive search algorithm. In conclusion, we identify as
future work the proposition of an appropriate energy model as
mandatory condition towards the proposition of an optimal
algorithm.
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