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Closed-Loop System to Guarantee Battery Lifetime
for Mobile Video Applications

Angel M. Groba", Pedro J. Lobo"”, and Miguel Chavarrias

Abstract—The pervasive utilization of mobile technology for
an increasing number of utilities and applications enhances the
importance of the battery-energy optimization. Among those
applications, the ones related to digital video are very popular.
When using this type of applications, users may want to ensure
a certain battery lifetime in order to complete the viewing of
a given video content. This paper presents the design of a closed-
loop control system that, from the user-desired battery lifetime,
regulates the battery discharge rate in order to meet the user
expectations regardless of the real-time dynamic power variations
of the video decoding activity. The system is validated first by
simulation and then by real tests, since it has been implemented
in the operating system (OS) of a commercial development board.
A simple proportional controller is able to limit the system error
to an equivalent difference of only 0.4 s between the target and
the achieved lifetimes, with very little computational overhead.
Besides, its OS-based implementation makes it transparent to the
user-level applications. Some tests show how the system is able to
achieve the same lifetimes as the ones achieved with a couple of
Linux-based governors, but with the determinism that the user
target lifetime sets from the beginning of each test. Moreover, fur-
ther tests show that the deterministic lifetimes can be extended
up to 12% and 4% beyond those two governors, respectively.

Index Terms—Battery-lifetime guarantee, dynamic-power reg-
ulation, dynamic voltage and frequency scaling (DVFS), mobile
video.

I. INTRODUCTION

NCOURAGED by the expected increase in the number
E of 5G subscriptions, the possibilities of new and already
available mobile services will skyrocket in next years [1]. All
these services, with evident energy needs, have to be kept
working by means of the batteries included into the mobile
terminals, which are wanted to be lightweight and manage-
able as well as to have a long time of autonomy. Since the
quick development of mobile-systems capabilities is followed
by a not so quick development of the capacity/volume ratio
of the batteries [2], much effort is put into the power-aware
design of systems and applications, as outlined in Section II.

For the particular case of mobile video applications, with
viewing times and resolutions that grow day by day [1],
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general power-saving strategies may not be enough and
some other specific power-aware algorithms are needed. For
instance, one clear expectation of the mobile-video consumers
is that the available battery energy can be managed to last, at
least, until the video-content viewing is completed. Sometimes
this is considered by users even more important than the qual-
ity which the video is viewed with. It can be motivated by the
finite and known duration of the video content (e.g., a sporting
match or a series episode) or the finite and known duration of
the entertainment time interval that is wanted to be covered
(e.g., a ride on public transport).

The work presented in this paper proposes a closed-loop
control system to fulfil that expectation, i.e., to make the bat-
tery last for a certain desired period of time during which
the mobile terminal is decoding video. What the system does
is to regulate the battery discharge rate according to a cer-
tain reference (set-point or input signal) in the form of which
the battery state of charge (SoC) should be at every instant.
This reference is linearly decreased in real time to achieve the
user expectation, which will have been set at a given moment,
either at the start or during the video decoding, in the form
of the desired (target) battery lifetime. As it will be explained
later in more detail, the system feedback signal is the real
battery SoC, such that, depending on the difference between
it and the reference one, i.e., the system error, the controller
calculates a suitable action signal to adapt automatically the
power consumption of the video decoder. This is implemented
through the common infrastructure of dynamic voltage and
frequency scaling (DVES), which selects one of the available
operating performance points (OPP), i.e., a voltage-frequency
pair. This description can be better understood by observing
the block diagram depicted in Fig. 1. The disturbance arrow
represents the uncontrolled and unavoidable variations of the
decoder power consumption, which are due to workload varia-
tions inherent to the decoding activity. Indeed, this fact is just
what justifies the usefulness of the closed-loop proposal, given
that such a control system is expected to be robust against
disturbances. Finally, it is worth mentioning that the system is
proposed to be implemented within the operating system (OS)
of the mobile platform, so that user-level video applications
do not need to be aware of this infrastructure. Anyway, video-
decoding applications are usually provided with a certain
capability to adjust their performance to system restrictions
by, for instance, dropping frames or lowering resolution.

The work has covered model, design, simulation, imple-
mentation and experimentation phases, which are described in
the paper with the following structure. Section II summarizes
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Fig. 1. Block diagram of the proposed system.

other related works; Section III raises the system model and,
based on it, presents the controller design; Section IV high-
lights the relevant features of the test bench used to test
the proposal; Section V outlines the simulation model used
to carry out preliminary tests and advances some promis-
ing results; Section VI presents results from the implemented
system and compares them to a couple of general Linux-
based power-saving approaches; finally Section VII includes
a conclusion.

II. RELATED WORK

The growing demand for energy and the problems associ-
ated with its production and consumption make it necessary
to invest and research in methods that minimize the negative
impact of this fact. Indeed, there is a general sustainabil-
ity need that affects many technological fields. With respect
to electronic computing systems, apart from the general
energy-saving constraints, when dealing with battery-operated
devices, an additional issue appears which is the battery
lifetime or the time between battery recharges, which users
want to prolong as much as possible. Thus, a great num-
ber of references can be found in this research area, from
general approaches [3] to specific high-energy-consumption
applications [4] or low-energy-consumption applications for
mobile devices [5].

Dealing with this latter application field of mobile com-
puting, there are many approaches that, addressing different
aspects of the systems, try to save battery energy. For example,
Wei et al. [6], [7] proposed and implemented a system-level
energy-aware task-scheduling algorithm for battery-limited
mobile systems. Or with respect to mobile video applications,
Jeong et al. [8] and Sidaty et al. [9] applied low-level video-
specific techniques to reduce the energy consumption of the
decoding task.

As in the work presented in this paper, there are approaches
like [9] and [10] which use the DVFS mechanism as a means
to influence the power consumption of video decoders. Both
of them are based on models of the expected decoding com-
plexity to decide the minimum needed OPP, the former in
a video-segment basis using scalable video coding and the
latter in a video-frame basis using MPEG metadata. Besides,
the latter compares its results to the Ondemand Linux gov-
ernor. Indeed, the classic dynamic cpufreq Linux governors,
i.e., Conservative [11] and Ondemand [12], are other exam-
ples of DVFS-based energy-saving algorithms. In particular,

they are closed-loop approaches in which the feedback signal
is an estimation of the processor workload, while the action
variable is set through the DVFS OPP. Following different con-
trol strategies, more aggressive in the Ondemand case than in
the Conservative one, but nonlinear and based on hysteretic
cycles in both cases, these governors tend to decrease the
OPP as much as possible, reducing then the dynamic power
consumption.

Other previous works in which closed-loop systems are
used to manage some system parameters that influence the
power consumption can be highlighted. Le and Wang [13]
proposed a feedback-based model to achieve power reduc-
tion when scheduling I/O tasks in battery-operated systems
and taking into account quality-of-service constraints. Another
couple of feedback-based proposals are [14] and [15], which
use DVFS techniques to adapt the power consumption of
multiprocessor (MP) systems in a two-level strategy, first,
assigning workload-based references to the processors and,
second, controlling the utilization of each processor according
to the assigned references. In similar terms, Garg et al. [16]
applied DVFS-based closed-loop techniques to optimize the
energy consumption of a video encoder in MP architectures
by regulating the status of some relevant system queues.

With respect to video-decoding applications, Tang et al. [17]
proposed a closed-loop system to control the power consump-
tion of a video decoder in a consumer-electronics mobile
platform based on power-estimation feedback [18], thus avoid-
ing the need of a power-consumption sensor. The system
acted on the DVFS mechanism of the processor to adjust the
power consumption to the set-point input in real time, regard-
less of the power demand of the video decoder. This control
system was later enhanced with a power-aware governor [19],
which used the closed-loop system feedback itself to esti-
mate the energy consumed and decide in real time a suitable
set point for the control system. Several set-point profiles
were tested in order to evaluate their energy-saving capa-
bilities. Furthermore, since some kind of tradeoff can be
established between dynamic power consumption and qual-
ity of experience in video decoders, Groba et al. [20] adapted
the previously proposed power-consumption control system to
a new application in which the controlled (and feedback) vari-
able was the decoder slack time while maintaining the DVFS
mechanism as the action variable. Here the control system
decided the OPP to keep the decoder slack time close to the
desired (set point) slack time, regardless of the real-time com-
putational needs of the decoder. Setting low set-point slack
times, the processor worked close to the minimum required
performance thus lowering the dynamic power consumption.

The references outlined above are examples of the great
effort put in the necessary general aim of optimizing the energy
consumption of different applications in different platforms
and for different optimization criteria. However, as mentioned
above, for the specific case of battery-powered systems, users
may have sometimes the particular need of ensuring a cer-
tain battery lifetime to complete some task, even sacrificing
features that in other situations can be considered essential.
Obviously, there is not so much research work in this con-
crete issue. The work of Cho et al. [21] can be mentioned
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as an example in which a scheduling scheme is proposed to
guarantee battery lifetime for a set of selected applications
in a multitasking environment. Apart from other monitoring
approaches which estimate the remaining lifetime depending
on previous consumption data [22], the novelty of the system
proposed in this paper lies in the fact that it allows mobile-
video consumers to specify a desired lifetime for all or part of
the remaining battery energy at a given moment from which
a certain multimedia content is going to be processed. From
this premise, the proposed closed-loop control system regu-
lates the battery discharge rate acting on the decoder power
consumption according to the real-time battery SoC feedback
in order to achieve the user requirement.

III. METHOD AND MODEL

As previously anticipated, the proposed control system is
intended to allow video users to set a target lifetime (TL) for
a certain percentage of the remaining battery energy at a given
moment, which could be the 100% by default. That portion of
the battery energy that is wanted to be consumed during TL
will hereinafter be referred to as C, since it will be measured in
terms of battery charge (in mAh). Hence, without having a pri-
ori knowledge about what the power needs of the decoder will
be throughout time, a linear discharge pattern is considered,
with a rate of C/TL mAbh/s. Therefore, a closed-loop system is
proposed to control this discharge rate regardless of the real-
time power demands of the decoder. In a first approach, for the
sake of simplicity, the system design will be based on a linear
model. In a further approach, the main nonlinear issues will
be considered in a simulation phase (see Section V) in order
to check how they affect the designed system.

A. Process Model

Taking into account the good behavior achieved in other
previous closed-loop proposals [17], [20], the same DVFS-
based action signal is going to be used here in order to act on
the decoder performance. As in those previous approaches, the
control period T will be set to a value low enough to ensure
a valid monitoring process, but high enough to avoid unneces-
sary overload. In current DVFS-capable systems [23], this last
premise implies that after a change in the OPP, the new system
condition (power consumption) is already stable when the next
control instant comes (after 7 s). Thus, as in [17] and [20],
a simplified Z-transform-based linear model of the decoder
power-consumption dynamics can be the one shown in (1),
where G(z) represents the one-period delay between the power
consumption dictated by the DVFS action A(z) and its actual
effect on the decoder power consumption P(z)

Pz 1
G = —=—. 1
64) A0 "z (D
However, unlike in the aforementioned closed-loop

approaches, where power consumption [17] or slack time [20]
were the controlled variables used as system feedback, this
new proposal aims to control the battery SoC throughout time,
and then, this will be the feedback variable. To do so, and
knowing that the DVFS-based action affects the power con-
sumption of the decoder, an estimation of the battery SoC at
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Fig. 2. Graphical description of the process model.

a time ¢, in hours, can be obtained with (2) from a simplified
battery model:

t
SOC(t):C—/ i(r)-dr:C—/
0 0

where i(7) is the instantaneous current intensity draining the
battery at an instant ¢+ = t, in mA; p(¢) is the instantaneous
power consumption, in mW; v(¢#) is the instantaneous supply
voltage, in V; and being ¢ = 0 the initial instant in which the
user launches the controlling task.

Nevertheless, since the implementation of that estimation
will run periodically (every T s) within the control system,
a discretized version of (2) is needed. Approximating the
supply voltage to a constant value V, the Z transform of
a discretized version of (2) is

t
PO rmAh, @)
(1)

K-z
SoC(z) =C — —1P(z) mAh, 3)
7 —
where K; is an integration factor with the following expression
o T h @)
"T3600-V V'

The mathematical model of the process can be described
graphically as in Fig. 2.

Understanding C as a constant offset in (2) and (3) and
starting from (1), a Z transfer function can be used to model
the process dynamics (PD) as the quotient between the Z
transforms of SoC and DVFS action

SoC(z) K; mAh

PD@ = AR z—1mW’

)

B. Controller Design

1) Accuracy Focus: From the first-order pole in z = 1 that
appears in (5), it is clear that the process dynamics within
a closed-loop system would make it to behave as a type-1
control system with respect to the steady-state accuracy. This
implies that such a control system, in a linear approach, would
have no steady-state error for constant set points. However,
since the proposed system will control the battery SoC and
it is not realistic that the battery SoC can be kept constant
during video decoding, no constant set points can be applied
to the control system. In fact, as explained above, the set point
should mark a constant rate of battery discharge, i.e., it should
be a ramp-function reference with a slope R as follows

C mAh
TL s

A type-1 control system has non-null steady-state error for
a ramp-function reference input (eg), which can be calculated

R =

(6)
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as in (7) for the expression of R in (6):
R-T Cc-T
=— m
K, TL - K,
where K, is the ramp-error constant [24] of the system. The

following expression shows the calculation of K, for the
process dynamics defined in (5):

Ky =lim(z — DIF(2) - PD@)] = — im[F (o) - Ki]. ~ (8)

Essr =

Ah, 7)

F(z) in (8) is representing the Z transfer function of the
controller, understood as the system block that calculates the
action values from the system error ones, as its position in
the block diagram of Fig. 3 indicates. If a low enough value
is admitted for ey, then a proportional (P) controller can be
initially considered, due to the clear advantage of its simplic-
ity. Indeed, the transfer function of this type of controllers is
simply a gain (Kp), like this:

F(z) = 4@ _ Kpﬂ,

E(2) mAh

where E(z) is the Z transform of the error sequence, i.e.,

E(z) = R(z) — SoC(z), which is the difference between the

reference and feedback values, as depicted in Fig. 3. Since

the steady-state value of E(z) for a ramp-function input is cal-

culated with (7), if (9) and (4) are applied to (8), and (8) is

applied to (7), the value of ey, for a P controller is

c-T 3600-C-V
TL-Kp-K;  TL-Kp

From (10), it is clear that eg,p is constant, which implies
that the controlled battery SoC is a ramp function of time,
parallel to the reference ramp but at a constant distance equal
to esrp. This distance in magnitude has a time counterpart
in the sense that the really achieved battery lifetime (AL)
will be different from TL. Indeed, AL can be calculated from
(6) and (10) as

€))

mAh.

(10)

EssrP =

EssrP

3600 - V
AL:TL+T=TL——S.

X» (1)

It is worth noting a couple of issues that turn out from (11).
On one hand, the difference between TL and AL does not
depend on TL, in fact, it is a constant so that the relative dif-
ference decreases as TL increases. On the other hand, given
that the gain Kp has to be negative in order to neutralize the
minus sign of PD(z) [see (5)] and thus ensure negative feed-
back in the closed loop represented in Fig. 3, AL will always
be longer than TL. This is a point in favor of the P controller,
although at the cost of lowering performance. In any case, as
verified in next simulation- and empirical-results sections, the
value of eg-p, and the corresponding extension of AL beyond
TL or the performance lowering are practically negligible for
the value of Kp to be chosen.

2) Stability Focus: Although the aim of the proposed con-
trol system has more to do with the steady state in the sense
that, at the end, a certain TL is wanted to be reached, other
more transient-related issues cannot be neglected when design-
ing the controller. In fact, Kp is really calculated based on
them and then checked in terms of the steady-state accuracy
achieved with it. The calculation can be addressed from the
system-stability point of view in a twofold way. Firstly, the
absolute stability of the closed-loop system has to be ensured.
For example, as said above, the controller gain has to be neg-
ative in order to ensure negative system feedback. Secondly,
a suitable relative stability should be fixed such that the system
response is not too slow in reaching the steady state, but
neither too fast in order to avoid potential frequent oscillations.

Although systematic techniques could be applied, for a sim-
plified first-order model such as the one proposed above, it
is easier and more flexible to fix directly the system pole in
the right place. Thus, to meet the premises stated above, the
system pole should be placed in an intermediate point between
0 and 1 in the Z plane. Trying to promote a bit the response
smoothness over the shortening of transient duration, a value
of 0.75 (closer to 1 than to 0) is proposed for the system
pole, which, in turn, enables the calculation of the needed con-
troller gain. Indeed, the pole is the solution of the characteristic
equation of the system represented in Fig. 3, i.e.,

Kp - Ki
I4+F@ PD@=1-——=0=z-1-Kp K =0.

12)

Therefore, from (12) and (4), the needed Kp is
_075—-1 900V mW

Kp = - . 13
F K; T  mAh (13)

IV. IMPLEMENTATION DETAILS

The control system proposed in the previous section needs
to be validated. In this paper, it is not only done by simulation
but also by implementation in a real multimedia system. For
this purpose, the ideal linear model considered in Section III
has to be particularized and completed with specific details of
the real system in which it is going to be implemented. It con-
sists of a commercial development board with a LinuxOS in
which the control system has been integrated. Besides, a video
decoder is executed in the board processor to decode some test
video clip, thus consuming energy from the battery. A brief
description of these parts is given below.

A. Development Board

It is a commercial one that has been chosen for its simplicity
and low cost in order to be close to the consumer-electronics
market and to minimize the implementation variables of the
proposed linear model. Thus, although it has an assistant DSP
and other coprocessors, only its single-core main processor
with its PoP memory (256-MB NAND and 256-MB SDRAM)
have been used to implement and test the system. The DVFS
infrastructure has been configured and is accessed through the
cpufreq Linux driver (Linux 3.8.0 kernel) to put the CPU to
work in one of 27 available OPPs, ranging from 125 MHz at
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0.98 V (OPP1) to 720 MHz at 1.31 V (OPP27). This will be
the action interface of the proposed control system.

With respect to the feedback interface of the control system,
not having a direct signal of power consumption or bat-
tery SoC in the development board, an alternative solution
is proposed for this limitation. It consists on estimating the
power consumption during video decoding and calculating the
battery SoC with (2), or its equivalent discrete Z-transform ver-
sion (3), from the estimated power. For the power-consumption
estimation, an estimator based on counts of some events rel-
evant for the power consumption of video decoders [25], and
obtained from the processor PMCs (Performance Monitoring
Counters) [18], has been used due to its good behavior in
previous implementations [17], [26]. The estimator is first
tuned offline against actual current measurements of the board,
with all its unnecessary modules switched off in order to
ensure that the bulk of the current is due to the decoding activ-
ity. The real-time power-consumption samples are obtained by
multiplying the board current estimations by the board supply-
voltage value. In this respect, it is worth saying that, for the
sake of experiment convenience, the board is not really battery
operated but supplied with a 5 V ac/dc power adapter. This
means that V=5 V.

The whole control system, including the power estima-
tor and the SoC calculator, is implemented as an addi-
tional cpufreq governor, which is activated when a video
decoding activity is launched. The benefit of this option
is twofold: the cpufreq DVFS interface is easily accessible
and the user multimedia tasks can be run transparently to
the underlying control system. As in other previous related
implementations [17], [19], the execution period of the system
is fixed in 7 = 100 ms by taking into account the related
remarks in Section III, i.e., it is long enough for G(z) to
be valid but short enough as to keep good track of the
battery-discharge process.

B. Testing-Purpose Video Decoder

Since the proposed control system is intended for regu-
lating the battery discharge during video decoding activity,
a user-level video decoder has to be executed while the OS-
level control system is being tested. Given the medium/low
performance features of the selected board, an MPEG4-
Part2 decoder [27] has been chosen. On the other hand, the
video clips to be decoded have been taken among standard
conformance ones [28]. Particularly, in order to ease the anal-
ysis of the control-system behavior, specific video sequences
have been constructed by concatenating in series a couple
of those clips with very different characteristics. One of
them, “mat001.m4v”, contains frames with little movement
or change, whereas the other, “mat000.m4v”, contains much
more movement or change from frame to frame. Moreover,
both clips are decoded according to two different frame rates,
i.e., 25 and 30 frames/s (fps). The reason for that is that the
control system has to be immune to the variations in the
power demands of the decoder and hence, for testing pur-
poses, the power demand of the decoder is made to vary by
swapping the video clip and the required frame rate. In fact,
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Fig. 4. Average decoder power consumption in each OPP. (a) Default case.
(b) Increase (disturbance) with respect to the default case.

considering the decoding of “mat001” clip at 25 frames/s as
the default case, its corresponding average power consump-
tion for each OPP is represented in Fig. 4(a), whereas the
average power increase in the rest of cases with respect to
the default one is represented in Fig. 4(b). From the control-
system point of view, these power increases are considered
as disturbances over the default situation. Therefore, as intro-
duced above, a test video-sequence has been constructed by
alternating a couple of video clips every 50 s in this way:
first, the default-case one and, second, a disturbance-case one,
as represented in Fig. 5. In order to modulate the amount of
disturbance applied to the system, a duty-cycle parameter has
been defined as the percentage of time during which the system
is being disturbed. Thus, as represented in Fig. 5 with shaded
intervals, disturbance duty cycles of 30%, 50% and 70% have
been considered.

It is worth saying that the video decoder takes the encoded
frames from the test video sequence stored in the SD card of
the board and that the decoded frames are simply dropped, i.e.,
no display task is implemented because the target application
is the video decoder. Besides, some performance measure-
ments have been taken which confirm that the video decoder
is able to work in real time in all cases, except when trying to
decode the “mat000” video clip in OPP1. For the purpose of
this work, these are considered valid conditions for the exper-
iments, and, anyway, the system could be further enhanced
by adding some performance controller, like the one proposed
in [20].

V. SIMULATION TEST

As mentioned above, previous to the real implementation
and test of the proposed system, some simulation experiments
have been carried out to confirm the validity of the general
system design presented in Section III for the particular details
of the target platform presented in Section IV.
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A. Simulation Model

A commercial dynamic-system simulator has been used,
such that it enables the graphic development of block dia-
grams and the mathematical definition of each block. Hence,
the general block diagram of Fig. 3, with the particular
detail of Fig. 2, has been defined into the simulator, along
with the design details explained in Section III and the
implementation details described in Section IV. Thus, for
example, the controller is defined, from (13), as a gain
Kp = —4.50 - 10* mW/mAh, whereas the integration factor
is defined, from (4), as K; = 5.56- 107° h/V. Besides, it is
assumed that C = 15 mAh for all the experiments carried out,
a small value to shorten them. Moreover, as it can be seen in
Fig. 6, three new blocks have been added to the simulation
model:

1) OPP-quantizer block: The output of the controller rep-

resents the power, in mW, that should correspond to the
needed OPP. However, since the relationship between
power and OPP is not linear [see Fig. 4(a)], a quantiza-
tion function is inserted in order to simulate the 27-level
DVES interface.
Disturbance block: Tt allows to inject into the power-
consumption signal the variations implied by the differ-
ent video decoding conditions, according to Fig. 4(b)
and depending on the time patterns defined in Fig. 5.
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Fig. 7. Excerpt of system error in simulation, without disturbances, for the
three considered target lifetimes.

3) Estimation-noise block: Since the simulator works based
on the average values represented in Fig. 4, this block
injects into the power-consumption signal noisy varia-
tions similar to those that, at the sample-rate basis, can
be observed in a real system, either with power mea-
surements or with PMC-based power estimations, as in
this case. The noise has been defined as a normally-
distributed random signal with null mean and 15 mW

of variance.

B. Simulation Results

Some simulations have been done in order to test the system
under different circumstances, such as various target lifetimes,
with and without disturbances. The results achieved confirm,
apart from the necessary stability of the system, that the dis-
turbances have little effect on the system time response, which
proves the robustness of the system. This is true as long as the
system is not saturated during long (unrecoverable) periods of
time, because, obviously, there are some physical limits that
cannot be exceeded. For example, for the proposed value of C,
i.e., 15 mAh, the system could not guarantee average battery
lifetimes longer than 352 s, which can be obtained from (2)
for a constant power consumption of 767 mW [the minimum
from Fig. 4(a)] and with a constant voltage supply of 5 V. Any
attempt to use the system to prolong that battery lifetime, or
even shorter as long as power disturbances appear, will fail
due to system saturation.

For the reasons that will be indicated in next section, three
specific values of TL have been considered for the experi-
ments, i.e., TL; = 341 s, TL, 334 s and TL3 = 329 s,
all of them shorter than the aforementioned upper bound of
352 s. For these values of TL and using (10), the theoretical
steady-state error can be calculated as eg,py = —17.6 LA,
essrp2 = —18.0 WA and e p3 = —18.2 wWAh, which are con-
sidered low enough values. These calculations seem to match
well the average simulation results, without disturbances, as
it can be seen in Fig. 7 from ¢+ = 100 s to + = 200 s as an
example time interval.
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Fig. 8. Lifetime detail in simulation, without disturbances. (a) TL;. (b) TL,.
(c) TL3.

As explained above, due to the system error, the correspond-
ing achieved lifetimes are slightly longer than the target ones.
In particular, from (11), they have the following theoretical
values: AL; = 341.4 s, ALy, = 334.4 s and AL3z = 329.4 s, as
confirmed by the non-disturbed simulation results detailed in
Fig. 8. It is worth noting that, although from the short period
of time represented in Fig. 8 the battery SoC should appear
with discrete steps every 100 ms, a graphic plot command
has been used such that the discrete values are joined with
a continuous dashed line. As expected, AL is always 0.4 s
longer than TL, which leads to relative differences of about
only 0.12% for the three considered TL values. This is con-
sidered a good enough result as to avoid the need for further
research in the application of other more complex controllers
that would increase the system overhead.

The simulation tests show, then, promising results, which
are confirmed in real experiments, as follows, even in com-
parison with other related approaches.

VI. EMPIRICAL RESULTS

The proposed system has been implemented in a commer-
cial development platform, as outlined in Section IV, with the
aim of confirming the preliminary good results obtained from
the simulation tests and assessing the relative advantages of
the proposal. Thus, when trying to choose realistic values of
TL for the tests, the battery lifetimes reached with some exist-
ing energy-saving DVFS-based algorithms have been taken as
such. In this way, it is supposed that if the proposed system is
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Fig. 9. Power consumption, and battery SoC and lifetime estimated for the
Linux Conservative governor during the decoding of the test video sequence
with different disturbance duty cycles. (a) 30%. (b) 50%. (c) 70%.

able to achieve such TL values, it proves not only the valid-
ity of the system to regulate the battery discharge but also its
capacity to reach battery lifetimes in the range achieved by
energy-saving algorithms, and with a clear advantage of the
former over the latter: the proposed system is deterministic,
in the sense that users can know in advance which the fore-
seeable battery lifetime is going to be, whereas this cannot be
known with conventional energy-saving algorithms.

Two existing energy-saving algorithms have then been
considered to fix the aforementioned TL values. They
are two well-known dynamic cpufreq Linux governors,
Conservative and Ondemand, already addressed as related
work in Section II. What has been done before testing the
proposed system, even in simulation, is to carry out six
previous experiments consisting of running the decoding of
the three video sequences represented in Fig. 5, first with the
Conservative governor active and then with the Ondemand
one. The results of these six experiments can be explained
with Fig. 9 and Fig. 10. To obtain those figures, the OPP
set by the Linux governors has been monitored, and from
it and its associated average consumption data (see Fig. 4),
the power consumption curves have been depicted. Then, the
SoC curves have been drawn from the power consumption by
applying (2). In those figures, as in Fig. 5 and other subse-
quent ones, the disturbance intervals are highlighted by shaded
areas. By analyzing Fig. 9 and Fig. 10, it can be identified
a more aggressive behavior of the Ondemand governor, as
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TABLE I
BATTERY LIFETIMES ACHIEVED BY LINUX GOVERNORS

Disturbance Conservative Ondemand
duty cycle governor governor

(a) 30% 315 341 s(TL))
(b) 50% 310s 334 s(TLy)
(c) 70% 308 s 329 s (TLs)
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Fig. 10. Power consumption, and battery SoC and lifetime estimated for the
Linux Ondemand governor during the decoding of the test video sequence
with different disturbance duty cycles. (a) 30%. (b) 50%. (c) 70%.

already advanced in Section II. Indeed, it shows a profile more
responsive to the disturbance evolution, which, according to
its workload-based energy-saving nature, leads to the min-
imum power consumption during non-disturbance intervals.
However, the more progressive behavior of the Conservative
governor leads to higher mean values of power consump-
tion and, then, shorter battery lifetimes, which are marked in
Fig. 9 and Fig. 10, as well as in other subsequent figures,
with a thick and dashed vertical line. Table I summarizes the
battery lifetimes achieved in each of the six experiments rep-
resented in Fig. 9 and Fig. 10, which, obviously, decrease
as the disturbance duty cycle increases. As it can be deduced,
the better lifetimes, obtained by the Ondemand governor, have
been the ones taken as TL values for testing the proposed con-
trol system, i.e., TL;, TL, and TL3, as already introduced in
Section V.

The use of those three TL values to test the proposed con-
trol system, implemented in the development board outlined
in Section IV, during the decoding of the corresponding three
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Fig. 11. Power consumption, battery SoC and lifetime achieved with the

proposed system during the decoding of the test video sequence with different
disturbance duty cycles and different values of TL. (a) 30% and TL;. (b) 50%
and TL;. (c) 70% and TL3.

video sequences depicted in Fig. 5, yields the results rep-
resented in Fig. 11, with the same graphic criteria used in
Fig. 9 and Fig. 10. From Fig. 11 it can be realized that the
target lifetimes are achieved, with an imperceptible error by
excess of less than half a second, as stated above by theoreti-
cal and simulation results, which results again in the validation
of the proposed P controller. Furthermore, it can also be real-
ized that, since the aim of the proposed system is not to save
as much energy as possible, the power consumption does not
tend to be set to the minimum value, but to be close to the
average value that leads to the corresponding target lifetime.
For this reason, the mean value of the power consumption can
be identified to be slightly higher in Fig. 11 as the TL value
decreases. The control system manages itself to counteract the
effect of disturbances and then achieve the expected battery
lifetime. In comparison with Fig. 9 and Fig. 10, it is worth
noting that the curves of Fig. 11 are drown directly from the
control-system data, with a sample period of 100 ms, which
results in a much more noisy appearance.

Once proven that the proposed system is able to deter-
ministically guarantee battery lifetimes as long as those
achieved with the battery-saving-oriented Ondemand gover-
nor and, therefore, even longer than the ones achieved with
the Conservative governor, some more ambitious experiments
have been carried out in order to check the system behavior
with TL values beyond the ones taken from Table I. In fact,
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Fig. 12. Power consumption, battery SoC and lifetime achieved with the

proposed system during the decoding of the test video sequence with different
disturbance duty cycles and different values of TL. (a) 30% and TL = 348 s.
(b) 50% and TL = 346 s. (¢) 70% and TL = 343 s.

for each of the three video sequences depicted in Fig. 5, a TL
value slightly shorter than the theoretical upper bound has been
considered. This upper bound is iteratively estimated from (2)
by taking into account the minimum average power consump-
tion and disturbance-due increases represented in Fig. 4, as
well as the duration of each of the involved white and shaded
intervals represented in Fig. 5. Thus, the new selected val-
ues of TL for each of the three video-decoding experiments
depicted in Fig. 5 are 348 s (a), 346 s (b) and 343 s (c).
Note how these new TL values are shorter than the afore-
mentioned absolute limit of 352 s (without disturbances) but
longer than the ones achieved with the Ondemand governor
(see Table I), as well as orderly shorter as the disturbance duty
cycle increases from (a) to (c). The results obtained with these
new target lifetimes are represented in Fig. 12, which proves
the system capability for achieving them. What happens now is
that, since the system is working near to its permanent satura-
tion, there is more difference between the power consumption
during disturbance intervals and the power consumption dur-
ing non-disturbance intervals, which is around the minimum
possible in the three cases of Fig. 12. Indeed, the saturation
occurring in these experiments has the effect of reducing the
AL values with respect to a non-saturated situation, but in
such a small amount that the reduction simply compensates,
approximately, the intrinsic excess error of the system, so that
the AL values are now even closer to the TL ones.

TABLE II
RELATIVE LIFETIME EXTENSION OVER LINUX GOVERNORS

Disturbance Conservative Ondemand
duty cycle governor governor
(a) 30% 10.5% 2.1%
(b) 50% 11.6% 3.6%
(c) 70% 11.4% 4.3%

Therefore, although the main goal of the proposed system
is to allow battery-operated multimedia device users to have
a deterministic control of the battery lifetime, the experiments
carried out confirm not only the validity of the system for
that goal but also its capability to extend the lifetime even
beyond other common algorithms do. In particular, Table II
shows the relative lifetime extension achieved with respect to
Linux Conservative and Ondemand governors.

VII. CONCLUSION

This paper has presented the design, implementation and test
of a closed-loop control system that allows mobile-video con-
sumers to deterministically guarantee a desired battery lifetime
in order to enable the complete decoding of a certain video
content. From the user target lifetime, the system regulates
the battery discharge rate in order to meet the user expec-
tations regardless of the real-time dynamic power variations
of the video decoding task. It acts on the decoder power con-
sumption through DVFS techniques and has been implemented
in a low-cost commercial development board on which the
power consumption and battery SoC are estimated because no
sensors are available. The system has been validated by both
simulation and real tests, being the achieved lifetimes only
0.4 s longer than the target ones in the worst case, i.e., about
a 0.12% of TL. Besides, the system has been able to deter-
ministically ensure the same lifetimes as the ones achieved
with a couple of Linux-based governors. Furthermore, it has
even reached lifetimes up to around 11% and 3% longer than
those two governors, respectively. Moreover, these satisfac-
tory results have been obtained by means of a proportional
controller, whose simplicity minimizes the system overhead,
and since the control system is implemented at OS level, the
user-level video applications have not to be aware of it.
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