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Abstract:
Recent trends of drastic improvement speed of the processors have led to application of General
Purpose Computing on Graphics Processing Units (GPGPU). We intend to present an
educational study of two different hybrid architectural approaches for designing global memories
of GPGPUs using different hybridization techniques. We address a hybrid memory organization
and design of GPGPU considering emerging memory technology such as Spin Transfer Torque
Random Access Memory (STT-RAM), Resistive Random Access Memory (RRAM) and Phase
Change Memory (PCM) with conventional Dynamic Random Access (DRAM) memory. PCM
memory technology provides inexpensive, fast access time, and high density nonvolatile storage.
STT-RAM and RRAM are the new energy-efficient memory alternate for Dynamic and Static
Random Access Memory technologies. The General purpose GPU’s global memory consumes a
considerable amount of total power of GPGPU. Using hybridization memory organization
technique, the leakage power can be scaled to a minimal amount, such that the power and
performance can be optimized. We do present the survey on two-hybrid memory architecture
approaches that use PCM and combination of RRAM, STT-RAM along with the conventional
DRAM memory. We discuss two main issues that designers face while designing hybrid memory
architecture approach. A simple flowchart technique will be used to illustrate memory usage
behavior and data migration issues that are seen while hybridizing the Global memory of
GPGPU. Various memory access patterns will also be discussed in detail. Our primary purpose is
to present and share our learning experience obtained through survey with others by highlighting
similarities and differences between memory technology, and the current emerging memory
technology in GPGPU architecture based on parameters and characteristics.

I.

Introduction

In recent times, with the drastic improvement of processors, GPUs have been progressively
utilized as general purpose GPU (GPGPU). They are used to improve the performance of many
applications such as multimedia 16, EDA 17, numeric algorithm 18. This paper is written to
motivate and inspire engineering students in taking up projects in this particular domain. This
domain of study is at the research level in many universities and thus there is very limited scope
for teaching in class. However, as the topic is booming in the market there is always a scope for
doing wide range of study or projects in this domain. We would like to share our survey on this
domain as it may be a guide or motivation for many engineering students. The increasing
computational power of GPGPU’s makes it a solution for high performance processes, where
thousands of threads are executed in parallel by their high computational power and
programmability 1. The power consumption of the processor increases drastically in order to
accommodate a high throughput demands 2. Thus, reducing the consumption of power is a
crucial challenge for next-generation GPGPU systems 3. Research has shown that the GPGPU

with DRAM as global memory expends around 20%-40% of the aggregate power consumption
of GPGPU 4. And leakage power makes up to 70% of total memory power utilization 3.
Currently the DRAM based GPGPU’s adopt many techniques to reduce the consumption of
power and to increase the computational power, but it reduces the bandwidth 11. Thus, there is a
trade of between bandwidth and consumption of power. Therefore, a promising solution for this
particular solution is using Non Volatile memory (NVM) techniques such as Phase change
memories (PCM) 5, Spin Torque Transfer memory (STT RAM) and resistive memory (RRAM)
instead of DRAM 12. Due to Non-volatility NVMs’ do not require a constant refresh operation,
thus near zero standby power but few of the main drawbacks of NVMs are their long write
latency, high write energy, and endurance problem. The long write latency will affect the
memory bandwidth, which is one of the critical resources of a GPU. However, DRAM has its
own advantage of low latency and can sustain unlimited writes. Thus, hybridization technique is
used where NVMs are used along with the DRAM to get the advantage of both low latency and
low power consumption. Hybrid memory systems have a high potential to overcome the power
issues related to DRAM based GPGPUs.
In this paper, two different techniques of hybridization using different NVMs has been studied.
Our study reviews the key issues which arise while hybridizing memory. The techniques,
working and results of the both techniques used are compared. The hybrid design has two key
concerns to be looked into: first, how to decide the memory capacity between DRAM and NVM;
second, how to migrate the data between the available memories. These two issues will be
discussed, then the two techniques of hybridization will be discussed in detail. In the first
technique, PCM is the non-volatile memory used along with the DRAM. In the second
technique, STT-RAM and RRAM, both are used in combination as non-volatile memories along
with the DRAM. However, these cannot replace the DRAM as they consume higher dynamic
power and have longer latency. Thus, the hybrid technology takes the advantages of both the
memories.
II.

Hybridization using PCM as NVM

The research on hybridization of memory shows that maximum part of the power consumption
in a GPGPU is due to leakage current and power dissipation in standby mode. As stated earlier,
the key issues seen while hybridizing: deciding the memory capacity between memories and
migration of data between memories. To solve the first issue, GPGPUs benchmarks memory
usage is characterized. Based on the execution time, the execution of benchmark is equally
divided into small intervals. Survey says that memory size used by each interval is very small
compared to large global memory of GPGPU 9. Thus, a small DRAM is used for executing short
intervals of benchmark. Therefore, the capacity of DRAM is reduced heavily in the hybrid
technology and major portion of memory is replaced with PCM. For the second issue, an
effective algorithm is used to analyze data criticality. The data which are more frequently
accessed and accessed earlier are more critical, thus these data are stored in DRAM. A memory
controller which is employed will update the position and data criticality of the data placed.
2.1 Characteristics of PCM
Phase change memory uses a Phase changing material called GST. GST is an alloy of

germanium, tellurium and antimony. There are two phases of GST amorphous and crystalline.
When the alloy is heated up to high temperature and quickly cooled down, then it takes up an
amorphous form. If its heated up to temperature between crystallization and melting point and
cooled down slowly, it crystallizes. Amorphous phase has higher electrical resistivity than
crystalline form. This resistive difference is used to represent the binary digits such as logic ‘0’
and ‘1’ 5.
The two main challenges of PCM: limited write endurance and high write latency. The write
endurances of PCM is only near 108 writes 19- 20. PCM if used as a cache can lead to failure in
less than an hour. Thus, it is suitable for memories such as main memories and lower level cache.
The access time of PCM is four times longer than DRAM 8. Due to the high density, the capacity
of PCM based memory is larger than DRAM based memory. The dynamic power consumption
of DRAM is much lesser than PCM. Thus, replacing DRAM with PCM would increase the
system power consumption. PCM also has endurance issue, thus limited number of writes
whereas DRAM has an unlimited number. It is likely to sustain (108) ~ (109) writes whereas
DRAM can sustain unlimited writes 5. Thus, Hybridization of memory is the solution to gain the
advantage of both the memory technologies and avoid their disadvantages. The characteristics of
PCM memory is tabulated in table 1 21-28. In the table shown, F denotes the smallest lithographic
unit in a particular given dimension.
Cell size (F2)
Write Endurance
Speed (R/W)
Leakage Power
Dynamic Energy
(R/W)
Retention Period

PCM
120-200
1016
Very fast
High
Low
N/A

Table. 1. Characteristics of PCM.

2.2 Memory usage Behavior
To characterize memory usage behavior, a wide set of typical benchmarks of GPGPUs are
analyzed 9. The execution of the benchmark in terms of execution time is divided into
sequence of continuous intervals to check how much of memory is required for the execution.
Research shows that small memory is required when compared to large-capacity global
memory. Thus, small DRAM is enough to store data within the interval. The small interval is
used to analyze the maximum of memory access space of all intervals which is abbreviated as
MMASI. Table 2 shows the tabulated result of the analysis done by Kai Chen in his work 9.
One can observe that maximum memory space used by any benchmark is maximum of
166KB, which is very small compared to the 4GB or more capacity of the global memory. The
mean or the average MMASI of all the benchmarks is 80KB. Table 2 indicates that only a
small fraction of the whole memory is in use at a particular execution time. Thus most part of
the memory is idle most of the time but still consuming high power. Thus, this idle memory
can be of PCM which has almost zero standby leakage power. Thus, the major part of the
memory comprises of PCM which decreases the leakage current significantly 6. Secondly, for

the migration of data between DRAM and PCM, a concept of data criticality is discussed as a
solution for this issue.
Benchmark
BFS
BLK
FWT
LIB
LPS
MM
MUM
NE
NN
NW
RAY
MEAN(avg)

Memory space
(KB)
40
140
95
130
89
32
166
58
10
25
91
80

Table. 2. Maximum of memory access space of all intervals of every benchmark 9.

2.3
Data Migration mechanism
The research shows that after deciding the capacity of the PCM to be used the next important
factor is the migration of data between the memories and determining data position in the hybrid
memory. It is evaluated by two factors namely First accessed time (FAT) and accessed amount
(AA). On considering two-dimensional arrays, based on the type of accessing memory, memory
access patterns are broadly classified into six types by Jang et al. 10. They are linear, reverse
linear, shifted, overlapped, non-unit stride and random. Other complex patterns are formed by
clubbing any of these patterns. There are certain formulas for calculating the amount of memory
accessed. The memory access patterns are shown in the below figure 1. And their related
formulas for calculating amount of memory accessed are tabulated in the table 3.

Linear

Overlapping

Reverse Linear

Shifted

Non-unit Stride

Random

Figure. 1. Different memory access patterns 10.

From the above figure, one can see that memory access can be broadly classified into six types.
All the formulas given in table are for two-dimensional array access. For multi-dimensional
similar patterns can be used.
Pattern
Linear
Reverse Linear
Shifted
Overlapping
Non-unit stride
Random

Formula
AA = M x N
AA = M x N
AA = M x (N-C)
AA = M x (N-C)
AA = M x (N/C)
-

Table. 3. Formulas for different memory access patterns 10.

The memory controller initializes data positions based on data criticality. Random is the least
accessed type, thus its formula can be neglected. There are two algorithms that help in data
criticality. Firstly, initialization algorithm; which initializes the position of an array and then data
exchange algorithm is used in migration of data. Initialization algorithm is represented as a
flowchart in the figure 2. As the memory controller keep updating the array access amount, at the
same time, it will periodically check for the possibility of memory exchange between different
memories. The second algorithm, that is the data exchange algorithm; which helps in data
migration between memories is depicted using a flowchart as shown in figure 3. Our survey
showcases the algorithm suggested by Kai, Zhibin, Chengzhoung, Jin Xiaoke in their work 9.

Figure. 2. Flow chart for initialization algorithm 9.

Figure. 3. Flow chart for data migration algorithm 9.

2.4 Hybridization technique
Hybridization of GPGPU memory is with two main memories namely DRAM and PCM. Based
on the analysis of data criticality, the data migrate between two memories. The data with high
criticality are stored in DRAM and the data with low criticality are stored in PCM. Thus
increasing the power and performance of the GPGPU system. Even the high critical data which
is accessed later are loaded into PCM and later swapped into DRAM when needed. Therefore, in
hybrid memory, the capacity of DRAM is reduced to one tenth of size of global memory and the
rest of the memory is made by PCM. The reason is for fixing the capacity at least to one-tenth of
capacity to DRAM is to reduce the number of data exchange and this can prolong the lifetime of
PCM. As shown in figure 4, GPU access both DRAM and PCM directly. Based on the two
algorithms discussed in data criticality, the data are initialized and migrated between the
memories.
2.5 Analysis and results
Here the experimental result which were conducted by Kai Chen 9 is discussed, and the results
are analyzed. The impact of hybrid memory on performance and power consumption of GPGPU
with baseline DRAM memory are discussed. Using 19 typical benchmarks of GPGPU, he has

compared the power consumption and performance of both the models. As the DRAM size is
decreased, the access time increases. Thus, improving the hybrid memory performance. Based on
the research, PCM based hybrid memory saves more than 43% and 15% of power consumption
of memory and whole system respectively 9. By observing the results, main reason for reduction
in power consumption is less leakage power of PCM. This paper mainly discusses about two
major algorithms, which are needed for hybridization. Firstly, how to split memory capacity
between DRAM and PCM. Secondly, data criticality and data migration. And thus, discussed the
power consumption of memory using experimental data.

(a)

(b)

Figure. 4. (a) Conventional GPGPU with DRAM as global memory. (b) GPGPU with PCM as hybrid memory.

III.

Hybridization using STT-RAM and RRAM as NVM

The research on hybridization of memory shows that hybrid memory system with global
memories as STT-RAM and RRAM along with DRAM to provide greater bandwidth, lower
latency and optimal power consumption 16. According to our study, only a fraction of memory is
frequently accessed during run time. Thus, infrequently accessed can be stored in NVMs which
are managed in stand-by mode with near zero power consumption. As shown in the below figure,
leakage power of NVM’s are lesser than DRAM. It has been reported that the GPU with DRAM
as global memory’s power consumption is growing linearly with bandwidth 13. As in the
previous technique, frequently accessed data are stored in DRAM and rest in NVMs. Thus the
bandwidth will not reduce. According to the analysis done by Zhao, J., & Xie, Y in November
2012, the read and write latency of DRAM, STT-RAM and RRAM are as shown in figure 5 14.

Figure. 5. Latencies of DRAM, STT-RAM and RRAM at different memory capacities 14

Concept of memory access patterns is discussed in order to explain data migration. Although
NVM has high latency than DRAM, proper study of memory access patterns can help in

reducing such latencies. The adaptive data migration technique which helps in performance
improvement of GPGPU is also discussed below.
Graphics Double Data Rate (GDDR) memories are similar to DDR memories. They are designed
for high-performance systems, graphic cards and gaming consoles. Similar to DRAM, GDDR
has set of memory banks. Each bank consists of rows and columns of memory cells. Memory
cells are connected to sense amplifiers, which senses the bit ‘0’ or ‘1’. They latch the value in
row buffer, so that they are available for subsequent access. To provide very high rate of
performance GDDR employ high frequencies in order to gain high bandwidth. Thus, the overall
power also increases. Therefore, the bandwidth is directly proportional to the power consumption
of the system. If tried to reduce power consumption, even bandwidth is reduced 11. Based on the
survey, the characteristics of STT-RAM and RRAM are tabulated as below. Table 4 below
displays the characteristics of STT-RAM and RRAM 21-33. F denotes the smallest lithographic
unit in a particular given dimension.

Cell size (F2)
Endurance
Speed (R/W)
Leakage Power
Dynamic Energy
(R/W)
Retention Period

STTRAM
6-50
1015
Fast/slow
Low
Low/
High
N/A

RRAM
4-10
105 - 1010
Fast/slow
Low
Low/ High
N/A

Table. 4. Characteristics of STT-RAM and RRAM.

3.1 STT-RAM and RRAM technology
Spin Torque Transfer memory (STT RAM) uses a Magnetic tunnel junction (MTJ) as its
memory storage. Using this property of MJT, binary value is stored in an STT-RAM cell. Even
though STT-RAM has lower density than RRAM, it has been widely used as its endurance rate is
high. The endurance of STT-RAM is over 1015 which are feasible for hybridization. From figure
5, one can notice that STT-RAM has lower write latency than RRAM across all capacities. Thus
it is a better solution to use STT-RAM to store the data which is write only in order to gain
maximum benefits.
A resistive memory (RRAM) uses an insulating dielectric. RRAM has high density compared to
SRAM, and a smaller leakage current. The drawback of RRAM is its low write endurance of 105
– 1010. As seen from the figure 5, the read latency of RRAM is much smaller than STT-RAM
and it is comparable with DRAM across all capacities. Thus it is a better solution to use RRAM
to store the data which is read only in order to gain maximum benefits.
3.2 Memory access patterns
In the previous technique using PCM as NVM, six types of memory access patterns are
discussed. Now, here three types of memory access patterns are discussed based on idle time
between the different data accesses of memory. The three access patterns are namely
“interleaved access”, “access then idle” and “burst”.

Interleaved access: From the sources 14, figure 6 is taken to demonstrate the memory access
pattern called “Interleaved access”. As shown in the figure 6, the memory accesses are sorted
based on ascending order of DRAM row addresses. The x-axis represents the index of the
memory access. In the first row of the figure y-axis is a row that is accessed by each memory
access and in the second row, y-axis is a cycle of each memory access. From the figure for
analyzing an example of 550000th memory location access can be taken, which is from the row
2051 at cycle 40000. From keen observation of the figure 6, row 2051 is accessed during the
execution of whole application. However, one can observe that idle periods are twice as long as
the time taken for accessing the row. From the source 14, the 5/6 part of memory is read only. As
RRAM has very small read latency, thus read only memory can be stored in RRAM. Therefore,
powering it off during the idle period can reduce the memory power.
Access then idle: Figure 7 shows the “access then idle” pattern. The memory locations between
2300 and 2320 are accessed during the initial time till cycle 1,800,000. After those many cycles,
that particular part of memory becomes idle 14. Thus, the power of that particular part of memory
can be turned off which is impossible with DRAM based memory.
Burst: The frequently accessed pattern is represented by “burst” pattern. From the figure 7 it is
observed that row 2300 is in burst mode until cycle 2400000 14. This part of the data needs to be
stored in DRAM as its frequently accessed.

Figure. 6. Pattern of interleaved access 14

Figure. 7. Pattern of “access then idle” and “burst mode” 14

3.3 Data Migration mechanism
Data migration between the main memory and the NVMs are based on a particular algorithm
which is implemented in the memory controller. The main motto of the hybridization technique
is to reduce the consumption of power by memory. Thus in order to reduce the power, the idle
part of data is stored in the NVMs in standby mode and actively accessed data in DRAM. Data
migration can take place based on the memory access patterns which are discussed in the earlier
section. The data migration in “access then idle” is straightforward, but in “interleaved access”
start point of data migration should be determined carefully. Data migration mechanism is
depicted in the figure 8 and 9. The “Access then idle” is straight forward but in “Interleaved
access” starting point needs to be determined.

Figure. 8. Loop of DRAM access management 14

Figure. 9. Data migration algorithm 14

3.4 Hybridization technique
GPGPU memory is hybridized with two NVMs namely STT-RAM and RRAM along with the
main memory DRAM. Based on the analysis of data criticality, the data is migrated between
DRAM and NVM memories. The data with high criticality are stored in DRAM which is shown
in burst access mode and the data with low criticality are stored in NVMs. Again, the data is
migrated between STT-RAM and RRAM based on the type of access, that is read only data is
migrated to RRAM and write only data is migrated to STT-RAM. Thus increasing the power and
performance of the GPGPU system. Figure 10 projects the overview of hybrid memory
technology. Half of the memory is replaced with RRAM and STT-RAM. By reducing the size or
the capacity of the DRAM to half of its size, its performance is improved by 25% in memory
bandwidth factor. Due to non-volatility characteristics of the RRAM and STT-RAM the memory
power consumption can be significantly reduced.

(a)

(b)

Figure. 10. (a) Conventional GPGPU with DRAM as global memory. (b) GPGPU with STT-RAM and RRAM as
hybrid memory.

3.5 Analysis and results
The experimental results which were conducted by Zhao and Xie 14 is discussed and analyzed.
The impact of hybrid memory on performance and power consumption of GPGPU with baseline
DRAM memory is studied. Using benchmarks of GPGPU, they have compared the power
consumption and performance of both the models. As the DRAM size is decreased, the access

time increases. Thus, improving the hybrid memory performance. Based on the research and
analysis done by Zhao and Xie 14, STT-RAM and RRAM based hybrid memory saves more than
31% and 16% of power consumption of memory and whole system respectively. By observing
the results, main reason for reduction in power consumption is less leakage power of NVMs
used. In this paper, two major algorithms which are needed for hybridization are reviewed in
detail. Firstly, loop of DRAM access management. Secondly, the data migration algorithm which
migrates data between STT-RAM and RRAM, in such a way that read only data are migrated to
RRAM and write only data are migrated to STT-RAM.
IV.

Conclusion

Our research investigation shows that widely used global memory of GPGPUs such as DRAM
has various desirable properties such as low latency and high endurance, on the other hand, it
also has undesirable properties of leakage power. Thus to overcome the disadvantages and retain
the advantages various hybrid architectures are to be used. In this paper, a survey or the learning
experience of two hybrid architectural techniques for addressing such issues are presented. An
idea over usage of NVMs, algorithms for data migration mechanism, hybridization techniques
are discussed. It appears that these emerging hybrid architectural techniques will be effective on
the future engineers and this paper will stand as a guide for students in their study or research in
the hybrid memory domain. We hope this study will motivate young students towards research,
which in turn boosts the technology and benefits the society.
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