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Abstract— In today’s computing systems Dynamic
Random Access Memories (DRAMs) have a large in-
fluence on performance and contribute significantly to
the total power consumption. Thus, recent research
activities bring the idea of approximate DRAM into
focus to save power and improve performance by low-
ering the refresh rate or disabling refresh completely.
Hence, fast and accurate models are required for a
thoroughly exploration of approximate DRAM for er-
ror resilient applications. In this paper we present a
holistic simulation environment for investigations on
approximate DRAM and show the impact on error
resilient applications.

I. INTRODUCTION

In the past, Approzimate and Probabilistic Computing
evolved as design paradigms that exploit the error re-
silience of applications to increase their performance and
decrease their power consumption [11].

More recently these research activities have been ex-
tended from pure computing cores to uncore components,
such as building blocks of communication systems [10] or
the DRAM controller [7] and further the DRAM itself,
often denoted as Approzimate DRAM [23, 24, 1, 16, 27].
The underlying motivation for an approximate DRAM
is the increasing power consumption and performance
penalty caused by unavoidable DRAM refresh commands.
Liu et al. [22] predicted that 40% to 50% of the power
consumption of future DRAM devices will be caused by
refresh commands. Moreover, 3D integrated DRAMs like
Wide I/O or HMC worsen the scenario with respect to in-
creased cell leakage, due to the much higher temperature.
Therefore, the refresh frequency needs to be increased ac-
cordingly to avoid retention errors [28].

Approximate DRAM tackles these issues by lowering
the refresh frequency (reducing the guard bands proposed
by the vendors) or even disable the refresh completely
and accepting the risk of data errors. Many applications
have an inherent error resilience that tolerates these errors
and therefore refresh power often can be reduced with a
minimal loss of the output quality.
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Fig. 1.: Simulation Framework for Approximate DRAM
Explorations and Reliability Management in SoCs

The major contributions of this work are:

e We present a holistic simulation framework for explo-
ration of efficient reliability management in System on
Chips (SoCs) with focus on approximate DRAM (See
Figure 1 and Section III).

e We show with measurements on Wide I/O and DDR3
devices that even at high temperatures DRAM can re-
tain its content much longer than assumed in current
literature. The simulation framework is calibrated with
these measurements (Section IV).

e We show with the simulation framework the practical
feasibility for approximate DRAM on two error resilient
applications (Section V).

II. RELATED WORK

A. Approximate DRAM - Reliability vs. Power

Liu et al. presented the first work on approximate
DRAM, called Flikker [23], which reduces the number
of refreshes by partitioning a DRAM bank in a critical
and non-critical region. The non-critical region will be
refreshed with a lower refresh rate.

A similar approach is followed by Quality Aware Ap-
proximate DRAM [27], which characterizes the used



DRAM by extensive retention time measurements. As
a result the DRAM pages are sorted into quality bins.
During allocation critical data is stored in high quality
bins, whereas approximate data is allocated in low qual-
ity bins. The whole DRAM is then refreshed with the
same refresh rate, which makes this approach applicable
to today’s DRAM devices, since no changes of the internal
DRAM structure are required. However, this approach
is very time consuming due to the prior characterization
and it is very challenging because of the Variable Reten-
tion Time (VRT) [17, 21] phenomenon. Moreover, there
is an overhead to store the essential information to apply
this technique (sorted page order).

The REVA [1] refresh scheme can be used in dedicated
video applications. It refreshes only the important region
of interest (ROI) in a video frame.

Sparkk [24] proposes the idea of permutation of the data
bits on several DRAM chips that are refreshed with differ-
ent rates. The most significant bits of a byte are located in
a highly refreshed DRAM device and the least significant
bits are stored in a less refreshed chip.

Omitting Refresh (OR) [16] shows that for dedicated
applications refresh can be disabled completely without
or with negligible impact on the application performance.
This is possible if it is assured that either the lifetime of
the data is shorter than the currently required DRAM re-
fresh period or if the application is error resilient and can
tolerate bit errors to some degree in a given time window.
It is shown that especially for 3D-integrated systems with
Wide I/O DRAM this strategy is beneficial. Similar to
Flikker the memory is divided in an wunreliable and reli-
able region, as depicted in Figure 2. It shows a simulation
step of a 3D-integrated mobile MPSoC with a 4-channel
Wide I/O DRAM and heterogeneous computing compo-
nents on the logic die. The lowest 3D-DRAM layer has the
highest average temperature. Hence, this layer requires a
higher refresh rate than the rest of the DRAM stack [28].
Consequently, the lowest layer is a perfect candidate for
applying OR, by tolerating an unreliable memory layer
in order to save refresh power. While the upper reliable
part of the stack is refreshed the unreliable region can
be accessed exclusively, which is managed by the DRAM
controller.

The authors of [29] and [31] introduce programming
techniques to exploit unreliable memories by distinguish-
ing reliable and unreliable data types.

B. Retention Aware Refresh

There are several works on retention aware refresh,
that also try to reduce the number of refresh events
but unlike approximate DRAM they assure full data in-
tegrity [33, 22, 2, 20, 36, 34]. These techniques can be ap-
plied in fields of non-resilient applications. However, it is
very difficult to characterize DRAMs, as they experience
VRTs and Data Pattern Dependencies (DPD) [21, 35]
for their retention times. Moreover, in [35] it is shown

that the temperature has a strong effect on VRT. Hence,
it is infeasible during startup of a system to determine
an exact list of weak cells that considers all parameters,
such as temperature, retention time and DPD. A more re-
cent idea, AVATAR [26], tries to overcome VRT issues by
combining an online Error-Correcting Code (ECC) mech-
anism with row selective refresh.
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Fig. 2.: Wide I/O DRAM on an MPSoC [14], Simulated
with our Approximate DRAM Framework

III. SIMULATION FRAMEWORK FOR APPROX. DRAM

Modeling an approximate DRAM system is not trivial,
since a reasonable tradeoff between accuracy and system
simulation performance must be found. Therefore, we rely
on SystemC Transaction Level Models (TLM) for fast and
accurate simulation.

Figure 1 shows our closed loop simulation flow for in-
vestigations on approximate DRAM. This simulation loop
is based on the modular DRAMSys framework [14] and
consists of four key components:

¢ DRAM and Core Models: The DRAM model of
the framework is based on a DRAM specific TLM pro-
tocol called DRAM-AT [15]. Due to TLM’s modular
fashion several types of DRAM and controller config-
urations can be modeled. For modeling the cores the
gemd simulator is used [3]. We developed a coupling
between gemb and SystemC to be able to integrate this
powerful research platform in our simulation loop [13].

¢ DRAM Power Model: Since DRAMs contribute sig-
nificantly to the power consumption of today’s sys-
tems [19, 9], there is a need for accurate power mod-
elling. For our framework we use DRAMPower [6, 5],
which uses either parameters from datasheets, esti-
mated via DRAMSpec [25] or measurements to model
DRAM power. We modified this tool that it can be
used as a library, which can be easily integrated in
a C++/SystemC based simulator like our simulation
framework to calculate the power consumption online
during the simulation.

e Thermal Model: 3D packaging of systems like
Wide I/O DRAM starts to break down the memory
and bandwidth walls. However, this comes at the price
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Fig. 3.: Measurements on DDR3

of increased power density and less horizontal heat re-
moval capability of the thinned dies. The thermal issues
of 3D ICs cannot be solved by tweaking the technology
and circuits alone. It is crucial to analyze the behaviour
of the whole system. Therefore, we integrated the ther-
mal simulator 3D-ICE [32] in a SystemC wrapper [12]
that is included in our closed-loop simulation for aprox-
imate DRAM analysis.

¢ DRAM Retention Error Model: this model is key
to analyze the impact of approximate DRAM on exe-
cuted applications. To study these energy vs. reliability
trade-offs we developed a DRAM retention time error

model [35] based on exhaustive measurements on Wide
I/O and DDR3 DRAMSs (Compare Section IV).

IV. MEASUREMENTS

To calibrate the models presented above we did exhaus-
tive measurements [35] and estimated the retention times
of Wide I/O [8, 17] and DDR3 DRAM devices [30] using
different data pattern. We observed DPD and VRT, sim-
ilar to the study in [21].

For this work we extended these measurements with
respect to long retention times. The most research papers
(e.g. [24, 22, 20]) rely on the study of Kim and Lee [18],
where the maximum retention time of a DRAM cell is
approximately 1000 seconds. As shown in the Figures 3
and 4 we observe that the majority of cells can hold data
much longer than 10000 seconds for a 0xFF data pattern,
even at high temperatures.

We see for the Wide I/O device after 10000 seconds
only 6% of the cells are flipped at a temperature of 40°C
while 24% are flipped for 100°C. For the DDR3 Device
after 10000 seconds only 15% of the cells are flipped at
room temperature (25°C) while 57% are flipped for 90°C.
In contrast to common belief these measurements show
that many DRAM cells can hold their value up to two
orders of magnitude longer than assumed in [18]. We plan
further measurements in the future with different DRAM
devices from several vendors focused on process variation
and VRT to enhance our simulation framework.
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V. EXPERIMENTAL RESULTS

In a detailed case study [16] we used the presented sim-
ulation framework (Figure 1) to investigate the influence
of an approximate DRAM with disabled refresh on two er-
ror resilient applications. For both following applications
we modeled the architecture as shown in Figure 2:

e Graph Processing: Complex graphs are the heart of
today’s big data challenges e.g. recommendation sys-
tems used in social networks, content sharing services or
online shops. The task for a good recommendation sys-
tem is to find similarities in large graphs, which can be
done by a fixed degree sequence model using the metric
of co-occurrence [37]. In [4] an efficient hardware archi-
tecture is presented for calculating similarities in large
graphs using the algorithm of [37]. We demonstrated
that switching-off the refresh during co-occurrence cal-
culation in graph processing has a negligible impact on
the resulting quality. Since the memory is the bottle-
neck for this type of applications the available band-
width can be increased by omitting refresh.

e Channel Decoding: In digital communication sys-
tems channel coding plays an integral role in all im-
portant modern communication standards. One of the
currently most sophisticated concepts of channel cod-
ing is Low-Density Parity Check (LDPC) coding, which
is part of recent wireless communication standards like
WiGig and WiFi. Gimmler-Dumont et al. [10] have
shown that channel decoding has an inherent error re-
silience. Therefore, we switched off refresh for this sim-
ulation on the input data buffer of an LDPC decoder
and showed that the influence of the retention errors
in the DRAM on the frame error rate after decoding
is negligible compared to the influence of the errors in-
duced by the communication channel.

For both applications described above the complete re-
fresh energy can be saved. This results e.g. in 12% de-
crease of the total energy consumption of the channel de-
coding application.



VI. CONCLUSION AND FUTURE WORK

In this paper, we presented a holistic simulation frame-
work for investigations on approximate DRAM. The com-
ponents in the framework are calibrated to conducted
measurements. We showed that DRAM can hold its data
much longer than commonly believed. In the future, we
will extend our measurements, modeling and simulations
to more DRAMSs from several vendors with focus on tech-
nology, temperature, process variation, VRT and ECC
mechanisms.
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