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Abstract— Dynamic Thermal Management (DTM) acts as a
necessary tool for safe operation of systems and increases their
lifetime; however, application of DTM affects system
performance, and can significantly impact the quality of
results of complex real-time applications such as real-time
video encoders. In this paper, we propose a dynamic
adaptation algorithm that can be used with an H.264 encoder
to change its complexity in real time, and hence adapt its
computational needs to the dynamic changes in system
performance due to DTM, while minimizing the impact on the
quality and bit rate of the encoded video. We formulate our
dynamic adaptation approach as a multi-dimensional
optimization problem that maximizes video quality and
minimizes bit rate while ensuring that the video encoder can
run in real-time in spite of the DTM effects. We have
implemented our adaptation algorithm with x264, a very
efficient and commonly used H.264 encoder. We evaluated the
adaptive encoder on a computing platform with Intel® 1.8GHz
Core™2 Duo processor, which employs DTM based on DVFS.
Our measurements with several video clips reveal that because
of the dynamic effects of DTM, the quality of videos encoded
by x264 are affected significantly - an average 10 dB reduction.
However, with the aid of our dynamic adaptation algorithm,
the x264 encoder can encode all the streams in real-time, with
an average video quality degradation of only 2.4 dB, and with
only a nominal increase in bit rate of the encoded streams.

Keywords- Dynamic Thermal Management; Dynamic
adaptation; real-time video encoding; H.264; Multimedia.

L INTRODUCTION

Increased transistor scaling, along with rise in complexity
and computational capabilities of today’s semiconductors,
have resulted in higher power density [1], and hence
increased chip temperature [2]. High temperature reduces the
lifetime of a chip in addition to the reduction in its functional
reliability and performance, and increases its cooling cost
[3]. Due to limitations of cooling such as high cost for
servers and data centers, or space and/or power requirements
in portable devices such as smartphones and laptops,
dynamic thermal management (DTM) has been developed as
a supplement and sometimes, an alternative solution to the
conventional cooling for thermal management of
semiconductors [3]. Several DTM methods have been
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Figure 1. Effects of DTM on visual quality of a real-time video encoder.

developed for servers [4][5], general purpose processors [6],
multiprocessors [7], mobile platforms [8] and embedded
systems [9]. While these techniques are efficient in
managing temperature, they can introduce different types of
performance related overheads, which can lead to increasing
the run time of the tasks/applications, and potentially
impacting the quality of their results, in particular for real-
time applications. In this paper, we will develop techniques
to ensure that the negative impact of DTM on the
performance and quality of the applications is minimized.

According to several recent market research reports,
video traffic will dominate all Internet traffic soon. For
example, according to the Cisco Visual Networking Index
[10], global Internet video traffic will be 50% of all Internet
traffic by 2012, and the sum of all forms of video (TV, video
on demand [VoD], Internet, and P2P) will be approximately
90 percent of global consumer traffic by 2015! The above
indicate that video applications, including video
encoding/decoding, will dominate the workload of servers,
personal computers and mobile platforms. Hence, in this
paper we focus on H.264 video encoder, the most widely
used video encoding standard, as the focus application. We
study the impact of DTM on H.264 video encoder, and
develop a DTM aware dynamically adaptive video encoding
technique, which will vastly reduce the impact.



A. Effect of DTM on H.264 Video Quality

Real-time video encoding has very high computational
needs while at the same time having hard deadlines (frames
per second). Figure 1 shows the results of encoding a VGA
video clip of 24 seconds with an x264 encoder (a very
efficient implementation of H.264 encoder [11]),
implemented on a MacBook laptop, with and without the use
of a commercial DTM tool, Cool Book [12]. As shown in
Figure 1, due to its high computation needs, running the
x264 encoder without DTM will result in temperature rising
above 90°C, while the encoded video quality is 44 dB PSNR
(peak signal to noise ratio, the most widely used video
quality measure). On the other hand, the use of DTM is able
to maintain the temperature close its desired value of 75°C;
however, the use of DTM reduces the performance of the
hardware, resulting in the encoder not able to meet its hard
deadlines, and consequently degrading the resulting encoded
video very significantly (by about 13 dB in our experiment).
The above experimental data show that while commercially
available DTM techniques may be capable of managing the
temperature of a system at desired levels, but their use is
unacceptable from the system’s applications perspective, in
particular for real-time applications.

B. Our Approach

Our DTM aware adaptive video encoding approach is
based on the following two key properties of video encoding
application. First, there is a correlation between the amounts
of computation needed, the bit-rate of the encoded video
stream, and the quality of the resulting encoded video.
Secondly, there is an inherent tolerance towards a nominal
variation from the specification of both the desired bit-rate as
well as the video quality. The above two properties allow us
to design thermal aware adaptive video encoder such that the
applications would be able to adapt to the dynamic changes
in hardware performance due to dynamic thermal
management without causing any perceivable degradation in
user experience. We note that it is important to recognize
and consider the multi-dimensional nature of the tradeoff
between encoding speed, video quality, and bit rate. For
example, it is possible to drastically improve encoding speed
(while maintaining video quality) by encoding each frame as
an I-frame (I-frames have been defined in section II), or by
even skipping compression of frames; however, both these
options would lead to unacceptable increases in the video bit
rate.

In this paper, we develop a systematic approach to design
a DTM aware real-time video encoder based on H.264
standard. To achieve this goal, we first study the parameters
used in the encoder, and model their effects on different
attributes of the video encoder, namely encoding speed,
video quality and bit rate. We also characterize the impact on
the application (encoder) speed for each allowed setting of
the DTM, and produce a thermal policy characterization
(TPC) table. Subsequently, we develop an application
adaptation algorithm, which uses the identified parameters
and their speed-quality-bitrate model, and the TPC table, to
dynamically adapt the video encoding application in real-
time in response to DTM induced encoder performance
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changes, such that the impact on the quality of the encoded
video is minimized. Using the same experimental setup
described in Section I.A, we demonstrate that use of the
dynamic adaptation technique in conjunction with DTM can
reduce the average drop in video quality to only 2.4 dB at a
marginal 4% bitrate increase, as opposed to the 9.8 dB video
quality loss when DTM is applied without the dynamic
adaptation. We perform extensive experiments using
different videos and different DTM profiles to demonstrate
the ability of the proposed dynamic adaptation approach to
mitigate the video quality loss that DTM otherwise results in.

C. Related Work

Adaptive bit rate encoding [13] and adaptive bit rate
streaming [14] have become widely used techniques to
encode and deliver video with optimal video bit rates to
address changing network conditions. Every video encoder
has the ability to adapt in real-time the encoding tools and
parameters it uses to adjust to different video content, quality
objective, and desired bit rate. Adaptive bit rate streaming
allows a video stream to be encoded at different rates, so the
client can dynamically select the optimal bit rate to be
delivered depending on the network condition as indicated
by the client’s buffer condition. However, all the above
techniques do not take into consideration, and cannot
address, dynamic changes in system performance as a result
of dynamic thermal management techniques, which is the
problem we address in this paper.

Recently, adaptive video encoding techniques have been
developed to enable scaling of encoding complexity to
enable real-time encoding even on constrained computing
platforms, or when encoder is implemented in software
[15][16]. The main idea is to design a single video encoder
application that is able to run in real-time on different
platforms without any platform specific programming such
as Assembly codes. The encoder regulates its complexity
based on average encoding time by using faster but less
optimal versions of various encoding steps including motion
estimation. Adaptive techniques have also been developed to
make video encoding energy aware, primarily in the motion
estimation step [17]. These techniques, while changing the
complexity of encoding, do not address the fast and dynamic
changes in the performance of the same platform that
dynamic thermal management produces, which is the focus
of our work. The other difference between our work and
these techniques is that we recognize and exploit the multi-
dimensional nature of the tradeoff between encoding speed,
video quality, and bit rate. Therefore, our adaptation
methodology can not only maintain real-time behavior of the
encoder, but also work under specified quality and bit rate
constraints.

On the other hand, there has been recent effort on
modifying or developing new thermal management
techniques for multimedia applications such as video
encoding or decoding [3][18-23]. In most of these work
[3][18-21], existing DTM techniques have been modified to
ensure real-time encoding/decoding, by making use of
additional time available to process low complexity video
frames. In [22], the authors develop a new thermal



management approach based on balancing the encoding
workload between different components of a video encoder
in a multi-core processor platform. In [19], a new scheduling
based DTM for MPEG-2 video decoding was proposed,
based on the observation that there is a residual time after
decoding every frame in MPEG-2 video decoding which can
be utilized for thermal management.

The above approaches have several limitations. Firstly,
they need modification of existing DTM techniques, or
development of new ones. Secondly, these approaches are
applicable on a specific DTM method or platform. For
instance, [19-20] are based on dynamic voltage and
frequency scaling only, [22] is based on multi-processor
platform for load balancing. Thirdly, some of these
techniques have very limited applicability; for example, a
DTM method which works for MPEG-2 video decoding
based on residual time per frame like [23] will not apply to
more computationally intensive video use cases like video
encoding, video compression standards like H.264, or even
decoding of high frame rate videos.

In contrast, our approach focuses on adapting the
application (encoding) to the dynamic changes induced by
DTM, and hence it will work with existing DTM software,
without the need to develop application specific DTM
techniques and software. Moreover, even though due to
implementation limitations we were able to test and report
results using DVFS based DTM only, our approach can be
used with a broad range of DTM methods (DVFS, multicore
methods such as load balancing and deep-sleep modes, clock
gating, fetch gating, etc.) because it is independent of the
exact mechanisms employed by any specific DTM method
but rather works with the performance impact produced by
DTM. Thirdly, our adaptation algorithm does not need to
make any assumption about computing or residual time of
frames, and hence can be applicable to any video encoding
standards, and videos with any spatial or temporal
characteristics. And finally, we believe it is the first attempt
to dynamically control video encoding complexity in
response to dynamic thermal management, and perform
multidimensional optimization of encoding speed, quality
and bit rate.

The rest of paper is organized as follows. In section I,
we first discuss a set of encoding parameters and describe the
effects they have on encoding speed, quality, and bit rate.
Next, we formulate DTM aware adaptation of video
encoding as a multidimensional optimization problem, and
describe the overall platform with interactions between the
adaptive encoder, DTM controller, and the hardware. In
Section III, we describe the adaptation algorithm in details.
We provide the details of our test platform and the results in
Section IV, and conclusions in Section V.

II. DTM AWARE ADAPTIVE H.264 VIDEO ENCODER

As stated in the previous section, our goal is to develop
an adaptation technique associated with H.264 video
encoding, which will be able to monitor the impact of a
given DTM process in real-time, and adjust the encoding
tasks dynamically so as to mitigate as much as possible the
impact of DTM on video encoding quality. We start this

978-1-4673-2154-9/12/$31.00 ©2012 IEEE

section by discussing the relevant video encoding parameters
that we will use for adaptation, and point out the tradeoff
they can effect in encoding speed, video quality and bit rate.
Next, we formulate the DTM effects aware video encoding
adaptation as a multidimensional optimization problem, and
finally introduce the overall adaptive platform which
appropriate interactions between encoder adaptation, DTM
controller, and the underlying hardware .

A. H.264 Video Encoding Parameters and Tradeoffs

Video encoders, in general, are lossy data compressors
that reduce the size of a raw video sequence based on two
factors, human’s limited visual perception and redundant
information in the video sequence. The influence of these
two factors on video encoding can be tuned by some of the
encoder parameters. The encoder parameters of interest are
Quantization, Group of pictures, Number of reference frames
and Search range. Selection of these parameters impacts the
attributes of encoded video such as video quality, bit rate and
also affects the speed of video encoding. In the following
paragraphs, we introduce these parameters and briefly
describe their effects on the encoder attributes.

Quantization is the main parameter that influences
encoding based on human’s limited visual perception. It is
used by the encoder to drop out details of video sequences
that are unlikely to be perceived by human eyes, thereby
reducing the amount of encoding that needs to be done.
Higher quantization results in dropping more details of video
and less computation time. In addition, using higher
quantization also significantly reduces the bit rate and the
file size of encoded stream, thereby reducing the application
time needed for memory access as well. However, higher
speed and lower bit rate comes with the possible price of
losing video quality.

Group of Pictures (GoP), Number of reference frames
and Search range are the parameters that mainly influence
the encoder’s effort for finding redundant information in the
video sequence. In H.264 standard, there are 3 different
frame types I, P, B. When a frame does not require other
video frames to decode and is encoded only with its own
information it is called an I-frame. A P-frame can use its own
data or the data from previous frames to encode which
makes it more compressible than I-frames. Finally, B-frames
are the ones that are encoded based on the information from
both previous and forward frames and therefore they have
the highest amount of data compression. The maximum
effort for reusing redundant data occurs in B-frames and
minimum efforts are done in I frame.

GoP size is the total number of frames starting from an I-
frame and a sequence of P-frames and/or B-frames until the
next I-frame. Higher GoP translates into better usage of
redundant information in the video and reducing the final bit
rate of video encoder. However, this comes with the price of
higher computation and encoding time to find these
information and some times even lower video quality. The
maximum number of frames to search for redundant
information and the range of search in each of them are set
by Number of reference frames and Search ranges
parameters. It is clear that using higher values for these
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Figure 2. Adaptive H.264 Video Encoder Platform

parameters will result in lower bit rate and better video
quality, but at the expense of more computation and run
time.

B. Adaptation Problem Formulation

As can be seen from the discussion in the previous
section, we can potentially use the four video encoding
parameters to affect the computation complexity and hence
speed of video encoding. Therefore, when video encoding
performance is impacted by DTM, choosing the right
parameter values can help reduce the computational needs of
the encoder and still encode video sequences in real time. On
the other hand, any such change in the values of the encoding
parameters affects the bit rate and quality of the encoded
frames. It should be the responsibility of the dynamic
adaptation algorithm to address the performance impact due
to DTM while keeping encoded video quality as high as
possible and bit rate as low as possible.

We formulate our dynamic adaptation algorithm problem
as follows. We consider 3 combinations for video encoder
and their hardware platforms: first combination, E,, is the
original encoder on hardware where there is no change in the
performance due to DTM. The second combination, E,,, is
also based on original encoder but it is on a platform that
incorporates DTM, which results in dynamic changes in the
hardware performance. The third combination, E,, uses
adaptive video encoder and it is based on the same DTM
platform. The attributes of each encoder, E;, is defined as
follows:

Q(E}): Video Quality of E; in terms of PSNR.

B(E;): Bitrate of E; in terms of kbps.

S(E;): Encoding speed of E; in terms of frames per
second.

Our proposed adaptation algorithm has to change the
values of the encoding parameters to satisfy the following
conditions:

S(Eq) = S(E,)
Max{Q(E,)} (1)
Min{B(E,)}

Note that since the impact of DTM on the speed of the
encoder can vary during an encoding session, satisfying the
above conditions will require the adaptation algorithm to be
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dynamic, in real-time adjusting the parameters to address the
DTM impact.
While solving above optimization problem we expect the
solutions to fall into the following boundaries:
Q(En) < Q(Eo) —€= Q(Ea)' €>0 (2)
B(E,) < B(E;) <B(E,) + 4, 6>0
The first boundary means that the adaptive encoder not
only should produce higher quality results than non-adaptive
encoder with DTM but also its quality should not drop more
than € compared to ideal encoder. The second boundary says
that it is also accepted to have bit rate more than ideal
encoder but it should not exceed a limit of §.

C. Interactions between DTM and Adaptive Encoder

Figure 2 shows the different components and layers of
the overall system, with interactions between the DTM
controller, hardware driver, and the underlying hardware on
one hand, and the proposed adaptation layer on the other
hand. The DTM Controller makes the decision for changing
hardware settings based on the temperature it receives from
the hardware driver. The hardware driver has the
responsibility to read the temperature from Digital
Temperature Sensors (DTS) in the hardware, and send
appropriate commands to reconfigure hardware for thermal
management purposes. When the DTM controller changes its
settings, it conveys the information to both the hardware
driver as well as the encoder adaptation layer. The adaptation
algorithm checks in frequent intervals, and adapts the
encoder parameters dynamically according to the algorithm
described in the next section.

III. ADAPTATION ALGORITHM

In this section, we introduce our algorithm to
dynamically adapt the encoding parameters in response to
performance changes effected by DTM. The algorithm uses
(a) an experiment-based model that associates values of the
encoder parameters with values of the encoder attributes, and
(b) a Thermal Policy Characterization (TPC) table that
characterizes the effect of each possible DTM setting on the
performance of the encoder. We first describe how we derive
the Parameters-Attributes model, and then how we do the
thermal policy characterization. Finally, we discuss the
adaptation algorithm.

A. Parameters — Attributes Model

We find out the relationship between encoding
parameters and attributes in the following way. We define a
four-dimensional space in which each coordinate represents
one of the parameters of the encoder. Therefore each point in
this space such as C =(q,g,7r,s) corresponds to an
encoding configuration with Quantization of q, GoP of g,
Number of reference frames of r, and Search range of s.
This four dimensional space can be defined by the following
mathematical representation:

D ={(q,g,7,5)| q € [1,50],
g € [1,250],
r € [1,5],
s € [4,16]}
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The domain range for each parameter is based on the
actual encoder application limits.

For each encoding configuration point C, the encoder
produces an encoded video with the set of attributes: visual
quality in the form of Peak Signal to Noise Ratio (PSNR),
encoded video bit rate (BR), and encoding speed in the form
of frames per second (FPS). We define the Parameters—
Attribute model as three functions PSNR(C), BR(C), and
FPS(C). To derive the model, we performed experiments
with a set of videos, encoding the videos with multiple
encoding configurations and collecting the values of the
resulting attributes. Since the four dimensional space D of
parameter configurations is very large, and it would have
taken months to perform encoding of the sample videos with
all the possible encoding configurations, we have selected a
subset of D as follows:

D ={(q,9,7,5)|q € {18,23,28,33,38},
g € {1,2,4,8,16,32,96},
r € {1,2,3,4,5},
s € {4,8,12,16}}

For the rest of the points in D, we used linear
approximation based on their adjacent points.

Please note that we do not use the value of attribute
functions from sample video directly. These values will be
used as a guide on how changing parameters will affect each
attribute. For instance, if quantization changes from 23 to 28,
how much it affects the encoder speed or quality. In section
III.C, we show that the experimental model data will be
normalize and scaled before being used for different videos.

Next, we describe characterization of DTM techniques
impacts on system performance.

B. Thermal Policy Characterization

There are different methods for dynamic thermal
management such as dynamic frequency scaling, dynamic
voltage and frequency scaling, clock gating, load balancing,
deep-sleep modes, etc. To be able to use our encoding
adaptation algorithm with any of these different DTM
methods, we define a unified variable among all DTMs
called Performance Index that is calculated in the thermal
policy characterization process.

We start from the fact that each of these DTM methods
has a limited number of settings that it changes based on
system temperature, and other factors like number of cores,
number of voltage levels, etc. It means that at each moment,
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system is working at exactly one of its DTM settings. To
characterize thermal policy, we first disable DTM in the
sense that it does not dynamically switch between its
different settings. Then for each setting we encode a series of
video clips with the original video encoder and measure the
total encoding time. For each setting we calculate the
encoding speed, which is equal to the number of frames

encoded divided by the total time of encoding:
Total Number of Frames Encoded

Encoding Speed =

Total Time of Encoding

The encoding speed unit is frames per seconds (FPS).
Therefore, for a DTM setting, S, the encoding speed is
shown as FPSg. Now we define the Performance Index (PI)
of a setting, S, as follows:

pr, = 1P 3)
S T FPSy

where FPSy is the encoding speed of the nominal
hardware setting with DTM turned off. It means the
maximum value of PI is Ply, which is equal to one. In fact,
performance index indicates how much an application (here
video encoding) is slowed down because of DTM settings
change.

The values for each DTM setting and the corresponding
PI are stored in a lookup table, termed the Thermal Policy
Characterization (TPC) table. At any time, the adaptation
algorithm can look up the TPC table to determine the current
performance impact on the application due to DTM’s current
settings. Note that for a given system, the thermal policy
characterization has to be performed with the DTM software
used by the system only once, and offline. We will show in
Section IV.A results of a characterization we have done for
the MAC system we use in this paper.

C. Adaptation Algorithm

In response to changes in system temperature, DTM
changes its settings, thereby changing the Performance
Index. Given the current Performance Index, the objective of
our adaptation algorithm is to select a point in the
configuration space D, such that the video encoder will still
work in real time in spite of the performance impact of the
DTM, and will also produce maximum video quality and
minimize bit rate considering the performance index change
due to DTM.

Figure 3 shows the high-level workflow of the proposed
adaptive encoder to reach this goal. As shown, the adaptation
algorithm is called periodically after a time interval to
incorporate the DTM effects. At the end of each time
interval, the encoded video attributes collected during the
interval, the new performance index resulting from the
current DTM settings (from the TPC table), and the current
encoder parameters are sent to the adaptation algorithm. The
adaptation algorithm selects one of the parameters whose
value is determined to be most effective to solve the
optimization problem (Equations 1 and 2) for this time
interval.

The reason for changing only one parameter in each time
interval is twofold. First, calculating all the parameters at the
same time can be very expensive in terms of computation
needs (details of adaptation algorithm in the following



paragraphs). Secondly, even if we select the best encoding
configuration in each interval by changing all the parameters
simultaneously, that configuration may not remain the best
for the rest of the time interval, due to the possible dynamic
change in both the video content and the Performance Index
during the iteration.

Having described the high level flow of the adaptation
algorithm, we next discuss its details. The inputs at the start
of each iteration are:

e  Current encoding configuration: (qo, go, 7o, So)-

e  Current encoding attributes: psnry, bry, fpSp.

e Performance Index, PI, which is extracted from
TPC look up table based on current DTM
settings.

e Target boundaries for
psnry, bry, fpsy.

Figure 4 shows the flowchart of the adaptation algorithm,
which consists of the use of four tasks: extract, scale,
predict, and select. The first three tasks are used to predict
the effectiveness of each encoding parameter to satisfy the
objective of adaptation, and the last task selects the most
effective parameter for the current iteration. We discuss the
role of these tasks in the rest of the subsection.

Since we change only one parameter per iteration, we
need to study the effect of each parameter on the encoder
attributes separately, independent of other parameters. The
first task, extract, extracts the relationship between each
encoding parameter and attribute from the parameters-
attribute model, assuming other parameters are constant.
Since we have four parameters and three attributes, we get
12 combinations of parameter — attribute extracted functions.
For instance PSNR,, BRy, FPS,, are the extracted functions
for quantization parameter. Accordingly, we will have 9
more function for the 3 other parameters. We next show the
extraction of PSNR, from model data PSNR(C); the same
method applies for other parameters and attributes as well.

PSNRy(q) = PSNR(q,9,7,5)|g=gor=rys=s

As we mentioned in section III.A, we use experimental
model data as a guide for relation between parameters and
attributes. However, there may be a difference between the
value of an attribute for the current video being encoded and
the attribute value according to the extracted function,
depending on how different the current video is from the
videos that were used for modeling. In the next step (scale
task), we scale the extracted function by the above
mentioned difference. Considering the same example, the
scaled function of visual quality versus quantization level,
PSNR,,, is calculated as follows:

PSNR,(q0)

Similarly, the scale task finds the scaled functions
corresponding to each of the other 11 extracted functions.

We can now use the scaled functions derived in equation
(4) to predict the behavior of encoder parameters and
attributes. When all the three scaled functions for one
parameter are derived, the third task in Figure 4, predict,
provides the next value of each parameter. Without loss of
generality, we describe the functionality of this task for the

nominal encoder:
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Figure 4. Details of each iteration of the adaptation algorithm

quantization parameter, but it applies to all the other
parameters as well. In this task, we first calculate three
values for quantization by solving the following 3 equations:

PSNRy(q) = psnry (5.1
BRy(q) = bry (5.2)
PI.F/P?Q(q) = fpsr (5.3)

In equation (5.3), the left hand side is multiplied by
performance index to reflect the speed impact of the system
in presence of DTM. Solving the above equations results in 3
values for quantization, g4, q,, qs. Out of these values, we
select one, q;, that satisfies the following criteria:

PI.FPSy(q;) < fpsr
q; maximizes PmQ @ (6)
q; minimizes ER\Q(q)

As shown in Figure 4, the tasks of extract, scale and
predict are repeated for all four encoding parameters. After
a value of each of the parameters is predicted based on
equations (5), they will be compared with each other by the
select task. The parameter, which maximizes PSNR and



TABLE L IMPLEMENTATION PLATFORM SPECIFICATIONS

Operating System Mac OS X 1.5.8
Processor Intel” Core™ 2 Duo
Clock 1.8 GHz
Memory 2 GB
TABLE II. THERMAL MANAGEMENT PROFILES
Profile Frequencies (MHz) Throttling Level
0 1800 N/A
1 1800, 1400 Low
2 1800,1400 High
3 1800, 900 Low
4 1800, 900 High
5 1800, 1600, 1400, 1200, 800 Low
6 1800, 1600, 1400, 1200, 800 High
TABLE IIL VOLTAGE VS. FREQUENCY SELECTION
Frequency (MHz) 1800 1600 1400 1200 <900
Voltage (V) 1.175 1.1125 1.05 0.975 0.9

TABLE IV. PERFORMANCE INDEX FOR TEST PLATFORM
Processor Frequency (MHz) Performance Index

1800 100

1600 89.34
1400 77.72
1200 66.70
900 49.01
800 43.56

minimizes bit rate will be selected as the most effective one,
thus satisfying the objective of adaptation (equations (1))
The encoder will adapt based on the new parameter, and
the attributes of the video stream, and PI corresponding to
the new DTM setting will be determined in time for next
iteration of the adaptation algorithm. We show the
effectiveness of the adaptation algorithm in next section for a
DVFS based DTM on Intel” Core™ 2 Duo MacBook laptop.

IV. EXPERIMENTAL RESULTS

In this section, we discuss experimental results using a
MacBook Air, with specifications in Table I. Dynamic
Thermal Management is done by Cool Book [12], a
commercial DVFS tool that allows programming and use of
different DVFS profiles for thermal management, consisting
of different frequency, voltage, throttling and trigger
temperature settings. Trigger temperature is a thermal limit
above which the DVFS method will be employed [20].

We have used seven profiles to study the adverse effects
of DTM on the video encoder, and the effectiveness of the
dynamic adaptation algorithm proposed in this paper to
reduce these effects. We set the trigger temperature to 75°C
for all DTM profiles. Profile 0, which is the reference
implementation, has no frequency or voltage scaling and
processor runs at 1.8GHz (the nominal frequency). The
thermal management for this profile is only based on system
fan and heat sink. In the rest of the profiles, DVFS is enabled
to help thermal management. Table II shows the throttling
level and frequency settings used in each thermal
management profile, and Table III reports the voltage setting

978-1-4673-2154-9/12/$31.00 ©2012 IEEE

for each frequency. Note the used voltage settings are among
the ones predefined and available in the system.

The numbering of the profiles has been selected in
ascending order of frequency scaling options. Based on [24],
two frequency/voltage levels are sufficient for effective
DTM; therefore, profiles 1 to 4 have been selected with only
two frequency/voltage levels. Profiles 5 and 6, which use
five different frequency/voltage levels, have been selected
based on Cool Book recommendations.

In the next subsections, we first present the results of
thermal policy characterization (section II1.B) of the test
platform. Next, we study the performance of the original
video encoder, and the proposed dynamically adaptive
encoder, when one of the DTM profiles is applied. Finally
we present results for the overall performance of the adaptive
encoder for different videos and different temperature
management profiles.

A. Thermal Policy Management Results

As shown in Table II, our test platform uses six different
frequency settings. For each frequency setting, we have
encoded several VGA video clips, and measured the
performance index according to section III.B. Table IV
shows the performance index for each frequency setting.

We observe that the performance indexes for the
different settings of the test platform are very close to the
ratio of CPU frequency to the nominal hardware frequency.
This is because the performance of the x264 encoder
implementation is dominated by computation time, and not
memory access time, as the latter has been implemented very
efficiently.

B. Studying Effects of a DTM Policy and Adaptation

In this subsection, we study in details the effects of one
of the DTM policies, and the effectiveness of our proposed
dynamic adaptation approach to address DTM effects. We
first study the behavior of the original encoder at nominal
frequency in the absence of DTM. Then we discuss the
effects of DTM on the original encoder performance; and
finally we show how the adaptive encoder can significantly
improve speed and quality while DTM is effectively
managing the temperature. We have selected profile 6, which
is the recommended profile for thermal management by Cool
Book, and tested it with a video clip from Avatar movie.

Encoding Avatar clip in real time with original x264
video encoder in the absence of DVFS will result in a video
stream with PSNR of 41.9 dB and bit rate of 1505 kbps
(Figure 5(b)). However, even with processor fan spinning
with its maximum speed (6200 rpm), CPU temperature
increases up to 91 degree Celsius (Figure 5(a)). Our tests for
different video sequences showed that processor temperature
could rise up to 94°C just by encoding a 24 seconds video
clip. This shows the need for dynamic thermal management
to control the temperature. As shown by Figures 5(c) and (d),
in the presence of DVFS (Profile 6) with trigger temperature
of 75°C, the processor temperature can be contained to near
75°C (does not increase over 78°C), but with adverse effects
of drop in processor frequency (Figure 5(c)), and a very



significant drop in the quality of the encoded video by about
10 dB (Figure 5(d)).

In contrast, Figures 5(¢) and (f) show what happens when
the proposed adaptive encoder is used while DTM is applied.
Figure 5(e) shows that not only the temperature maintained
at the desired level of 75°C, but the frequency degradation
caused by DVFS is reduced compared to the original encoder
without dynamic adaptation (Figure 5 (c)). The above is
possible because the adaptation algorithm dynamically
changes the computational need of the encoder in response to
the real-time changes in the Performance Index affected by
DVEFS, allowing the processor to cool down faster, and
allowing DVFS to use higher frequency levels. Moreover,
the adaptation algorithm not only adjusts the encoder
according to the changing performance index so as to satisfy
real-time speed constraints, but also maximizes video quality
with minimum increase in bit rate. This effect is shown in
Figure 5(f): as DTM scales down frequency, PSNR drops
and bit rate rises but the adaptation algorithm finally
balances them and at the end we have a video with PSNR of
39.2, which is very close to what the original encoder
achieves.

In summary, without DVFS we can produce high quality
video stream but processor temperature increases rapidly. On
the other hand, having DVFS in the system helps controlling
temperature but it also drops video quality more than 10 dB
when frequency scales down. Having adaptive encoder and
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DVES together, the video quality does not drop more than 2
dB while processor temperature remains in the safe region.
This has come with the price of increased bandwidth about
20%.

C. Overall Adaptive Encoder Performance

In this subsection we discuss the performance of
adaptation algorithm for three VGA size video clips Avatar,
Soccer, and Wildlife. For each video, we first encode them
using original video encoder without DVFES (Profile 0) to get
the highest video quality to make sure that all the processing
capacity is used by the encoder. Then we used the PSNR and
bit rate of those videos as the reference when encoding that
specific clip with original or adaptive video encoder in the
presence of dynamic thermal management.

Clearly, adding adaptation algorithm to the original
encoder introduces some overhead to the encoding process.
It takes some time to calculate the parameters and
reconfigure the encoder and this time is taken from the total
time budget available for the encoding process. Adaptation
algorithm considers this time difference and changes the
encoder parameters to compensate it. Therefore the time (or
the computation capacity) taken for adaptation algorithm will
be translated into PSNR drop and/or bit rate increase of
encoded stream. On average, the overhead due to adding
adaptation algorithm to the original encoder is equivalent to

0.26 dB drop in PSNR and 8.3% increase in bit rate.
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0, (c) Temperature and frequency of original encoder for Profile 6, (b) PSNR and bit rate of original encoder for Profile 6, (e)
Temperature and frequency of adaptive encoder for Profile 6, (f) PSNR and bit rate of adaptive encoder for Profile 6, while
encoding Avatar video clip in real-time.

978-1-4673-2154-9/12/$31.00 ©2012 IEEE

[ 2600
[ 2400
[ 2200

2000
1800

- 1600
[ 1400
r 1200
[ 1000
800

600

[ 2600
[ 2400
[ 2200

2000
1800

[ 1600
[ 1400

.--"' "'\\L---.-----"

[ 1000

1200

800
600

[ 2600
[ 2400
[ 2200

2000
1800

- 1600
[ 1400
r 1200
[ 1000
800

600

(a) Temperature and frequency of original encoder for Profile 0, (b) PSNR and bit rate of original encoder for Profile

Bit Rate (kbps)

Bit Rate (kbps)

Bit Rate (kbps)



“Original Encoder

239
i
@ g 34 I
74
[-™
g 40
®) ; 35 I
-5
30 - | | - . - -
43
g 41
239
(©) .
<
w
- ™

ed Led L L
[PV

o

o

¥

& e P & o ¢ e
F F §F & & 8§
DR AR A S S

Adaptive Encoder
2000

£ 1500
=
= 1000
£ 500
: " HERERE R
2500
& 2000 1
E-1
= 1500 4
el
Z 1000
R AR
0
2000
£ 1500
=
£ 1000
=
,:S(J(JIIIIIII
=]
0
a.@ o aﬁ’ a:’ ab‘ ff’ f,.b
o T Ny S e T -
FEFHFSFSS

Figure 6. PSNR and bit rate of (a) Avatar video clip, (b) Soccer video clip, and (c¢) Wild Life video clip, when original and
adaptive video encoder is used for real-time encoding, using DTM Profiles 0-6.

As shown in Figure 6, the proposed adaptation algorithm
has been able to improve video quality compared to original
encoder for all the DVFS profiles. While video quality of the
original encoder drops about 10dB on average, video quality
of adaptive encoder has dropped by an average of only 2.4
dB, with marginal bitrate increase of about 4%.

Finally we observe from Figure 6 that the best DVFS
policy for adaptive encoder is policy 2 (2 frequency/voltage
levels with 12% frequency derate), where average video
quality drop has been 1.6 dB with marginal 2.7% bit rate
increase.

V. CONCLUSION

Due to limitations of cooling and increase in power
density, use of Dynamic Thermal Management in electronic
systems is inevitable; however, DTM impacts the
performance of systems, which can be particularly
problematic for compute intensive and real-time applications
such as video encoding, which are the same applications that
may need DTM the most. In this paper, we focused on H.264
video encoding as the application, and showed that DTM can
have an unacceptably high impact on the performance and
quality of video encoding. We presented an approach which
can dynamically adapt the encoder tasks in response to the
DTM performance impact, such that the encoder can perform
in real time, and with significantly less effect on the
encoding quality, all at marginal increases in encoding bit
rate. We demonstrated the approach using a commercial
DVFS based DTM tool on an Intel® Core™2 Duo processor.
We will also investigate the applicability of the propsoed
approach on other compute intensive and real-time
applications like graphics rendering, and other platforms like
mobile and multi-core server platforms.
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