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ABSTRACT

Dynamic Random Access Memories (DRAM) have a big im-
pact on performance and contribute significantly to the total
power consumption in systems ranging from mobile devices
to servers. Up to half of the power consumption of future
high density DRAM devices will be caused by refresh com-
mands. Moreover, not only the refresh rate does depend on
the device capacity, but it strongly depends on the temper-
ature as well. In case of 3D integration of MPSoCs with
Wide I/O DRAMs the power density and thermal dissipa-
tion are increased dramatically. Hence, in 3D-DRAM even
more DRAM refresh operations are required. To master
these challenges, clever DRAM refresh strategies are manda-
tory either on hardware or on software level using new or
already available infrastructures and implementations, such
as Partial Array Self Refresh (PASR) or Temperature Com-
pensated Self Refresh (TCSR).

In this paper, we show 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 refresh period or if the
application can tolerate bit errors to some degree in a given
time window.
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Figure 1: Leakage Current and Required Refresh
Periods at Different Temperatures. |28, (31, 39]

1. INTRODUCTION

Memory energy consumption has become a significant con-
cern in mobile computing, servers and high-performance com-
puting platforms. There are applications, such as used in the
GreenWave computing platform [25], in which 49% of the
total power consumption has to be attributed to DRAMs.

DRAMSs must be refreshed regularly due to their charge
based bit storage property (capacitor). The retention time of
a DRAM cell is defined as the amount of time that a DRAM
cell can safely retain data without being refreshed [18]. This
DRAM refresh operation must be issued periodically and
causes both performance degradation and increased energy
consumption. Liu et al. [29] predicted that 40% to 50%
of the power consumption of future DRAM devices will be
caused by refresh commands (compare Table .

Moreover, 3D integrated DRAMs like Wide I/O or HMC
worsen the temperature behavior. Due to the much in-
creased leakage at the cells the refresh frequency needs to be
adjusted accordingly to avoid retention errors [39] as shown
in Figure Thus, the efficient utilization of the available
DRAM bandwidth and the efficient usage of DRAM power-
down modes and clever refresh techniques are major con-
tributions to a high energy efficiency of DRAM subsystems
and the computing system in which they are integrated [22].

Recently, a lot of research has been done (see Section
to minimize the number of refresh operations by means of
different techniques. However, it was not considered that
for some safety uncritical applications DRAM Auto-Refresh
(AR) can be disabled completely without or with negligible
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Ref. Impact on | DRAM Device Size (Gb) |
[ 2] 4] 8] 16] 32 64 ]

Energy 10% | 14% | 16% | 18% | 25% !
CPU Perf. 5% | 7% | -9% [ -14% | -26% | -46%
CPU IPC 5% | -8% [ -11% [ -18% | -36% ?
5 CPU Latency | 4% | 6% 8% | 13% | 24% ?

[29] T Avg. Power [10% [ 15% [ 17% | 24% | 34% | 47%
?
29|
5

Table 1: Impact of Refresh on Future DRAM De-

vices

impact on the application performance, called Omit Refresh
(OR) strategy. This strategy is feasible, if it is assured that
either the lifetime of the data is shorter than the currently
required DRAM refresh period or the application can toler-
ate bit errors to some degree in a given time window.

Similar to Flikker we propose a reliable and an un-
reliable memory region. However, we go one step further:
Instead of lowering the refresh rate in the unreliable region
we apply the OR-Strategy.

As shown in Figure [3] 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 [39].
Consequently, the lowest layer is a perfect candidate for ap-
plying the OR-Strategy by tolerating an unreliable memory
layer in order to save refresh power. While the upper reli-
able part of the stack is refreshed the unreliable region can
be accessed exclusively, which is managed by the DRAM
controller. In combination with a compiler that can handle
reliable and unreliable data types OR can be used
even on CPU based applications.

A retention error aware DRAM model is key to analyze
the impact of lower refresh rates or even disabled refresh
(OR) on executed applications. Especially for error resilient
applications, this can be exploited to save energy [16]. We
measured the retention times of WIDE I/O 24] and
DDR3 DRAM devices using different data pattern. We ob-
served data pattern dependencies (DPD), shown in Figure
and variable retention times (VRT), similar to the study in
for commodity DRAMs. With this data we created a
DRAM retention time error model that can be used to
study energy vs. reliability trade-offs. Obviously, the aspect
ratio of the DRAM cell capacitor is increasing by technol-
ogy scaling, while the dimensions of the select transistor are
decreasing. Thus, the leakage power and the reported soft
error rates are higher for newer DRAM device technologies
. We considered this effect in our executed experiments.

In this paper, we apply the OR-Strategy on different ap-
plications that range from image processing to big data ac-
celerators. This highlights the feasibility of this approach
and shows the impact on each selected application.

2. RELATED WORK

DRAM refresh has become one of the most important re-
search topics in the DRAM community. This section gives
a survey of the important state-of-the-art techniques to re-
duce the number of refreshes. A more detailed recent survey
can be found in [5].

Reliability vs. Refresh.

The REVA refresh scheme can be used in dedicated
video applications. It refreshes only the important region
of interest (ROI) in a video frame. Flikker reduces
the number of refreshes by partitioning a DRAM bank in a
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Figure 3: Wide I/O DRAM on an MPSoC, sim-
ulated with gemb5 DRAMSys , DRAM-
Power and 3D-ICE [41]

critical and non-critical region. The non-critical region will
be refreshed with a lower refresh rate.

Selective Refresh.

PARIS [2, DTail and ESKIMO exclude rows
that do not store useful data from being refreshed. Smart
Refresh refreshes only rows that have not been accessed
recently. CREAM , and show per-bank and
per-subarray refresh techniques. The authors of issue
refresh commands according to the stored data values. Flez-
ible Auto-Refresh shows a realistic implementation of a
flexible and row selective refresh.

Thermal aware Refresh.

A temperature variation aware bank-wise refresh for 3D-
DRAMSs is presented in . presents how DRAM self-
refresh can be approached in a staggered way.

Refresh Scheduling.

The idea of postponing DRAM refresh into self-refresh
phases is presented in [6]. The authors of show how
to use JEDEC’s DDR4 fine granularity refresh (FGR) effi-
ciently, presents an enhancement (EFGR). In [42], Elas-
tic Refresh, an approach that adapts the refresh behavior
according to the current workload is shown. Refresh Paus-
ing is a technique that allows to pause a current refresh
operation to serve a DRAM access. To make refresh pre-
dictable for real-time application it can be triggered from
software level, as shown in .



Retention Aware Refresh.

RAPID [44] is a software approach that allocates longer-
retention pages before shorter-retention pages. The refresh
rate is adjusted according to the shortest-retention page
used. RAIDR |29] forms rows into retention time bins that
are refreshed with different rates. RIO 2|, a software ap-
proach, excludes weak rows from usage. SECRET [27] and
[48] store the content of weak cells in a separate region in
the DRAM by using an error correction pointer mechanism.
The authors of [17] lower the overall refresh rate and refresh
weak rows selectively by issuing single ACT-PRE commands.
In ProactiveDRAM [45] a list of weak rows exists in the
DRAM device and the DRAM itself decides at each refresh
command if the row should be refreshed. AVATAR |38 tries
to overcome VRT issues by combining an online ECC detec-
tion with row selective refresh.

Overall, it is very difficult to create a valid list of weak
cells for DRAMSs, as they experience VRTs and DPDs for
their retention times. Moreover, in [46] it is shown that the
temperature has a strong effect on VRT. Hence, it is in-
feasible during startup of a system to determine an exact
list of weak cells that considers all parameters, such as tem-
perature, retention time and DPD. Thus, it is preferable to
omit refresh in the unreliable regions and use standard guard
banding in the reliable regions for commodity devices (see
Figure [1I) and advanced margins for 3D stacked devices, as
it was analyzed in [26]. Moreover, in the reliable part of the
stack the previously mentioned state-of-the-art techniques
e.g. temperature aware bank-wise refresh [39] can still be
applied.

3. EXPERIMENTS

To prove our assumptions and to demonstrate the fea-
sibility of the OR-Strategy we conduct three experiments.
The first study investigates the similarity in large complex
graphs while considering data that need no refresh. In the
second experiment we evaluate the input data resilience of
an LDPC decoder for wireless baseband processing. Finally,
in the last application we execute an image processing task
on a XILINX FPGA to obtain real measurement data of the
applied OR-Strategy.

3.1 BigData

Complex graphs are at the heart of today’s big data chal-
lenges like recommendation systems, customer behavior mod-
eling, or incident detection systems. One reoccurring task
in these fields is the extraction of network motifs, reoccur-
ring and statistically significant subgraphs. In this example
we show the influence of OR to a precisely tailored embed-
ded architecture [10] for computing similarities based on one
special network motif, the co-occurrence. It is based on ef-
ficient and scalable building blocks that exploit well-tuned
algorithmic refinements and an optimized graph data repre-
sentation approach.

In [10] the following method is considered for calculating
similarities using the co-occurrence: In the example given in
Figure [d the similarity between you and Liam is based on
the number of common friends, the so-called co-occurrence:
coocc(you, Liam) = 3. The question arises whether the
number three is significant. Assume you and Liam have
thousands of friends, versus you have only three. For this
random graphs are created based on the same degree se-
quence and the premise that nodes have no similarities.

Single swap example: Justin
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Figure 4: Co-Occurrence and Swapping in a Graph

To get the random graphs a sufficient number of pairs of
edges are swapped, drawn uniformly at random, if and only
if no multiple edges would arise due to the swap. This gener-
ates independent graphs with the same degree sequence, see
Figure[d] Generating many of such graphs the expected co-
occurrence can be calculated. That information can judge
how significant the similarity in the original graph is.

However, for large graphs this is in general a very time
and memory consuming job on standard computing clus-
ters. Therefore, this application has been implemented as
an ASIC [10|, where the graph is stored in the DRAM as
sparse adjacency matrix.

There is a reason to believe that a certain amount of errors
in the large graph matrix will not influence the quality of the
result. For instance, when this ASIC is used as accelerator
in an MPSoC similar to Figure [3] the graph matrix can be
stored in the unreliable region, whereas important control
variables are stored in the reliable region of the memory.

To show the feasibility of this idea we simulated similarity
measures for the Netflix dataset |19} |3] in combination with
our retention time error model [46]. Netflix, a commercial
video streaming service, has released 100,480,507 user rat-
ings for all of their 17,700 movies from 480,189 users. For
this simulation we use a data subset with 20,000 users.

The dataset is stored in both list and matrix form. The
list allows to select edges uniformly at random, while the
matrix allows to check for conflicting edges in constant time.
The datasets for recommendation are typically sparse, as
each user only rate a few movies. In our case, the matrix
has a sparsity of 1% and a size of 337 Mbit. We store the
edge in the matrix as zeros. In that case, retention errors
(transitions from 1’ to ’0’, as shown in [46] for a Wide I/O
device) can only introduce new edges, but not delete existing
edges. This is important for the algorithm to not introduce
duplicate edges in the swap step. The list has a size of 99
Mbit and is stored in the reliable region.

In each co-occurrence calculation the complete dataset is
touched at least one time and this is equivalent to a com-
plete refresh. The required lifetime of the data in the DRAM



0.40 50

035 | 4".“"'9
- @ = Quality AR
0.30 e - Q ‘y :, 40 2
025 --@-- Quality OR J ®
Fh Affected Swaps OR d 30 %
c_g 0.20 il E
S o015 r 20 9
£
. <
0.10 ll 10
0.05
0.00 0 L e - S -o--o‘ 0
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08

Number of Swaps
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between two co-occurrence calculations (swap-phase) is ap-
proximately 244ms. In this time frame retention errors can
occur. This is modeled with the model of |[46] under a worst
case temperature of 90°C.

To check the impact of omitting refresh, we compare the
quality of the output of the Link Assessment algorithm with
normal Auto-Refresh (AR) and OR. The quality is assessed
based on a ground-truth, a set of human selected movie pairs
of highly similar movies, as described in [9]. In our case, it is
assembled based on all permutations of movie sequels. The
higher these pairs are ranked in the output, the higher the
quality. In [9] so called phase-transitions have been observed
for key variables like the number of swaps. Figure [5| shows
this phase transition with AR and OR. Important features
are the position of the transition and the final level, the
higher and more left the better. Both curves for AR and
OR lie on each other, apart from statistical variations, no
difference in quality can therefore be observed. In green the
number of affected swaps are shown also in Figure Of
108 swaps only 48 swaps are affected by retention errors on
average. This explains the negligible impact of OR on the
resulting quality.

3.2 Channel Decoding

In digital communication systems channel coding can be
considered as key-technology to achieve reliable communica-
tion. Thus, it plays an integral role in all important modern
communication standards.

One of the currently most sophisticated concepts of channel-

coding is Low-Density Parity Check (LDPC) coding. This
circumstance is also reflected in its adoption to recent wire-
less communication standards like WiGig and WiFi. The
strength of LDPC coding is its iterative decoding algorithm
that allows the utilization of information on the reliability
of each bit, so-called soft-information. As for most iterative
decoders, the number of iterations is limited to a maximum
value and can be adjusted on demand without deteriora-
tion of the result. As a consequence, the amount of itera-
tions the decoder performs strongly depends on the degree
of impairment of the currently received signal. This feature
drastically reduces the energy consumption of the decoder.

In this experiment we determine the communications per-
formance of an LDPC decoder that is used in an MPSoC as
shown in Figure The unreliable region of the DRAM is
used for buffering the input soft-information. The commu-
nication system simulation consists of a source that gener-
ates random binary data, a WiGig LDPC channel encoder,
a Binary phase-shift keying (BPSK) modulator that maps
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Figure 6: Communications performance of two

WiGig decoders with and without OR

bits to the signal values +1 and —1 respectively, a channel
that adds random gaussian-distributed noise to our signal,
and the component’s corresponding counterparts on receiver
side. The channel code is a rate 13/16 WiGig code of length
N = 672. Communications performance is determined by
Monte-Carlo simulation of 107 frames for a given Signal-to-
Noise-Ratio (SNR) and keeping track of the corresponding
Frame-Error-Rate (FER) after the channel decoding.

The results are shown in Figure @ We can clearly see
that although some of the bits in the input memory of the
decoder have flipped (due to OR), the FER is the same
as with enabled AR. This shows that the influence of the
retention errors in the DRAM on the FER after decoding
is much smaller than the influence of the errors induced by
the channel. This is known as inherent error resilience of
channel coding [16].

Figure[7]shows that for a worst case temperature of 100°C
and a refresh rate for AR of trpr = 8ms about 12% of the
total energy can be saved by disabling the refresh (OR).
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Figure 7: Energy Breakdown of WiGig Decoder and
DRAM for 10" Frames at SNR=3.5dB



3.3 Image Processing

In this section we demonstrate that our OR-Strategy can
be beneficial for even today’s commodity DDR3 DRAMs by
using an image processing FPGA application in which the
lifetime of the image in the memory is less than the DDR3
refresh interval (trer).

In this application, an image stream from a camera is
rotated by 90 degrees using the DRAM. Each image (frame)
consists of 4,525,056 pixels with 48 bits per pixel. An image
is stored into the DRAM at consecutive address locations
and it is retrieved back from specific locations in a way such
that the image is rotated. This application has a real-time
constraint (deadline) of 8.6ms on the frame rate. As shown
in DRAM refresh is an unpredictable factor for worst-
case execution (WCET) analysis. Therefore, it makes a lot
of sense to disable refresh for applications with real-time
deadlines smaller than trgr.

DRAM

I
v

Xilinx MIG

lUser Interface

AXI-S . AXI-S Address AXI-S | . AXI-S
---p| FilterX Generator P FilterY [--p
ASMC

Figure 8: Image Processing Pipeline with Applica-
tion Specific Memory Controller (ASMC)

Figure |8 shows a part of the image processing pipeline re-
alized on a Xilinx Zynq ZC706 FPGA Evaluation Board .
The board consists of a 1 GB, x64 DDR3 SO-DIMM con-
nected to the Programmable Logic (PL) side of the FPGA.
We use a customized Application Specific Memory Controller
(ASMC) based on the Xilinx Memory Interface Generator
(MIG) [33]. This controller has a lean front-end, which
consists of an AXI-Stream interface and an address genera-
tor. The address generator calculates the addresses to store
and retrieve images, since AXI-Stream has no address infor-
mation. It internally consists of a scrambler, which trans-
forms the bits of the generated addresses to achieve an
optimized access pattern for this particular application.

The FPGA evaluation board has four different voltage
rails controlled by Texas Instruments UCD90120A power
supply sequencer and monitor . We use the TI USB
Interface adapter along with the TI Fusion Digital Power
graphical user interface to record the voltage and current
levels of the rails. The measurements are made only on the
voltage rail 3, since this rail solely powers the DDR3 SO-
DIMM and the PHY I/Os of the memory controller.

We conducted two different experiments: auto refresh en-
abled (AR) and with refresh disabled completely (OR). In
both cases we sent a fixed number of frames (611,620) to the
DRAM and monitored the execution time as well as the rail
voltage and currents. With refresh enabled, the MIG issues
an Auto-Refresh (AR) command to the DRAM every 7.8us.
These refreshes interfere with the normal READ/WRITE com-
mand execution of the MIG memory controller and there-
fore increases the time to process the complete set of frames.

However, in this application each frame is stored in the mem-
ory only for less than 9ms. Since this is much less than the
64ms refresh period of the DDR3 DRAM at normal tem-
perature and the DRAM is exclusively used for the rotation
task, we disable the refresh mechanism inside the MIG con-
troller (by modifying the Verilog source code) and conducted
the second experiment.

In our test setup all frames are checked for data corruption
and no bit error occurred. As shown in Figure [J] the normal
runtime to process 611,620 frames is 43.7min. This time
is reduced by applying OR by 62s. The required energy
can be reduced by 1.6%. Even though the savings in time
and energy are not significant, this experiment shows the
feasibility of the OR approach for a real device. As soon
as more refresh operations are required for higher capacity
commodity DRAM devices OR will be a perfect option for
many applications.
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0l 8436 ) : 2560 s 0s
Energy Time

Figure 9: Results of enabled (AR) and disabled re-
fresh (OR) for an image processing task

4. CONCLUSION

In this paper, we investigated the feasibility of the OR-
Strategy for three different applications. We demonstrated
that switching-off the refresh during co-occurrence calcula-
tion in graph processing has a negligible impact on the re-
sulting quality of the prediction. We presented the influence
on the QoS of an LDPC decoder for wireless baseband pro-
cessing, while applying OR on its input data buffer. We
found a very small increase in iterations with no impact
on the FER. Additionally, we executed an image processing
task on a XILINX FPGA with OR applied on the attached
DDR3 DRAMs. This application was running error free for
a huge number of frames and decreased the execution time
and energy consumption. Overall, we have shown that the
OR-Strategy is sensible to use in these three applications
and in others that are able to tolerate errors to some degree.
Especially, for future high-density DRAMs the OR-Strategy
will be very beneficial as it will recover the available band-
width and reduce the average power consumption.
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