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Abstract—Our principal motivation is to reduce the energy
consumption of display subsystems in mobile devices by intro-
ducing a hybrid frame buffer architecture into the platform. We
observed that display contents on a screen are quite static for
certain mobile workloads, such as web browsing. As a result, data
reading from the display frame is much more frequent than the
writing of new data onto the frame buffer, a state we refer to as
read dominance. Based on this observation, we propose a hybrid
frame buffer architecture that exploits the display contents’ read-
dominant property to improve the energy efficiency of display
subsystems. Specifically, we employ two memory types: DRAM
and Phase-Change Memory (PCM), in the display frame buffer to
exploit their different read/write energy characteristics. We also
present an analysis of the energy efficiency of the hybrid frame
buffer based on our display content and energy consumption
models. Our evaluation results show that the proposed hybrid
frame buffer reduces frame buffer energy consumption by up to
43 %, compared to the conventional DRAM-only frame buffer.

I. INTRODUCTION

Display subsystems are power hungry components and their
energy efficient design is critical for battery operated mobile
devices, such as smartphones and tablets. The display subsys-
tem delivers computer output to humans through visual media,
e.g., display panels such as LCD or LED, typically consuming
more than 30 % (including panel and processing logics) of
the total mobile device power [6]. Even worse, the display
subsystem is expected to consume more energy as the size and
resolution of display panels continue to increase, generating
a larger amount of data access to/from the frame buffer.
Therefore, the energy efficient design of display subsystems
remains an important problem.

Depending on the contents to be displayed, the read access
to the frame buffer can be much more frequent than the write
access, which we refer to as read dominance. For instance, in
an office application (e.g., text editor) a large portion of the
displayed image may remain static for a long period of time. In
this case, the contents in the frame buffer may not be updated
frequently, but the display engine will nevertheless periodically
scan/read the same image from the frame buffer to project
them onto the display. Because of the constant read from the
frame buffer, a memory that consumes less power on read
access than on write access will improve the energy efficiency
of the display subsystm, especially for static contents, such as
web browsing, e-mail and messaging applications.

While there exist many techniques for improving energy ef-
ficiency of display subsystems [6], [8], [13], [14], [23], none of
them have considered the read-dominant property of the frame
buffer. For example, Shim et al. [23] introduced a compressed
frame buffer to reduce the amount of data delivered to the
panel. Choi et al. [8] developed a dynamic-colour-depth-based

TABLE I
DRAM AND PCM ENERGY [7]

DRAM PCM
Read energy (pJ/bit) 4.4 2.47
Write energy (pJ/bit) 5.5 14.03 (set)

19.73 (reset)

frame buffer access scheme at the expense of image quality.
Hollevoet et al. [13] proposed to add an extra frame buffer on
the screen to decrease the frequency of memory access. Kim et
al. [14] devised a scheme that dynamically adjusts the display
refresh rate to minimize display power consumption. However,
our scheme is unique in that it exploits the asymmetric frame
buffer access patterns.

In this paper, we propose a hybrid frame buffer architecture
that significantly improves energy efficiency of display sub-
systems by exploiting the read-dominant property of display
contents. There are several papers that propose a hybrid mem-
ory using DRAM and Phase-Change Memory (PCM) [15].
Dhiman et al. [10] proposed a hybrid main memory, which
exposes DRAM and PCM addressabilities to the OS. Qureshi
et al. [20] adopted PCM and used DRAM as a conventional
cache to PCM. Liu et al. [17] proposed a hybrid memory
for DSP systems. To demonstrate the benefits of the hybrid
frame buffer, we employ two memory types, DRAM and
PCM, to store images in the frame buffer. DRAM consumes
relatively less power on write than PCM, whereas certain
PCM is more energy efficient on read than DRAM [5], [7],
as shown in Table I. In the hybrid frame buffer, we exploit
such heterogenous power characteristics of DRAM and PCM
for read-intensive, low-activity contents, such as web browsing
and office applications. Our evaluation results show that the
hybrid frame buffer with DRAM/PCM reduces power by up to
43 % compared to the conventional DRAM-only frame buffer.
We also evaluate the suitability of PCM as a hybrid frame
buffer because PCM is known to have certain limitations,
e.g., lifetime and speed [11]. We discuss several potential
solutions to mitigate these practical constraints. To the best of
our knowledge, our work is the first to propose hybrid frame
buffer architecture to improve the display subsystem energy
efficiency.

This paper is organized as follows. Section II reviews the
display subsystem, display contents and PCM. Section III
introduces the hybrid frame buffer architecture with PCM.
Section IV analyzes the benefits of the proposed architecture
compared to the DRAM-based system. Section V evaluates
the performance of the proposed hybrid frame buffer archi-
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tecture for various workloads, and discusses more advanced
techniques for display subsystems.

II. BACKGROUND

In this section, we briefly describe the operation of display
subsystems, study the static behavior of display contents, and
then introduce PCM as a potential technology for hybrid frame
buffers.

A. Display Subsystem

Figure 1 illustrates a conventional display subsystem, which
consists of the application processor, display frame buffer,
and display panel. The application processor generates frame
images and stores them in the display frame buffer. The display
frame buffer is associated with a display panel, such as LCD
or LED display, which reads the frame image from the frame
buffer to display it on the screen. In a conventional display
frame buffer, there is a single (homogeneous) type of memory,
e.g., DRAM, to write and read an image.

B. Computer Display Contents

Typically computer-generated display contents have large
static regions, e.g., a desktop background image does not
change frequently without user interaction or notification.
To study the static behavior of display contents, we have
developed a custom display capture board with FPGA and
studied the characteristics of the display contents. The display
capture board reports the percentage of pixels changed in each
frame by continuously storing display frames and comparing
their pixels with those of the previous frame. Table II shows
the statistics for typical mobile workloads and benchmarks,
including 3D animation and MobileMark2007 [1]. The
results show that the display contents seldom change (e.g.,
< 13 %) for most of the tested workloads. This makes fre-
quent periodic reads from the frame buffer for screen refresh
unnecessary, and significantly wastful of energy. Therefore, we
can conclude that certain mobile workloads are read-dominant
in displaying their contents, which motivates us to propose the
hybrid frame buffer architecture that exploits this asymmetry
in read/write energy consumption.

C. Phase-Change Memory (PCM)

Of the several energy efficient memory and storage tech-
niques recently developed [9], PCM is known as one of
the most energy efficient, non-volatile memories [5]. One
interesting feature of PCM is its asymmetric power con-
sumption characteristics—i.e., write energy is much higher
than read energy—, as shown in Table I. This asymmetry in
read/write power consumption is mainly due to the high power
required for changing its structure for write, regardless of the
set/reset of the state. This power asymmetry is quite different

TABLE II
DISPLAY CONTENTS STATISTICS

Changed pixel Duration
(%) (sec)

3D animation 12.73 656
Web suite 0.30 99
MobileMark2007 0.08 7244
SysMark productivity 0.84 555
Random mouse move 0.06 48
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Fig. 1. Conventional display subsystem.
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Fig. 2. Data flow in hybrid approach: PCM stores static contents and DRAM
stores dynamic contents.

from conventional memory types, e.g., DRAM, in which read
and write power consumption is similar. Therefore, PCM’s
read-power-efficient property makes it a good candidate for
applications in read-dominated scenarios. Table I shows the
DRAM and PCM energy numbers that we use in this paper.

III. THE PROPOSED ARCHITECTURE

As we mentioned, display contents are quite static for many
mobile workloads, and thus the contents can be categorized
into high and low activity areas. For example, while streaming
a YouTube video from the Internet, the video playback area
can be considered a high activity area as it continuously
displays new data, and the rest of the screen can be considered
a low activity area.

Based on this practical observation, we present the proposed
hybrid frame buffer architecture that improves the energy effi-
ciency of the display subsystem by employing heterogeneous
memory types with different read/write power characteristics,
e.g., DRAM and PCM. For instance, in the hybrid frame
buffer, the high activity area (i.e., video content) is stored in a
write-efficient memory (e.g., DRAM), whereas the static area
is stored in a read-efficient memory (e.g., PCM). This hybrid
architecture is quite different from the traditional architecture
with a homogeneous frame buffer, in which the read/write
power consumption is comparable (e.g., DRAM as shown in
Table I).

A. Hybrid Frame Buffer Architecture

Figure 2 shows the proposed display subsystem consisting
of five components: (i) an application processor, (ii) a DRAM,
(iii) a PCM, (iv) a hybrid display frame buffer controller, and
(v) a display panel. The hybrid architecture introduces PCM to
store read-dominant contents, and introduces a hybrid display
frame buffer controller that identifies the high/low-activity
areas. Once it identifies or predicts the content characteristics,
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Fig. 3. Data flow in hybrid frame buffer controller.

it stores the contents for high-activity regions to the DRAM,
and the remaining low-activity regions to the PCM. Next, we
will elaborate on the detailed operation of the hybrid frame
buffer controller.

Figure 3 illustrates the data flow in the hybrid display frame
buffer controller that consists of four main components: (i) a
static area predictor, (ii) a static area map, (iii) a Demux, and
(iv) a Mux. Initially, the controller stores the display contents
to DRAM, similar to a conventional display controller. For
example, the application processor stores images in the DRAM
frame buffer through Demux, and the display panel reads
them from DRAM through Mux, as shown in Figure 3.
Meanwhile, it monitors the content characteristics based on
recent history, e.g., update frequency. Once it identifies a
static (read-dominant) region of current contents, the controller
updates the static area map and directs the updated contents
for the static region to the PCM for energy efficient read
operations. The static area information in the static region map
will be used by the Demux to split and distribute the updated
images to the PCM/DRAM. When the display panel requests
a frame image, the Mux combines the images according to the
static area maps.

B. Display Content Prediction

To maximize energy savings, it is important for the static
region predictor to accurately identify the static regions of
the displayed images. While the prediction of static/dynamic
region is outside the scope of this paper, we describe several
practical methods that can be used to identify content charac-
teristics, including OS-guided monitoring and pixel-by-pixel
comparison, as we describe below.1

First, in the OS guided monitoring method, the OS provides
the changed area information in the current frame, and the
static area predictor can use this information to predict the
static area for future frames. One example of the OS guided
monitoring is XDamage extension software [2] that provides
the dynamic region in a frame buffer. This feature is widely
used for remote display applications, e.g., X11VNC [3], to
reduce the amount of data to be transmitted to a remote
display by sending only images in changed areas. Once the
OS guided monitoring provides the dynamic region to the
static area predictor, the detector keeps track of the dynamic
region to calculate the inactive region. In general, the OS

1Note that we assume the content prediction can be done with high accuracy
throughout the paper.

TABLE III
GENERAL TERMS

Terms Descriptions
N Total number of coherent content frames
f Number of changed frames in high-activity area
d Portion of dynamic contents in a frame
s Portion of static contents in a frame
B Number of bits to represent a frame

Ew

DRAM
Write energy per bit in DRAM

Er

DRAM
Read energy per bit in DRAM

Ew

PCM
Write energy per bit in PCM

Er

PCM
Read energy per bit in PCM
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Fig. 4. Display contents model.

guided methods have negligible impact on CPU utilization.
For example, one of the OS guided detection methods called
Dynamic Image Detection Scheme (DIDS) [24] shows only
1 % increase in CPU utilization.

Another approach is a pixel-by-pixel comparison, which
compares each pixel in the current frame to one in the
previous frame. This approach provides the greatest accuracy
and finest granularity of the static region detection. However,
computation overhead for the pixel comparison grows as the
screen resolution increases.

IV. ANALYSIS

In this section, we first introduce the display content mem-
ory and frame buffer energy models, and then we analyze
the energy, life time and speed of the hybrid frame buffer
architecture to demonstrate its benefits. Table III defines the
terms that we use in our analysis.

A. Display Content Model

The amount of read and write access depends on the
characteristics of the displayed contents. For example, high
motion contents incur a relatively large amount of write to the
frame buffer, whereas office applications (e.g., text editor or
email) incur relatively low write activity. Fig. 4 illustrates the
display content model where we identify the key parameters
that quantify the content characteristics: (i) the number of
changed frames in high-activity areas, f , within given coherent
content N frames, and (ii) the portion of content changed d.



TABLE IV
AN EXAMPLE OF CONTENT TYPES WITH N = 60 FRAMES PER SECOND

`
`
`
`
`
`
`
`̀

Region
Frame Low (0-30 frames) High (30-60 frames)

Low Web browsing Cursor movement
High Video playback 3D game

For example, f = 60 and N = 60 means that every frame
changes its context, and thus new data will be written to the
frame buffer for each frame update. With these key parameters
(i.e., f , N and d), display contents can be classified into four
categories, as shown in Table IV.

B. Memory Energy Model

We employ a simplified version of the DRAM energy model
in [19] in order to highlight the impact of read and write
access characteristics on energy consumption. The DRAM
energy model consists of read, write, and background energy
from different power modes, including refresh, idle, and re-
tention modes [19]. Typically, the background energy varies
depending on memory size, power management policy and
workloads [18]. In order to understand the energy consumption
behavior with different read and write rates, we use the
following DRAM energy model:

EDRAM (x, y) = x ·Ew
DRAM + y · Er

DRAM (1)

where x and y are the amounts of write and read bits,
respectively, and Ew

DRAM and Er
DRAM are DRAM’s write

and read energy per bit, respectively.
We consider PCM for read-energy-efficiency memory, and

use the PCM energy model introduced in [22]. The energy
consumption of PCM can be expressed as:

EPCM (x, y) = x ·
E

preset
PCM + Eset

PCM

2
+ y · Er

PCM , (2)

where E
preset
PCM , Eset

PCM and Er
PCM denote PCM’s energy

consumption for preset, set, and read, respectively.
Note that in Eq. (2), to simplify the analysis, we assume

that the probability of write for one (set) or zero (preset) in a
bit is equiprobable within an image. We focus on the energy of
DRAM and PCM, and also assume that the energy overhead
introduced by the hybrid controller is negligible. However,
our energy model is generic and can easily be modified to
accommodate different ratios between set and reset operations
in the PCM.

C. Frame Buffer Energy Model

In the conventional frame buffer with homogeneous mem-
ory, the frame buffer energy consumption is mainly determined
by the amount of write and read activity. First, the energy
spent on write activity consists of dynamic and static parts,
i.e., (d·f+s)·B, where f is the number of changed frames in
high-activity areas, B denotes the number of bits to represent
a frame, and d and s denote the portion of dynamic and static
contents in a frame, respectively. Second, the total energy
spent on read activity, which transfers the data of N frames
in the frame buffer to a panel, is N · B. The write activity
is the function of the number of changed frames, f . However
the read activity is not a function of total frames since the
display subsystem consumes energy continuously on read, and

TABLE V
WRITE AND READ AMOUNTS IN HOMOGENEOUS AND HYBRID FRAME

BUFFERS

Write Read
Homogeneous (d · f + s) · B N ·B

Hybrid DRAM d · f · B d ·N ·B
PCM s · B s ·N ·B
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Fig. 5. Energy comparison between DRAM and PCM frame buffers.

the panel refreshes every frame regardless of changes in the
displayed contents.

In the hybrid frame buffer, DRAM stores pixels in the
foreground (dynamic) contents, whereas PCM stores pixels
in the background (static) contents. The number of pixels to
write the foreground contents to DRAM and read is d · f · B
and d · N · B, respectively. The changed region is re-written
only for f frames, but it is read every N frames. The number
of pixels to write the background content to PCM and read is
s · B, and s · N · B, respectively. Background is written one
time, while it is read every N frames. Table V summarizes
the model of write and read amounts for homogeneous (i.e.,
DRAM) and hybrid frame buffers (i.e., DRAM+PCM).

D. Numerical Evaluation

Here we first evaluate the energy consumption character-
istics of DRAM and PCM, and identify the display content
scenarios under which PCM outperforms DRAM in terms of
energy efficiency. We then evaluate the potential energy saving
benefits of our hybrid approach.

Fig. 5 compares the normalized energy consumption of the
DRAM-only and PCM-only frame buffers for two extreme
cases, i.e., d = 0 and 1. The figure shows that PCM is more
energy efficient for relatively static contents (i.e., small f ),
whereas DRAM is more energy efficient for dynamic contents
(i.e., large f ). The existence and locations of the cross points
are determined mainly by the two parameters, d and f , and
the crossing point, if it exists, can be calculated from Eqs. (1)
and (2), and Table V. For a given d, the cross point of f is:

f =
(Ew

PCM · s− Ew
DRAM ) + (Er

PCM − Er
DRAM ) ·N

(Ew
DRAM − Ew

PCM ) · d
.

(3)
Figure 6 plots the cross points derived from Eq. (3), and the

curve represents the break-even points between DRAM-only
and PCM-only frame buffers in terms of energy consumption.
DRAM outperforms PCM above the line and vice versa. The
low active display contents, such as web browsing and office
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applications, benefit from the PCM frame buffer, whereas the
high activity display contents, such as video games, benefit
from the use of DRAM over PCM. For instance, video
playback applications, which normally have 24 or 30 frames
per second, benefit depending on the size of the changed area
d. Contents of small screen changes with a high number of
frames per second, such as YouTube video streaming, would
benefit from the use of PCM. The DRAM frame buffer would
be better for full screen video playback.

V. EVALUATION

In this section, we demonstrate the efficacy of the proposed
hybrid frame buffer architecture via in-depth evaluations.

A. Evaluation Setup

We evaluate the efficacy of the hybrid frame buffer by
comparing the energy consumption of the following three
testing schemes: (i) DRAM-only, (ii) PCM-only, and (iii)
Hybrid frame buffer with DRAM and PCM. We evaluate
the schemes for three different levels of granularities, i.e.,
Pixel (P), Macroblock (MB), and Scanline (SL), in identifying
the static/dynamic region of the display contents, and writ-
ing/reading them to/from the frame buffers. This also defines
the minimum unit for content mapping information in the
Static Area Map in the Hybrid frame buffer controller (see
Figure 3). The pixel level is the finest granularity to separate
and combine the frame buffer. Macroblock represents a tile of
16-by-16 pixels [21]. A scan line is a single line in the frame,
which is usually a horizontal line in the display.

We evaluate the schemes for the scenarios listed in Table VI,
based on experiments conducted in [12]. In the evaluation, we
use the DRAM and PCM read/write power consumption in
Table I.

B. Energy Benefit

Figure 7 compares the energy consumption of the three
tested frame buffer methods. The figure shows that the pro-
posed hybrid frame buffer outperforms the homogeneous, i.e.,
DRAM- and PCM-only, schemes for all the tested scenarios,
thanks to its ability to exploit the read-dominant property
of the displayed contents and leverage the asymmetry in

TABLE VI
SCENARIO CONFIGURATION (fps: FRAMES PER SECOND, PORTION OF

CHANGED PIXELS IN A CHANGED FRAME)

fps SL (%) MB (%) P (%)
MobileMark2007 5.4 5.73 1.96 0.92
3D animation (VLC) 24.51 41.09 33.25 21.11
3D animation (QT) 39.1 41.33 33.59 19.54
SysMark 3D 14.28 4.41 0.31 0.17
SysMark E-Learning 15.24 4.89 1.11 0.67
SysMark productivity 14.13 17.61 7.67 3.55
SysMark video creation 12.07 9.44 3.66 2.65
YouTube 30.07 32 17.02 9.24
Web suite 12.4 6.81 2.78 1.44
Random mouse move 55.98 4.13 0.22 0.06

read/write power consumption in DRAM and PCM. The
results show that the hybrid frame buffer saves up to 43 % of
the energy compared to the conventional DRAM-only frame
buffer; in general, the lower the portion of active contents, the
greater the power savings.

One interesting observation is that as the content writing
methods become less sophisticated (e.g., SL), average energy
consumption increases due to the increased energy overhead
in writing the contents to the frame buffer. For highly active
contents, e.g., 3D animation with QuickTime player, the
energy consumption of the PCM-only frame buffer becomes
even higher than that of the DRAM-only frame buffer because
of the high write-power consumption of the PCM.

C. Discussion

In this section, we evaluate the feasibility of using PCM
for display frame buffers from other aspects, such as memory
access speed and memory lifetime expectations. We also
discuss several potential solution approaches and techniques
that can mitigate such constraints.

Speed: While PCM provides a great energy saving benefit
for read-intensive display contents, it is relatively slow com-
pared to DRAM. For example, write bandwidth of DRAM
is in the order of GB/s per die, whereas PCM achieves
50-100 MB/s per die [16]. This might not be sufficient to
support FullHD (1920 × 1080 × 24 bpp × 60 fps), which
requires 373 MByte/s for bandwidth. However, this bandwidth
problem can be overcome via a parallel use of PCM. For
example, Micron recently announced a PCM with bandwidth
of 400 MByte/s [4], which can provide bandwidth for servicing
FullHD display contents.

Lifetime: It is known that PCM has a short lifetime ex-
pectancy with at most 107 writes per bit cell before failure.
However, the PCM lifetime can be extended significantly with
known techniques, such as wear leveling, read-before-write,
and frame buffer compression. The wear leveling technique
spreads PCM cell use over the available cells, ideally equal-
izing the use of all PCM cells. Figure 8 shows an example
of expected lifetime of 2 GB PCM with the wear leveling
technique for various applications and usages. For example,
PCM can last more than 10 and 100 years for video and web
browsing applications, respectively.

VI. CONCLUSION

Energy efficiency is a critical design consideration for
mobile devices such as smartphones and tablets. In this
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paper, we proposed a novel hybrid frame buffer architec-
ture for display subsystems that improve energy efficiency
by employing heterogeneous frame buffers with asymmetric
read/write power characteristics. Specifically, we (i) observed
that certain mobile display contents exhibit a read-intensive
property, (ii) proposed a novel hybrid architecture for display
subsystem frame buffers to take full advantage of the read-
intensive access pattern of display contents, (iii) compared the
read/write energy consumption behavior of DRAM and PCM,
(iv) characterized the scenarios under which PCM outperforms
DRAM thanks to its ability to exploit the read dominance
of the displayed contents, and (v) comparatively evaluated
the efficacy of the proposed hybrid frame buffer architecture.
Our evaluation results showed that the proposed hybrid frame
buffer architecture can reduce the energy consumption of
display subsystems by up to 43 % for highly active contents.
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