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ABSTRACT In this paper, we derive an accurate power model for video streaming which we condense to
the essential components contributing the most to the overall power consumption. As a use case, we choose
mobile devices on the receiver side performing video streaming in broadcasting or end-to-end scenarios. In
modeling, we consider the complete video streaming toolchain, which mainly consists of data acquisition,
video processing, display, and audio handling. We compose an overall power model with the help of models
from the literature and propose a dedicated feature selection approach to reveal the most important factors
related to power consumption. The resulting models achieve mean estimation errors below 7.61%. Results
from feature selection indicate that the display brightness, the bitrate, and the frame rate have the highest
impact on the power consumption.

INDEX TERMS Video coding, modeling, power measurement, mobile communication, streaming,

H.264/AVC, HEVC.

I. INTRODUCTION
In recent years, video streaming in end-to-end or broadcasting
scenarios has become the main contributor to global Internet
traffic. Forecasts indicate that the share of video data will
even increase to more than three fourths in 2022 [1]. World-
wide, all this data is received by millions of portable devices,
such as smartphones or tablet personal computers (PCs),
which must process the data to be able to display video and
play audio for high-quality user experiences. Furthermore,
a recent study revealed that 1% of the global greenhouse
gas emissions is caused by video communications [2], which
shows that modern video systems contribute significantly to
climate change. As a consequence, research on energy effi-
cient video communication solutions is of vital importance.
In this respect, a large amount of research is performed
to optimize the energy efficiency or the complexity of
distinct components, such as the encoder on the sender
side [3]-[5], the delivering network [6]-[9], or the video
decoder [10]-[13] and the display on the receiver side [14].
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In this paper, we focus on a mobile device on the receiver
side whose battery is highly burdened by the streaming pro-
cess, which is characterized by a computationally complex
software application and power-intensive hardware modules.

A high-level analysis of the power consumption of a
modern smartphone revealed that during local video play-
back with hardware decoding, more than 1 W of power is
constantly needed [15]. Consequently, a fully charged bat-
tery is drained after a maximum of 15 hours (at a capacity
of 3000 mAh and a supply voltage of 5 V). For virtual reality
applications, we have shown that the reduction of the resolu-
tion helps in saving power [16]. Furthermore, it was shown
that reducing the resolution of a streamed video instead of
increasing the quantization is beneficial both in terms of
subjective quality and power consumption [17].

In contrast to the aforementioned publications, which only
considered pure video streaming, this paper deals with the
complete pipeline including transmission and audio handling.
To this end, we split up the streaming process into multiple
functional tasks running in parallel. From this perspective,
we can break down the complete streaming process into the
components depicted in Fig. 1. As shown on the left side,
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FIGURE 1. Flowchart of the video streaming process with the
components data acquisition, video processing, display, audio processing,
and speaker.

the streaming process starts with the acquisition of audio and
video data, which can be read from the local memory or
received through a network. After demuxing, the video data
is processed (top branch), which means that it is decoded,
rendered, and displayed. On the bottom branch, the audio data
is decoded and the reconstructed raw audio signal is played
using a speaker.

In the literature, one can find a wide variety of works
that consider the power consumption of single parts of
this pipeline. For the source network, Zou et al. compared
the power efficiency of a Wi-Fi connection to a long-term
evolution (LTE) connection when using H.264/AVC coded
videos [18]. A very detailed analysis, which focused solely on
Wi-Fi power consumption including interference handling,
was performed by Sun et al. [19]. For audio decoding using
MP3, Simunic et al. constructed a model for software pro-
cessing and suggested power saving algorithms based on code
optimizations [20]. Furthermore, Dolezal and Becvar [21]
considered audio decoding and output via a speaker.

For video, many researchers focus on the video decod-
ing process. For software decoders, high-level models [22]
using few bit stream properties as well as advanced models
using up to 90 bit stream features for accurate energy esti-
mations were proposed in [23]. Furthermore, the impact of
coding standards, such as MPEG-2, H.263, and H.264/AVC,
on power consumption was analyzed in detail in [24]. For
hardware decoders, models were developed for power esti-
mation in [10] and for energy estimation in [25].

All these papers reflect the state of the art allowing for
accurate and reliable power and energy estimates of distinct
processes or hardware modules in the streaming pipeline.
However, in applied video streaming, these modules are run-
ning in parallel and their functionality and processing flow is
interconnected, such that the power and the energy consump-
tion might differ significantly. To the best of our knowledge,
this paper is the first to analyze the power of the complete
pipeline in detail.

To analyze the end-to-end process, we construct a linear
model reflecting the functionality of the components shown
in Fig. 1 at a high abstraction level. Measuring in various test
conditions, we find the dependency with respect to streaming
parameters such as the bitrate, the frame rate, or the resolution
of the video sequence. Therefore, we perform a high number
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of measurements on two applications and three devices, train
the proposed model in a least-squares sense, and ensure valid-
ity by performing cross-validation. Then, a feature selection
algorithm is presented which is used to identify the most
important parameters related to the power consumption. In
summary, this work provides the following contributions,
which from our review of the state of the art, has not been
studied before:

« Consideration of the complete streaming pipeline.

« Construction of an overall power model.

o Derivation of main parameters related to the power con-

sumption.

In Section II, we review various energy and power models
from the literature and insert them into a power model for
accurate power estimation of the complete streaming process.
Then, in Section III, we discuss the power measurement
setup as well as the tested hardware and software solutions.
Furthermore, the set of measurements is described including
the set of input sequences and the set of input audio files.
Afterwards, Section IV presents the training and validation
method, which is used to assess the proposed energy mod-
els. Section V introduces our proposed method for feature
selection and finally, Section VI interprets the results and
presents a power analysis of the tested streaming applications.
Section VII concludes this paper.

Il. POWER MODELING
For ease of application and to allow the use of linear algebra,
we propose to use a linear power model in the form

P=v-x, 1)
where P is the estimated power of the device during stream-
ing, v a row vector of variables describing the streaming pro-
cess, x a column vector of model parameters of the same size,
and the symbol ‘-’ denotes the dot product. In the evaluation,
we will show that this linear approach is sufficient when mean
estimation errors below 10% are acceptable.

In the remainder of this paper, the variables in v are denoted
by Roman letters. These variables describe the streaming
process, for instance, using properties of the video stream,
such as the frame rate f, or the resolution S, or using flags
indicating whether or not a component, such as the audio
branch, is active. These flags are denoted by the letter F,
and can obtain a value of ‘1’ for active or ‘0’ for non-active.
The parameters in x are denoted by uppercase and lowercase
Greek letters. The parameters with uppercase letters relate to
the flags F, and can be interpreted as constant offsets. The
lowercase Greek parameters for their part are attributed to the
variables describing the streaming process.

In a first step, we assume that each component shown
in Fig. 1 contributes to the complete power in an additive
fashion. As we assume streaming to be a static process,
we can neglect a time dependency and model the complete
streaming power Pggeam by

Pstream = o + Pdata + Pvideo + P display + Paudio + P speaker -
@
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In addition to the components shown in Fig. 1, we consider an
offset parameter I1p. The corresponding variable in v is con-
stantly set to one. Pgata can be interpreted as the power needed
for data acquisition through a network, Pyigeo is the power
needed for video decoding and rendering (e.g., transforma-
tion from YCbCr to RGB), and Pgigsplay is the power needed to
display the video or to send it to a high-definition multimedia
interface (HDMI) port. Paygio is the power needed for audio
processing and Pgpeaker the power needed for playing the
sound via a speaker or sending it to an audio output port
(HDMI or headset). In the following subsections, we discuss
the modeling of these components in detail.

A. DATA ACQUISITION

First, we consider the power for data acquisition Pgy,. In the
literature, the power needed to read audio and video data
from the local memory is often considered to be part of the
audio and video processing powers Paudio and Pyigeo [10],
[23]. Consequently, we only consider network streaming in
the data acquisition power. A simple model is proposed for
4G LTE networks by Huang et al. [26]; the same model was
indeed used for Wi-Fi networks by Xu et al. [27]. Because it
is straightforward, and has been proven to be valid for these
two network technologies (4G and Wi-Fi), we assume that it
can also be valid for other network technologies, such as 3G
or hardwired Ethernet.! It is given by

Poet =T + 8- b, A3)

where b is the incoming bitrate of the stream, which is the sum
of the audio bitrate b, and the video bitrate by; I is a constant
offset, and B is a parameter describing the linear relation
between the bitrate b and the receiving power. In practice,
during measurements, we maintain only the target network
connection, which is hence used for downloading the stream
(e.g., during Wi-Fi streaming, GSM networks, such as 3G or
LTE, are disabled). The resulting model reads

A~

Pn,data:ﬁrz'bn+rn'Fn» (4)

where n denotes the network type, which in this work can be
Wi-Fi, 3G, or Ethernet (RJ45). The overall data acquisition
power can then be modeled as the sum over all considered
networks

Pdata = PWi—Fi,data + P3G,data + Pethernet,data, (5)

where in practice, none or only one of the summands is
nonzero because the other networks are switched off.

B. VIDEO PROCESSING POWER

In the literature, many models were proposed for estimating
the decoding energy and the decoding power [10], [11], [22],
[23], [28], [29]. As most modern smartphones provide hard-
ware video decoder modules that are more power-efficient

IThis assumption will be validated in Section VL.
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than software video decoders [15], we only consider a hard-
ware decoder model proposed in [25]. The original model was
designed to estimate the decoding energy and reads

Evdec: E0+W0 - T +€frame - Nframes +¢€bit - By+ms - S - T,
(6)

with E( being a constant offset energy for the initialization
of the process, W a constant offset power during processing,
T the duration of the sequence, €fame the energy per frame,
Nframes the number of coded frames, €p;; the bit-dependent
energy, By the size of the video bit stream in bits, g the
power needed to reconstruct a single pixel, and S the number
of pixels per frame, which is the product of the luma pixel
width with the luma pixel height. The power per pixel was
used instead of the energy per pixel to implicitly take the
frame rate f, into account by
_ Ntrames

~= —r )

To apply this model in the power domain, we divide by the
duration 7 and let T approach infinity assuming an endless
sequence as

Pydec = lim
T—o0

SN

Eo Ntrames
— + Yo + €frame -

Y
T + s

= lim
T—o00

| —

T
= W0 + €frame - fv + 75 - S + €t - by, (8)

B
+ €bit - —v]

where we exploit (7) and the relation between the bitrate and
the file size

by = =X )

In this model, the bit stream properties frame rate fy, the pixels
per frame S, and the video bitrate by are used as variables.

In addition, the rendering of the output pixels needs to be
taken into account. We did not find any suitable model for
this power in the literature. Therefore, we propose using the
number of pixels to be rendered per second as

Prender = p - S - fu, (10)

where p is the model parameter.

It is worth mentioning that we consider the application
to be a black box in which rendering and decoding cannot
be separated in measurements. Furthermore, we take into
account two different video codecs (HEVC and H.264/AVC)
and find empirically that the codec only has a marginal
influence on the overall power consumption. Hence, we com-
bine (8) and (10), neglect the codec, and obtain

A

Pyigeo = Fv - Wo + €frame *fy + s - S +€pie - by +p - G
(11)

with the new variable G = § - f, that describes the pix-
els per second. Fy indicates whether a video is transmitted.
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Please note that when F, = 0, the other variables are zero,
too, such that the overall estimated power Pyigeo also yields
Zero.

C. DISPLAY OPERATION POWER

In this work, we use liquid crystal displays (LCD) in measure-
ments. Kim et al. found that the power of such displays is lin-
early related to the backlight brightness H [30]. However, our
measurements as well as observations made by Carroll and
Heiser [31] suggest that the power can also have a quadratic
relation with the backlight brightness. Hence, to cover both
cases, we propose using a quadratic model as

i)display = Fdisplay - Q+x-H+A-L, (12)

where Fyisplay indicates whether the display is switched on,
L = H? is the square of the backlight brightness, and 2,
k, as well as A are the modeling parameters. The tested
Android-based smartphones provide a range of brightness
levels of {0, 1, ..., 255}.

D. AUDIO PROCESSING POWER

As an audio processing power model, Simunic et al. pro-
posed to use processor events, such as the number of instruc-
tions and memory reads [20]. As our goal is to model the
power exploiting high-level parameters, we avoid performing
a complex analysis on processor events. Therefore, similar
to the video processing case, we consider the input audio
bitrate b,, the sampling rate f,, and the number of audio output
channels C. The proposed power model reads

Pudio=Fa-®+1-by+0-fo+¢-C+E-R, (13)

where R = f, - C is the number of audio samples per second.
Similar to video decoding, we tested two different audio
codecs (MP3 and AAC) but found no significant difference in
the overall power consumption. The model parameters are ©,
n, 0, ¢, and &. F, states whether an audio stream is available.

E. SPEAKER OPERATION POWER

For the speaker, we adopt two variables. First, we adopt the
output volume O, which, in Android, can be set in the range
of {0, 1,...,16}. Additionally, we assume that the power
of the discrete audio signal has an influence on the power
consumption. The signal power is given by

1 & )
Pignal = - ; x[1)?, (14)

where x[I] € [—1, 1] is the normalized amplitude of the audio
signal (16 bit per sample) at the time /. N is the complete
number of audio samples [32]. The model reads

A

Pspeaker = @ + O + [ * Psignal (15)

with the parameters w and w, which, respectively, describe
the impact of the volume and the signal power on the power
consumption.

VOLUME 8, 2020

TABLE 1. Input variables and parameters for modeling the power
consumption of video streaming.

Component | Eq. | Input variables Parameters

General 2) 1 1y

Paata @ | Fn,bn In, Bn

Pyideo AD | Fv, fv, 8, bv, G | Yo, €frame; TS, Ebits P
Pyisplay (12) | Fyisplay, H, L 2,k, A

Paudio (13) | Fa,ba, fa,C,R | ¢,1,0,(,¢

Pspeaker (15) | O, psignal w, b

Table 1 summarizes all considered power components and
lists the input variables and parameters. The vector x consists
of all the parameters, and the vector v is derived using the
variables in the third column.

Ill. POWER MEASUREMENT SETUP

The literature proposes a significant number of power mea-
surement methods. Simple methods rely on power moni-
tors integrated into a chip. For modern Intel processors,
the running average power limit (RAPL) tool [33] was used
in [23] and [34]. Using complexity profiling tools, such as
Valgrind [35] or PAPI [36], metrics such as the number of
central processing unit (CPU) instructions and the memory
access can be obtained. These tools are additionally used for
energy or power estimation [11], [37], [38]. Finally, power
meters can be exploited. One measurement solution is to
derive the power of distinct hardware modules using inte-
grated shunts [15], which is time consuming and costly. The
method used in this work relies on the power consumption
of the complete device (i.e., a smartphone or an evaluation
board). To this end, we measure the power consumption
through the main supply jack or the battery connectors. Sim-
ilar approaches were used in [10], [23].

For the purposes of this research, this method was chosen
to ensure that all relevant hardware modules in the stream-
ing process are taken into account. These modules include
the network interface, the memory (random-access-memory,
cache, buffers), the CPU, the graphics processing unit (GPU),
and the display. Hence, the measured powers correspond to
the complete power needed in real applications.

Going forward, Subsection III-A presents the general mea-
surement setup, while Subsection III-B introduces the mea-
sured portable devices, and Subsection III-C shows the tested
software. Afterwards, Subsection III-D presents the results
of a typical single power measurement and explains how
we can ensure that measured power values are reliable and
statistically sound. Finally, Subsection III-E lists all video and
audio files used in separate measurement instances.

A. GENERAL MEASUREMENT SETUP

The setup for measuring the complete power consumption of
a device under test (DUT) is depicted in Fig. 2. The DUT is
located top-center, and can be a smartphone, an evaluation
board, or any other device meant for live streaming. The
DUT is energized by the power meter on the left using the
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FIGURE 2. Measurement setup with DUT, power meter, streaming server,
and workstation for measurement automation.

battery connectors or the voltage input jack. A remote broad-
casting server is used to simulate real-time video streaming
(right). Depending on the use case, hardwired Ethernet or
wireless connections such as Wi-Fi or LTE are tested. Finally,
the workstation performs automatic power measurements
using universal serial bus (USB) control for the power meter
and for the DUT. During power measurements, the USB
connection to the DUT is disabled. A hardwired Ethernet
network connection is used for streaming the test sequences
from the workstation to the broadcasting server.

The power meter provides an integrated power supply.
The supply voltage can be set manually, depending on the
demands of the DUT. The power values are sampled at 5 kHz
and are transmitted via USB to the workstation.

The server is an open real-time messaging proto-
col (RTMP) broadcasting server. Using FFmpeg, Flash
video (FLV) containers [39] can be uploaded to this server,
which broadcasts this data to the Internet. The stream can then
be requested and received by any online device worldwide
using wired or wireless connections.

B. DUTS

The first device (Device A) used as a DUT for power
measurements is the FEragon820 software development
kit (SDK). As the main processing unit, it includes an
Eragon820 system-on-module (SOM) which implements a
Qualcomm Snapdragon 820E processor. The main properties
of this chip are listed at the top of Table 2.

The board is configured to enable stable and reliable power
measurements. Therefore, all unnecessary services, such as
positioning, Bluetooth, and Wi-Fi (if it is unneeded for mea-
surements) are stopped. Unneeded applications are unin-
stalled or disabled. The application cache is emptied to avoid
disturbances from applications running in the background.

The board is set to developer mode and it is rooted to
allow control of the power management policy. With a special
software application, the two high-performance processor
cores are disabled and the two low-power processor cores
are set to high-performance processing because initial tests
showed that at least two processors need to be enabled for
fluid playback. This setting is chosen to reduce the effect
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TABLE 2. Main specifications of the three tested DUTs. The displays of
device B and C use the in-plane switching (IPS) technology for
thin-film-transistor (TFT) LCDs.

Module Properties
CPU Quad-core (64 bit)

< 2 low-power cores (max 1.593 GHz)

3 2 high-performance cores (max 2.15 GHz)

g GPU Up to 624 MHz, 319.4 GFLOPS
Memory 4GB of LPDDR 4 (up to 1866 MHz)
Multimedia 4K video decoding at 60 fps (H.264 or HEVC)
CPU Four 32 bit cores (max 2.5 GHz)

r':; GPU Up to 578 MHz, 147.9 GFLOPS

'% Memory 2 GB of LPDDR 3 (up to 1866 MHz)

/| Multimedia 4K video decoding at 60 fps (H.264 or HEVC)
Display 5 inches, 1080 x 1920 pixels, TFT/IPS
CPU 6-core

4 low-power cores (max 1.4 GHz)

2 2 high-performance cores (max 1.8 GHz)

‘% GPU Up to 600 MHz, 153.6 GFLOPS

| | Memory 3 GB of LPDDR 3 (up to 1866 MHz)
Multimedia 4K video decoding at 60 fps (H.264 or HEVC)
Display 5.5 inches, 1440 x 2560 pixels, TFT/IPS

of dynamic voltage and frequency scaling (DVES, [40]).
Furthermore, the performance governor of the GPU is also set
to ‘performance’. Consequently, the processing units always
run at the highest voltage and frequency.

The second device (Device B) is a consumer smartphone
released in December 2015 (Fairphone 2). For our measure-
ments, no application is stopped or cleared from the cache.
A network connection to providers is always established
to ensure a realistic environment. In terms of background
services, Bluetooth and global positioning system (GPS) are
always disabled because they are not needed for streaming.
Two networks are tested: 3G and Wi-Fi, where only one
network is enabled during the streaming process. Power man-
agement is set to the default settings.

Device C is another consumer smartphone (LG H812).
Except for it being rooted and not connected to a network
provider, its configuration is similar to Device B.

C. SOFTWARE

Two Android applications are tested which implement the
video streaming process. App I is the VLC media player [41].
It is an open source video streamer and video player imple-
menting the complete toolchain depicted in Fig. 1. It supports
a vast number of codecs (H.264/AVC, HEVC, VP9, etc.),
container formats (AVI, MP4, FLYV, etc.), and streaming pro-
tocols (RTP, RTMP, HTTP, etc.). Therefore, it is highly suited
for detailed streaming power analysis.

The second application (App II) is mainly designed for rich
communication services (RCS). The application’s pipeline
works as follows. First, the communication stack receives
RTMP packets that are decoded into an H.264-coded video
and an audio stream. The video stream is decoded through
the Android platform’s hardware decoder into raw YCbCr
frames, which are then sent to a pre-allocated OpenGL
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FIGURE 3. Power consumption of showcase streaming process. The blue
parts correspond to the initialization of the application (left) and the exit
(right), while the red part corresponds to the static streaming.

surface. A game engine reads from this surface to render
the video and provides a shader to transform the raw YCbCr
frame into a regular RGB frame ready for viewing.

D. POWER MEASUREMENTS

Fig. 3 shows the streaming power for a high-definition
(HD) sequence (device A, App I, streaming via Ethernet).
The curve shows that at the beginning of the measurement,
the device is in idle mode (~ 1.8 W). At approximately 4 s,
the streaming application is launched. Loading and prepar-
ing the stream takes up to approximately 10s, when the
video is starting to be displayed on the screen (red curve).
At 24 s, the process is stopped and the device returns to idle
mode.

In this work, we concentrate on the pure streaming power
(red curve), and as such, the blue parts of the curve are
ignored. Considering a live streaming solution in which the
duration is unknown, this is a valid assumption. The advan-
tage is that depending on the streaming duration, the energy
can be easily calculated by multiplying the mean power with
the duration.

Initial tests showed that when the same measurement is
performed multiple times, the resulting mean power can vary
significantly, for instance, because of background processes.
Consequently, there is no assurance that a single measure-
ment will return a meaningful average power value. Hence,
each streaming configuration is measured up to 15 times. To
speedup the measurement procedure, a confidence interval
test [42] is applied for each streaming configuration if a
minimum number of 5 measurements was done. To this end,
the average of the mean power values P and the confidence
interval with a probability of 99% are calculated. If the confi-
dence interval is located inside the interval [0.99-P; 1.01- P],
the measurement is assumed to be accurate, and is terminated
early. Otherwise, the maximum of 15 measurements is per-
formed and an outlier check is performed manually.

The resulting power values P include the static and the
dynamic power, i.e., the power consumption when the device
is idle plus the power needed for processing. For the smart-
phones (devices B and C), the idle power, which yields
less than 1 mW, is neglected. However, the evaluation board
(device A) shows a high static power when idle, which
can be attributed to the peripheral modules (e.g., Ethernet
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TABLE 3. Test sequences used for power measurements. All sequences
have a duration of 10s. The sixteen sequences at the top are taken from
the HEVC common test conditions [43] and the two sequences at the
bottom show a static white screen and a static black screen, respectively
(all luminance values yield 255 and 0).

Class | Name Resolution S frame rate fy
B BQTerrace 1920 x 1080 60 Hz
BasketballDrive 1920 x 1080 50Hz
Cactus 1920 x 1080 50 Hz
Kimono 1920 x 1080 24Hz
C BQMall 832 x 480 60 Hz
BasketballDrill 832 x 480 50Hz
PartyScene 832 x 480 50Hz
Flowervase 832 x 480 30Hz
D BQSquare 416 x 240 60 Hz
BlowingBubbles 416 x 240 50Hz
BasketballPass 416 x 240 50Hz
RaceHorses 416 x 240 30Hz
E FourPeople 1280 x 720 25Hz
Johnny 1280 x 720 60 Hz
F SlideEditing 1280 x 720 30Hz
SlideShow 1280 x 720 20Hz
- WhiteScreen 1920 x 1080 50Hz
BlackScreen 1920 x 1080 50Hz

connector, HDMI output). This power of approximately
1.19 W is subtracted from the overall power for further anal-
ysis.

E. SET OF MEASUREMENTS
The single instances of the set of measurements are chosen
based on the following guidelines:

o The measured variables shall avoid high correlations.

« For each variable, at least four independent measure-
ment instances must be performed to avoid overfitting.

« Each measurement instance should be applicable to
common streaming applications.

To have a representative set of video sequences, we take
16 sequences from the HEVC common test conditions [43].
Each sequence is coded with four quality levels (x264 and
x265 encoding, medium preset for both H.264/AVC and
HEVC video codecs, constant rate factors 18, 23, 28, 33).
Hence, we measure a large number of different video frame
rates, resolutions, and bitrates. The input sequences and their
main properties are listed in Table 3.

For the display power, we assume that the chosen video
files are representative in terms of the mean luminance
(range [0, 1]), which varies between 0.227 and 0.636. The
BlackScreen and WhiteScreen sequences additionally ensure
that the lower and upper limits of the achievable range
(0 and 1) are represented. Assuming different brightness
levels, we restrict our analysis to the three states minimum,
medium, and maximum brightness {0, 0.5, 1}, which were
measured for four different input sequences plus BlackScreen
and WhiteScreen.

70239



IEEE Access

C. Herglotz et al.: Power Modeling for Video Streaming Applications on Mobile Devices

TABLE 4. Source audio files for power measurements and main
properties. C is the number of channels and the power is the digital
signal power of the 16 bit samples (range [-1, 1]).

Name faudio | C | Signal Power | Source
Silence 48 kHz 2 0 -
Airport 48kHz | 8 0.030 [44]
Cafeteria 48kHz | 8 0.010 [44]
Conference 48 kHz 8 2.7-1074 [44]
Crossroadnoise 48 kHz 8 0.062 [44]
FullSizeCar 48kHz | 8 0.287 [44]
InsideBus 48kHz | 8 0.265 [44]
Orchestra 48 kHz 8 0.023 [44]
Pub 48kHz | 8 0.040 [44]
RockMusic 48kHz | 8 0.019 [44]
SalesCounter 48 kHz 8 0.006 [44]
TrainStation 48 kHz 8 0.074 [44]
ChildSpeechl 48kHz | 1 0.001 [45]
FemaleSpeechl | 48kHz 1 0.003 [45]
FemaleSpeech2 | 48kHz 1 0.001 [45]
MaleSpeechl 48 kHz 1 0.002 [45]
MaleSpeech2 48 kHz 1 0.001 [45]

For audio measurements, we employ the signals listed
in Table 4. The properties comprise different content, sam-
pling rates, number of channels, and audio signal powers.
Most of the files are sampled at 48 kHz. We downsampled
four of them to 16 kHz and 44.1 kHz. Furthermore, seven of
the sequences originally providing 8 channels are encoded
with two channels (channel 1 and channel 2) to obtain stereo
audio. All sequences are encoded at a 128 kbps bitrate. Addi-
tionally, four of them are encoded at 64 kbps, 192 kbps, and
256 kbps. In our measurements, we consider both MP3- and
AAC-encoded audio files.

Considering the speaker power, we assume that the powers
of the chosen audio files are representative. A power of zero
is obtained using the ‘Silence’ audio file. The volume is
considered by measuring some audio files plus the silent
file in the mute, medium volume, and maximum volume
cases.

Most measurements are conducted performing pure audio
or pure video streaming. However, we take into account
that the power in simultaneous audio and video streaming
could differ from the power in pure audio or video streaming
such that additional combined streams are tested. Therefore,
we choose a subset of 8 video sequences and a subset of 8
audio files for combined measurements. Table 5 lists these
files and the combinations.

Due to restrictions on the software or the DUT, and to
reduce the number of required measurements, several com-
ponents were not measured for all test cases. These are the
source (which can be the local memory or a network), the dis-
play as well as the speaker (which are external for device A),
and the video as well as the audio codec. The exact tested
settings for each hardware-software combination (HSC) are
listed in Table 6.
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TABLE 5. Video sequences and audio files for audio-video measurements.
The combinations are shown in the two rightmost columns.

Video Audio Combi-
by ba nation

Name [Mbps] Name [kbps] i ii
1. BQSquare 1.7 a. FemaleSpeech2 64 la | 1d
2. BQSquare 0.16 b. FemaleSpeech2 128 2b | 2e
3. BQTerrace 37 c. FemaleSpeech2 256 3¢ | 3f
4. BQTerrace 1.6 d. Orchestra 128 4d | 4g
5. Kimono 14.2 e. Callcenterl 128 Se | Sh
6. Kimono 1.50 f. RockMusic 128 6f | 6a
7. RaceHorses 1.56 g. Conferencel 128 7g | 7o
8. RaceHorses 0.22 h. Silence 128 8h | 8c

TABLE 6. Tested settings for the hardware-software combinations (HSCs)
indicated on the first two lines.

Hardware A B C

Software 1 I I I

Local YES NO | YES | YES
RJ45 YES | YES NO NO
Wi-Fi YES | YES | YES | YES
3G NO NO | YES | NO
H.264 YES | YES | YES | YES
HEVC YES NO NO NO
AAC YES | YES | YES | YES
MP3 YES NO NO NO
Display NO NO | YES | YES
Speaker NO NO YES | YES

IV. MODEL TRAINING AND VALIDATION

We perform model training and validation separately for
each HSC. This is done because the power characteristics of
different hardware and software implementations can differ
significantly. We consider application I on all three devices
and application II only on device A.

For model training on each HSC, we perform M mea-
surements, where for each measurement, the corresponding
vector of input variables v of length K is determined. Then,
we accumulate all row vectors v into the M x K-matrix V,
such that we can rewrite (1) to

P=V.x, (16)

where P is the vector of M estimated powers.

To be able to interpret the optimal parameter values in x,
we normalize all variables in V to the range [0, 1] and obtain
Viorm- For example, the brightness levels H, which were
originally given in the range H € [0, 255], are divided by
the respective maximum value Hpyax = 255.

Then, to obtain optimal parameter values for the vector x,
we minimize the sum of squared errors between the measured
powers Py, and the estimated powers Py, as

M
min (e= 3" (By—P)). a7

xeRK
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where P, and f’m denote the m-th entry of the vectors P and
P, respectively. This is done by using a trust-region reflective
algorithm [46]. Furthermore, as we expect all variables to
have a positive relation to the power consumption, we define
the lower bound of all parameters x to be zero.

To show the validity of the model, we perform
cross-validation to strictly separate the training from the val-
idation data. Therefore, we split the set of measurements into
five subsets. The first subset contains measurements with the
‘BlackScreen’ and the ‘“WhiteScreen’ video sequences and
the ‘Silent’ audio file. For the other four subsets, the remain-
ing measurements are ordered by audio and video sequences
and split in such a way that no source file (audio or video)
occurs in two subsets. Then, in five iterations, four of the five
sets are used for model training, and the remaining set is used
for validation.

The models are assessed using the mean of the absolute
relative estimation error given by

M A
1 P — Py,
=) | 18
¢ MZ P (18)

m=1

V. MODEL OPTIMIZATIONS

The main target of this paper is to determine the most impor-
tant factors describing the overall power consumption during
video streaming. Therefore, we propose to use a feature
selection approach to prune the original set of input variables
to the most important ones.

The proposed selection algorithm is based on the
well-known wrapper approach [47] with a special selection
criterion. In this approach, the optimal set of features is
determined iteratively, where in each iteration k, one feature
is dropped after one training instance (backward selection).
During each training instance (loop over c), all HSCs are
trained separately. The whole process is described in Algo-
rithm 1.

1 fork <~ {K,K—1,K—-2,...,2,1}do

2 forc <« {A—-I1,A—I1II,B—1,C —1I}do

3 ‘ Train x, with k remaining variables (17);
4 end

5 X = mean(Xa—1, XA—II, XB—I, XC—1);

6 i < arg minx;

7 Remove the feature with the index i from V;
8

end
Algorithm T Feature Selection Algorithm [47]

In the first iteration, we begin using all features, i.e., all
variables from Table 1 are included in the model (k = K).
In 11. 2-4, we train the model using (17) for all HSCs and save
the corresponding estimation errors (18). Then, we consider
the values of the trained parameters x, in order to determine
the feature i that will be dropped at the end of the iteration.
This is done by calculating the mean of the parameter values
over all HSCs x (1. 5), where unused parameters are neglected
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FIGURE 4. Mean estimation errors for all HSCs (legend) per iteration

index k (cross-validated). Points of interest, which are further discussed
in Section VI, are marked by black arrows.

by the mean-operator.” The mean parameter yielding the
smallest value is then assigned the index i (1. 6). As all input
variables are normalized to the range [0, 1] (cf. Section IV),
the small value of the mean parameter indicates that the
corresponding feature i has the lowest mean impact on the
overall value of the estimated power consumption P for all
HSCs. Hence, in 1. 7 we remove the corresponding variable
from V because we expect it to have the smallest impact on
the mean estimation error. In the next iteration, we repeat
this process with k = K — 1 variables and again remove the
variable showing the smallest impact. This process is repeated
until no variable is left (k = 0).

In the algorithm, the mean value over the four HSCs is
chosen because of the following reason. The goal of the
proposed power model is to find variables that allow accurate
power modeling independent from the used hardware and
software. Therefore, in each iteration, we train separately
(because the trained parameter values depend on the used
hardware and software), but we discard variables that are of
low importance for all HSCs, which is reflected by an overall
small mean value.

The result of this process is depicted in Fig. 4. We can
see the mean estimation errors € (vertical axis) for all HSCs
over the iteration index k (horizontal axis). Due to backwards
counting in the loop, the first iteration corresponds to k = 21.
Additionally, k represents the number of variables used for
modeling per iteration.

VI. DISCUSSION

As points of interest, we choose k = 21, k = 11, and
k = 4 (see black arrows). The former point is chosen because
it represents the full model from Table 1. The point k = 11 is

2Unused parameters occur when a certain part of the streaming pipeline
is not part of the measured HSC. For example, the display is not part of the
A-I setup such that the corresponding parameters Fyjsplay, /7, and L are not
used to calculate x.
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TABLE 7. Mean estimation errors ¢ for the models with k = 4, k = 11,
and k = 21 features for all HSCs.

Model | A-1 | A-m | B-1 | B-II

k=4 7.28% | 5.39% | 7.61% | 6.70%
k=11 | 3.97% | 549% | 3.61% | 3.17%
k=21 | 411% | 6.09% | 3.39% | 3.15%

chosen because it reaches similar estimation errors compared
to k = 21 with a significantly reduced number of variables.
Finally, k = 4 is chosen because it reaches estimation errors
below 10% with the smallest number of variables.

The estimation errors for the three considered models are
summarized in Table 7. We can see that in terms of modeling
accuracy, it is generally not helpful to consider all variables
listed in Table 1, because in some cases, the estimation error
is even higher for k = 21 than for k = 11, which can be
explained by overfitting. Still, it is possible to obtain decent
estimation errors (below 8%) using four variables (k = 4),
which include a constant offset power I1p, the bitrate in
the case of Wi-Fi streaming byf (audio plus video bitrate
when the Wi-Fi connection is used for streaming), the linear
brightness of the display H, and the frame rate of the video
fu.

To evaluate the impact of the features in more detail,
Table 8 lists the optimally trained parameter values for the
model case of k = 11 and HSC B-I. The order of the
variables is chosen in such a way that the index k corresponds
to the iteration in which the corresponding variable as well
as the corresponding parameter was removed. Please note
that trained values differ for the other HSCs and for other
iterations.

Due to training on normalized variables, the values can
be interpreted as the maximum power contribution of the
corresponding variable. For example, when the frame rate
attains its maximum value f, = 60 (cf. Table 3), the power
attributed to the frame rate would yield the product of the
parameter value with the normalized frequency given as 1 -
0.35W = 0.35 W. When the frame rate is halved, the power
contribution yields 2342 - 0.35 W = 0.175 W.

We can see that the parameter [1p = 0.90 W shows the
highest value, which means that most of the power is constant,
i.e., it cannot be controlled by changing input parameters.
However, power can be saved by changing the display bright-
ness (maximum contribution 0.79 W) and the video’s frame
rate (maximum contribution 0.35 W at the maximum frame
rate).

Furthermore, the bitrate of the video stream has a high
influence (0.38 W), which is even higher when using the
Wi-Fi connection (an additional power of 0.21 W). Please
note that the Wi-Fi streaming bitrate by is only nonzero
when the Wi-Fi connection is used for streaming. As the
bitrates for Ethernet and 3G streaming are already dropped
for k = 11, this is an indication that Wi-Fi streaming needs
significantly more power than the other networks. Besides,
it is striking that for k = 4, only the Wi-Fi streaming bitrate
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TABLE 8. Features per iteration k for k = 1 to k = 11 variables. For each
iteration k, all variables with a smaller k are included. Trained parameter
values on the right are given for HSC B-1, k = 11. All entries are included
in the model with k = 11, bold entries are also included in the model
with k = 4.

k Variable Description Param. value (k = 11)
1 1 Constant offset Iy = 0.90
2 bwifi Bitrate (Wi-Fi) Bwii = 0.21
3 H Lin. display brightness k= 0.79
4 I~ Video frame rate €frame =  0.35
5 Fsa 3G connection offset I'sg= 049
6 L Quadr. disp. brightness A= 0.00
7 Fy Video decoding offset Yo = 0.00
8 by Video bitrate epiy = 0.38
9 Fuifi Wi-Fi connection offset I'yig = 0.17
10 Fy Audio decoding offset &= 0.11
11 G Pixels per second p= 020

remains in the model, which shows that the bitrate in Wi-Fi
streaming has a higher influence on the streaming power than
on the video processing power.

For the video processing branch, the most important vari-
ables are the linear display brightness H and the frame rate
fv, because they are the only variables left for k = 4. For a
higher estimation accuracy, the quadratic display brightness,
the decoding offset Fy, the video bitrate by, and the pixels
per second G can additionally be considered as they are
selected for k = 11. The fact that both linear and quadratic
display brightness are selected for k = 11 indicates that a
purely linear approach, which was proposed in [30], is not
sufficient to accurately model the power consumption of a
display.

For the audio branch, results indicate that audio processing
and the speaker have a rather small influence, which can
sufficiently well be modeled by a constant (& = 0.11 W).
Considering a very simple model with k = 4, audio can even
be neglected because no corresponding variable is left.

VIl. CONCLUSION

This paper analyzed the power consumption of video stream-
ing applications on portable devices. It is the first work that
considers the power behavior of the complete device. To this
end, a model summarizing various high-level models of
the most important functional components was constructed.
An analysis performed with the help of feature selection
revealed that there are three major components that can be
exploited to manipulate and optimize the power consump-
tion: display brightness, the frame rate of the video, and the
streaming bitrate.

Future work can exploit this information to determine the
video parameters leading to the best compromise between
power consumption and perceptual video quality. Further-
more, modern video content such as 4K video, 3D, or the 360°
projection formats can be taken into account. Finally, it would
be interesting to perform such an evaluation on the sender side
including video capture, encoding, and transmission.
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