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ABSTRACT

Recent advances in circuit and process technologies have
pushed non-volatile memory technologies into a new era.
These technologies exhibit appealing properties such as low
power consumption, non-volatility, shock-resistivity, and high
density. However, there are challenges to which we need an-
swers in the road of applying non-volatile memories as main
memory in computer systems. First, non-volatile memories
have limited number of write/erase cycles compared with
DRAM memory. Second, write activities on non-volatile
memory are more expensive than DRAM memory in terms
of energy consumption and access latency. Both challenges
will benefit from reduction of the write activities on the non-
volatile memory.

In this paper, we target embedded Chip Multiprocessors
(CMPs) with Scratch Pad Memory (SPM) and non-volatile
main memory. We introduce data migration and recompu-
tation techniques to reduce the number of write activities
on non-volatile memories. Experimental results show that
the proposed methods can reduce the number of writes by
59.41% on average, which means that the non-volatile mem-
ory can last 2.8 times as long as before. Meanwhile, the
finish time of programs is reduced by 31.81% on average.

Categories and Subject Descriptors

C.1.2 [PROCESSOR ARCHITECTURES]: Multiple Data
Stream Architectures (Multiprocessors)

General Terms

Algorithms, Performance, Experimentation

Keywords

Non-volatile memory, Flash Memory, Phase Change Memory, CMP,

SPM, Data migration, Data recomputation

1. INTRODUCTION

Recent advances in non-volatile memory technologies, includ-
ing flash memory [10], Phase Change Memory (PCM) [17, 6], and
Magnetic RAM (MRAM) [9], have made them desirable to be
applied as main memory due to their low-cost, shock-resistivity,
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non-volatility, high density and power-economy properties [8, 11,
18]. In addition, non-volatile memories are more reliable than
DRAMSs because of their resilience to single event upsets. They
have been backed by key industry manufacturers such as Intel,
Numonyx, STMicroelectronics, Samsung, IBM and TDK [5, 12].
However, all these technologies have similar drawbacks: a limited
number of write/erase cycles compared with DRAM memory and
slowness of writes compared to reads. In this paper, we propose
optimization techniques to reduce the number of write activities
on non-volatile memories when they are applied as main memory
on embedded CMPs.

Chip multiprocessors (CMPs) have arisen as the de facto de-
sign for modern high-performance embedded processors. Many
new embedded architectures, including some CMPs, are employ-
ing small on-chip memory components that are managed by soft-
ware, either by application program or through automated com-
piler support. Such on-chip memories, frequently referred to
as Scratch-Pad Memories (SPMs), are shown to be both per-
formance and power efficient as compared to their hardware-
managed cache counterparts [7]. Example CMP systems employ-
ing SPM include TI's TNETV3010 [4] CMPs and IBM’s Cell pro-
cessor [2].

With smartly managed SPM, we can reduce the write activities
to the non-volatile memory when it is applied as main memory.
Our architectural model consists of a CMP equipped with SPMs
and an off-chip non-volatile main memory, as shown in Figure 1.
Each processor accesses its local SPM with low latency «, while
fetching data from other SPMs takes relatively longer time S.
We use non-volatile memory as the main memory, which has a
higher read access latency v and a much higher write access la-
tency o (o < B < v < o). Memory address space is partitioned
between the on-chip SPMs and off-chip non-volatile memory. In
this paper, “main memory” refers to non-volatile memory.

Data migration and data recomputation are proposed in this
paper to reduce write activities on non-volatile memory. In data
migration, data is stored temporarily on other cores’ SPMs rather
than written back to the main memory. If the data block migrated
is a dirty block, we call it write-saving data migration. If the
data block migrated is a clean block, we call it read-saving data
migration. In data recomputation, we reduce the number of write
activities by discarding the data which should have been written
back to the main memory and recomputing this data when it
is needed. If the data discarded is a dirty data block, we call
it write-saving recomputation. If the data discarded is a clean
data block, we call it read-saving recomputation. Limited SPM
space on each core is fully exploited for write activity reduction
through the combination of data migration and recomputation in
this paper.

The main contributions of this paper are:

e We model the data migration problem as a shortest path
problem.

e We propose a method which can find the optimal data mi-
gration path with minimal cost for both dirty data and
clean data.

e We propose write-saving data recomputation and read-saving
data recomputation to reduce the number of write activities

22.3



on non-volatile memory.

e We combine data migration and data recomputation to-
gether to reduce the number of write activities which im-
proves the program completion time and extends non-volatile
memories’ lifetime.

Our purpose is to minimize the negative impact when applying
non-volatile memory as the main memory while retaining all the
benefits, which will lead to the practical adoption of them as the
main memory in mobile and embedded systems. The proposed
methods can significantly reduce the program’s completion time
and extend the lifetime of non-volatile memories at the same time.
Experimental results show that the proposed methods can reduce
the the number of writes by 59.41% on average, which means
that the non-volatile memory can last as 2.8 times long as before.
Meanwhile, the completion time of programs is reduced by 31.81%
on average.

The rest of this paper is organized as follows: Section 2 dis-
cusses the work related to our research. Section 3 presents the
computational model. A motivational example is shown in Sec-
tion 4. The data migration technique is presented in Section 5.1
and the data recomputation technique is presented in Section 5.2.
These two techniques are combined in Section 5.3. The experi-
mental results are shown in Section 6 and finally we conclude the
discussion in Section 7.

2. RELATED WORK

In [8], Lee et al. propose an application-specific main mem-
ory design using flash memory. While [8] takes a compiled ap-
plication as input, in this paper, we will take the compilation
of applications into account to reduce write activities for flash
memory. Kandemir et al. [3] propose duplicating computation
to reduce communications between different processors in mul-
tiprocessor systems. Koc et al. [7] use data recomputation to
reduce off-chip memory access costs. They only consider read-
saving recomputation and only target data intensive applications
which have many loops and multi-dimension arrays. As shown
by our experimental results, their methods cannot perform a lot
of recomputations when the applications do not have many loops
and multi-dimension arrays. Their techniques cannot reduce the
number of writes, which will not work on non-volatile memories.
Data migration technique is used in CMPs with on-chip network
and hardware controlled cache [1]. In [1], Eisley et al. try to keep
as much data on-chip as possible and hope it will be used later.
In our paper, we only choose those data that will be used to be
kept on-chip and decide how to efficiently route the data to the
appropriate core that will use this data. So more useful data will
be kept on-chip smartly and migrate to the right processor. Xu et
al. [13] takes an application-specific approach to determine the
minimal communication between different cores and determine
the minimal connections needed. Techniques of optimizing loops
to hide memory latency is proposed in [14]. Optimizing address
assignment to reduce loop scheduling length is proposed in [16,
15]. This work does not consider address assignment.

3. COMPUTATION MODEL

Formally, the input we consider in this paper is a graph G =
(V,E,P,R,W,t). V = {v1,v2,v3,...,vn} is the set of n tasks.
E C V xV is the set of edges where (u,v) € E means that task u
must be scheduled before task v. P = {p1,p2,p3,...,pm} is the
set of m pages that are accessed by the tasks. R:V — P* is the
function where R(v) is the set of pages that task v reads from.
W :V — P* is the function where W (v) is the set of pages that
task v writes to. t(v) represents the computation time of task v
while all the required data is in the cache.

The output is a schedule of tasks, SPM data block replacement,
and non-volatile memory read and write operations.

4. MOTIVATION EXAMPLE

In this section, we use an example to illustrate data migration
and recomputation techniques.
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Assume there are three cores in our system as shown in Fig-
ure 1. We assume that in this system, each SPM has two cache
blocks. Assume we have an example input graph as shown in
Figure 2. The input graph has 9 tasks. Each task has a read
set and a write set which indicate the data blocks that this task
needs to read and write.

Core Core Core
SPM SPM SPM
il i ]
| Ly [V |

[ I T Bu ]

‘ - ~---> Initial data flow of "DW1"
Non-volatile
Memory

—=  Data flow of "DW1" after data migration

——=  Data flow of "DW1" after data recomputation

Figure 1: Example system with three cores.
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Figure 2: Example input graph.

We partition this input graph and schedule the tasks with list
scheduling in our example system. Assume we assign task A, D,
and G to core 1, task B, E, H, and I to core 2, and task C and F to
core 3. We can get a schedule as shown in the initial schedule of
Table 1. In Table 1, the second row shows computation steps. In
each core, the first row shows the instructions that are executed.
The second row shows the content of the first SPM block at each
step and the third row shows the content of the second SPM block
at each step. We assume that a core accessing its own SPM takes
2 clock cycles, a core accessing other cores’ SPM takes 5 clock
cycles, a core reading data from non-volatile memory takes 80
clock cycles and a core writing data to non-volatile memory takes
800 clock cycles. For simplicity, we assume each task takes 10
clock cycles to finish in this example. In the initial schedule, core
2 evicts block “BW1” to the main memory (non-volatile memory)
at step 3 and core 1 load “BW1” from memory at step 4. Core 1
evicts data block “DW1” to the non-volatile memory at step 6 and
core 2 load “DW1” at step 8. The data flow of “DW1” is shown
in Figure 1 by the red dashed lines. These tasks need 1160 clock
cycles to finish. In this schedule, we have two write activities to
the non-volatile memory.

However, the write activity to non-volatile memory at step 6 in
the initial schedule is not a must. Observing that core 3 has free
SPM space at step 6, rather than writing “DW1” to main memory,
core 1 can store data block “DW1” to core 3’'s SPM temporarily.
And at step 8, core 2 can load “DW1” from core 3’s SPM. The
new data flow of “DW1” is shown in Figure 1 by the blue solid
lines. In this way, we save one write activity to the non-volatile
memory. The new schedule is shown as the second schedule in
Table 1. This schedule finishes in 1085 clock cycles and has one
write activity to non-volatile memory. Compared with the initial
schedule, the time to finish the tasks is reduced by 6.47%. And
one of the write activities to non-volatile memory are eliminated.
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Table 1: Initial schedule.

1. Initial Schedule. (1160 clock cycles and 2 write activities)
Steps 1 2 3 4 5 6 7 8 9
Load AR1 | Load AR2 Task A Load BW1 | Task D Evict DW1 Load GR1 Task G
Core 1 [ SPM1 ARI1 ARI1 AW1 AW1 DW1 GR1 GRI1
SPM2 AR2 AR2 BW1 BW1 BW1 BW1 GW1
Load BR1 Task B Evict BW1 Load ER1 Task E Load HR1 Task H Load DW1 | Task I
Core 2 [ SPM1 BRI1 BW1 ER1 EW1 EW1 EW1 DW1 DW1
SPM2 BW2 BW2 BW2 BW2 HR1 W1 W1 W1
Load CR1 Task C Load FR1 Task F
Core 3 [ SPMT | CRI CRI FRI FRI
SPM2 CW1 CW1 FW1
2. Schedule after data migration. (1085 clock cycles and 1 write activities)
Steps 1 2 3 4 5 6 7 8 9
Load AR1 | Load AR2 Task A Load BW1 | Task D | Migrate DW1 | Load GR1 Task G
Core 1 | SPM1 ARI1 ARI1 AW1 AW1 DW1 GR1 GRI1
SPM2 AR2 AR2 BW1 BW1 BW1 BW1 GW1
Load BR1 Task B Evict BW1 Load ER1 Task E Load HR1 Task H Load DW1 | Task I
Core 2 [ SPM1 BRT BWI ERT EWI1 EWI EWI1 DWI DWI
SPM2 BW2 BW2 BW2 BW2 TIRT W1 W1 W1
Load CR1 Task C Load FR1 Task F
Core 3 [SPMT | ORI CRI TRI TRI DWI DWI DW1 DW1
SPM2 CW1 CW1 FW1
After we have schedule 2, knowing that a read from non-volatile spaces in other cores. Data migration is classified into two kinds.
memory is much cheaper than a write to non-volatile memory, we If the data is dirty data (the content is different from the content
can take advantage of this read-write asymmetry to improve it in main memory), it is called write-saving data migration. That
further. At step 3 of the initial schedule of core 2, we discard is, the data that needs to be written to the main memory is now
the data block “BW1”. When core 1 needs “BW1” at step 4, we migrated instead. If the data is clean data (the content is the
read the data block “BR1” from the main memory and recompute same as the content in main memory), it is called read-saving data
task B. Then core 1 has the block “BW1” which is needed for its migration. This is because originally, the user of the data would
execution. At step 6 of the initial schedule of core 1, we discard read the data from the main memory and now it is migrated.
the data block “DW1”. When core 2 needs “DW1” at step 8, we First, we use a small example to illustrate the idea of data
read the data block “BW1” from Core 1’s SPM and recompute migration. For example, core C) produces a cache block cp and
task D. Then core 2 has the block “DW1” which is needed for its core C; needs cp sometime later. If C), writes cp to main memory
execution. The data flow of block “DW1” is shown in Figure 1 by and C; reads from main memory, there are one read and one write
a green solid line. The new schedule using data recomputation to the main memory. However, if processor C;’s SPM has a free
is shown as the third schedule in Table 2. In this schedule, the space for this page from the time cp is produced until it is used,
tasks need 370 clock cycles to finish. Compared with the initial C) can directly copy cp from its SPM to core C;’s SPM. If C;’s
schedule, the completion time is reduced by 68.10% and all the SPM does not always have a free space for cp from the time cp
write activities to the non-volatile memory are eliminated. produced to the time it is used, C) can copy cp in some other
Comparing the completion time of tasks by using data migra- core’s SPM and move it to C;’s SPM when it is needed.
tion and data recomputation, we find that data recomputation ‘We can capture the data migration problem’s input in a table
saves more time than data migration for data block “BW1” and as shown in Figure 3. In Figure 3, each cell has a number in it.
data migration can save more time than data recomputation for The number stands for how many free data blocks this core has
data block “DW1”. Thus, we decide to do data recomputation at this clock cycle. For example, the cell at the second row and
for “‘BW1” and data migration for “DW1”. The final schedule is second column has a “1” in it. It means that core 1’s SPM has 1
shown as the fourth schedule of Table 2. In the final schedule, free space at clock cycle 1. The cells with shadow means that the
total completion time is 365 clock cycles. Compared with the core’s SPM has no free space at that clock cycle. In this example,
initial schedule, the final schedule length is reduced by 68.53%. core 1 produces a data block at clock cycle 1 and core 5 needs this
At the same time, we eliminate all the write activities on non- data block at clock cycle 5. The green circles stand for the source
volatile memory. A comparison of schedules employing different and the sink of this data block. We want to find a path from core
techniques is shown in Table 3. 1 to core 5 with minimal steps of migrations, which also means

the least time. From Figure 3, we can see that different cores
have free spaces at different clock cycles. There are many paths

Table 3: Comparison between schedules that we can migrate the data block from core 1 at clock cycle 1 to
Tech Tnitial Sched. | Migration | Recomputation | Migr & Recomp core 5 at clock cycle 5. The blue line in table in Figure 3 shows a
Timme (eyolos] 5o 105 6@ =5 6;/“1 5 6;% - feasible path that the data block can be migrated from core 1 to
1me (cycles 0 .4 ol . 209 Rk . .
Wiite Amvmis (number) 3 T 15 1 0 100 0 00 core 5. The data block is written to core 2’s SPM at clock cycle

2 by core 1. Then at clock cycle 3, core 2 writes this data block
to core 3’s SPM. At clock cycle 4, core 3 writes this data block

5. OPTIMIZING SCHEDULES TO REDUCE to core 5’s SPM and it will Stay in core 5’s SPM until it is used.

This data block migration took 3 steps in this path. However,

WRITE ACTIVITIES this is not the path with the minimal number of migrations. The

In this section, we first introduce the data migration technique path with the minimal number of migrations is shown as the red
in Section 5.1. Then data recomputation technique is presented line in the table. The data is moved from core 1 to core 2 at clock
in Section 5.2. Finally, in Section 5.3 we present how to combine cycle 2, and then moved from core 2 to core 5 at clock cycle 3.
these two techniques to achieve the best results. 2 migrations is needed totally. In the following sections, we will

formally define the data migration problem in CMP with SPM
5.1 Data Migration and proposal a polynomial method to solve it efficiently.

The first method to avoid write activities to flash memory is We formally define the data migration problem as the following:
to store the data evicted to non-volatile memory temporarily on DEFINITION 5.1. Given the free spaces available at each core
some other processors’ SPM which still has free space. This is at each clock cycle, the producer of the data, and the consumer
called data migration. This technique exploits available SPM of the data, what is the data migration path with the minimal
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Table 2: Schedule after using data recomputation.

3. Schedule after using data recomputation. (370 clock cycles and 0 write activity)
Steps 1 2 3 4 5 6 7 8 9 10
Load AR1 | Load AR2 Task A Load BR1 | Task B Task D Discard DW1 Load GR1 | Task G
Core 1 [ SPMI ARI1 ARI1 AW1 AW1 AW1 DWI GR1 GR1
SPM2 AR2 AR2 BRI BWI BWI BWI1 BWI GWI1
Load BR1 Task B Discard BW1 | Load ER1 | Task E | Load HRI Task 0 Load BW1 | Task D | Task I
Core 2 [ SPMI BRI BW1 ERI1 EW1 EW1 EW1 BWI DW1 DW1
SPM2 BW2 BW2 BW2 BW2 HR1 HWI HWI HWI TW1
Load CRI Task C Load FR1 Task F
Core 3 [ SPMI CR1 CR1 FR1 FR1
SPM2 CW1 CW1 FWI
4. Final schedule after combining data migration and recomputation. (365 clock cycles and 0 write activity)
Steps 1 2 3 4 5 6 7 8 9 10
Load AR1 | Load AR2 Task A Load BR1 | Task B Task D Migrate DW1 | Load GR1 | Task G
Core 1 [ SPMI ART AR1 AWT AWT AWT DWI GR1 GR1
SPM2 AR2 AR2 BRI BWI1 BWI1 BWI BWI1 GWI
Load BR1 Task B Discard BW1 | Load ER1 | Task E | Load HRI Task H Load DW1 | Task I
Core 2 [ SPMI BRI BWI1 ERI1 EW1 EW1 EW1 DW1 DW1
SPM2 BW2 BW2 BW2 BW2 HR1 HWI HWI TW1
Load CR1 Task C Load FR1 Task F
Core 3 [ SPMI CR1 CR1 FRI FRI DWI1 DW1 DWI1
SPM2 CWI CW1 FWI

gyele

Core1 | (1 ::In 2 2
Core 2 IL

Core 3

i

Cored | 1 1 1 1

Core 5 1 1

Figure 3: Example input of migration algorithm.

(a) (b)

Figure 4: Transfer example input into a graph.

number of migration steps.

This problem can be modeled as a graph problem. For example,
the table as shown in Figure 3 can be transformed to a graph as
shown in Figure 4(a). Each segment in Figure 4(a) stands for
a continuous period in which a core has free spaces in its SPM.
If two cores have free spaces in their SPM at the same clock
cycle, it means that data can be migrated at that clock cycle.
We connect two segments with a dashed line if the corresponding
cores have free space at the same clock cycle. We call these two
segments adjacent segments. We call each dashed line a hop. The
data migration problem becomes finding a path from the producer
of the data the to the user of the data with least number of
hops. From Figure 4(a), we can further transform it into a graph
problem. We construct a graph G’ = < V/, E/, w >. For each
segment in Figure 4(a), we add a node v; into V’. For each hop in
Figure 4, we add an edge e: (v;, vj) into E’. w(e) represents the
cost to migrate data from one core to another core. w(e) is defined
in Equation 1. If we can find a shortest path from the node v,
corresponding to producer core to the node v. corresponding to
the consumer core, we find a feasible migration path with the
minimal cost in the original table.
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if in edge e : (v;,v;), vj has free space
if v; evict a clean page to have free space

S0

THEOREM 5.1. The shortest path in graph G corresponds to a
feasible migration path with minimal cost in the original table.

5us
w(e) = { 8/;#5

We can use Bellman-Ford algorithm to find the shortest path
in graph G. The time complexity of Bellman-Ford algorithm is
O(VE). The red line in Figure 4(b) is the shortest path in this
graph and this corresponds to the path with minimum cost in
Figure 3 which is shown by the red line.

5.2 Data Recomputation

In this section, we present the details of the data recomputa-
tion technique. The input to the recomputation algorithm is a
legal schedule of computation tasks and SPM management. The
output of the recomputation algorithm is a schedule with fewer
number of write activities to main memory. According to the
type of the discarded data, we can classify data recomputation
into two types. If the data discarded is dirty data, it is called
write-saving recomputation. This is because originally, the data
needs to be written to the main memory and read back to another
core. If the data discarded is clean data, it is called read-saving
recomputation.

The main idea of the recomputation algorithm is that, if there
is an SPM block which is written to the non-volatile memory by
core C), and read back to one of the cores C; later, we can discard
this SPM block write in Cp, then read necessary data from SPM
or main memory to recompute the SPM block when it is needed in
C;. In our cost model, we assume that each processor can access
its own SPM, any of other cores’ SPMs, and the off-chip main
memory. The cost of reading/writing its own SPM is «, the cost
of reading/writing other cores’ SPMs is 3, the cost of reading the
main memory is v, and the cost of writing to the main memory
is 0 (e < B <7 < o). The cost of computation is 7.

For write-saving recomputation, the original cost can be com-
puted as Equation 2 and the new cost can be computed as Equa-
tion 3. In Equation 3, the first item means all the cost to read
required data from its own SPM; the second item means the cost
of reading required data from other cores’ SPM; the third item
means the cost reading required data from main memory and
the last item stands for the cost recompute the needed data.
Only when the new cost is smaller than the original cost, we
will do write-saving recomputation. Recall that a write activity
to non-volatile memory is much more expensive than a read from
non-volatile memory, write-saving recomputation can always save
some cost in terms of execution time (for flash memory) or en-
ergy consumption (for PCM). In the meantime, the lifetime of
the non-volatile memory is extended.
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Costo =0+ (2)

Costy = Z a+ Z B+ Z

own SPM other SPM main memory

T+Y T (3)

For read-saving recomputation, the original cost is to read data
from main memory 7. The new cost can be computed as shown in
Equation 4. Only when the new cost is smaller than the original
cost, we will do the read-saving recomputation. In [7], Koc et al.
are doing read-saving recomputation only. They target loop in-
tensive applications which consist of loops and multi-dimensional
arrays. As shown by our experimental results, if the programs
do not have many loops, read-saving recomputation cannot save
many reads. The reason is that if the applications do not have
many loops and arrays, it is difficult to find data required for
recomputation in the SPMs.

Costy = Z a+ Z

own SPM other SPM

B> T ()

5.3 Combine Data Migration and Data Recom-
putation

In this section, we combine data migration and data recompu-
tation to produce code that leads to the least number of write
activities and the shortest completion time. The Write Reducing
Algorithm (WReduce) is shown in Algorithm 5.1.

The main idea for Algorithm 5.1 is that for each dirty data
block, which is written to the flash memory, we will compute
the cost of recomputation and the cost of data migration. Then
choose the method that produces the schedule with less comple-
tion time. We first do dirty block migration and write-saving re-
computation. Then we do clean block migration and read-saving
recomputation. They are done in this order because we want to
give priority to dirty block migration and write-saving recompu-
tation. When write-saving data migration and recomputation is
conducted first, the free spaces in SPMs are allocated to them
first. So there are more chances that we can conduct write-saving
data migration and recomputation. «, 3,, o are defined in Sec-
tion 5.2. The time complexity for Algorithm 5.1 is O(n?), where
n is the number of steps in the original schedule.

6. EXPERIMENTS

In this section, the effectiveness of the data migration and data
recomputation algorithms is evaluated by running a set of simu-
lations on DSP benchmarks. The benchmarks from DSPstone are
used in our experiments. Simulation is done in a custom simulator
which is similar to TI’s TNETV3010 [4].

Table 4: Completion time.

Bench List Koc’s [7] WReduce
: Time (ps) | Time (us) | Time (us) | %L-L | %L-K
4_lattice 3461.6 3461.6 2203.2 36.35 | 36.35
4 lattice-unit 20985 18063.2 17344.6 17.35 3.98
ab-lat 1978.2 1978.2 981.2 50.40 50.40
allpole 6995 6231 6111.8 12.63 1.91
allpole-unit 16604.4 16604.4 15412.4 7.18 7.18
deq 1200.8 1200.8 776.8 35.31 | 35.31
deg-unit 5581.6 5581.6 4773.6 14.48 14.48
elf2 8054.4 8054.4 6219.6 22.78 22.78
elf 6782.4 6782.4 5792.2 14.60 14.60
ellfilter 15474.4 125154 10948.8 29.25 12.52
ellfilter-unit 23387.6 15329.4 14186.8 39.34 7.45
er-lat 565.2 565.2 177.4 68.61 | 68.61
iir 1978.2 1978.2 1918.6 3.01 3.01
iir-unit 2543.2 2543.2 1278 49.75 | 49.75
rls-lat2 7701.8 4810 4631.2 39.87 3.72
rls-lat 4875.2 4875.2 4487.8 7.95 7.95
volt 2896.2 574 233.8 91.93 | 59.27
Average Improvement - 31.81 | 23.49

Algorithm 5.1 Write Reducing Algorithm (WReduce)

Input: A schedule of tasks and cache replacement.
Output: New schedule with fewer write activity on non-volatile
memory.
1: for each dirty data block c¢p written to main memory in Core
4 in the original schedule do

2: recom_saveli] < o +;

31 migr_saveli] < o+ v;

4: for each read cp activities from main memory in Core j
after it is written in the original schedule do

5: if cannot recompute cp then

6: can_recom < false;

7 else

8: recom_save[j] — = the cost to recompute cp;

9: end if

10:  end for

11: for each read cp activities from main memory after it is
written in the original schedule do

12: find the migration path with the method in Section 5.1;

13: if can migrate from previous core k to this core [ then

14: migrate_savelk] — = 3;

15: else

16: try to recompute cp;

17: if fails to recompute cp then

18: can_migrate < false;

19: else

20: migrate_save[l] — = the cost to recompute cp;

21: end if

22: end if

23:  end for

24: choose the method that produces a shorter schedule;

25: end for

26: for each clean data block cp that is used later do

27:  do read-saving data migration or read-saving data recom-
putation depends on which method produces shorter sched-
ule;

28: end for

Table 4 shows our results of finish time. The first column gives
the benchmarks’ names. The second column shows the finish time
of schedules generated by list scheduling. The third column shows
the finish time of schedules generated by Koc [7]’s algorithm. The
fourth column shows the finish time of schedules generated by the
WReduce algorithm. The fifth column shows the improvement
of the WReduce algorithm compared with list scheduling. The
sixth column shows the improvement of the WReduce algorithm
compared with Koc’s algorithm.

In this set of experiments, there are 4 cores in the system and
each core has a SPM with the capacity of 8 data blocks. We
can see from Table 4 that on average, the WReduce algorithm
can reduce the schedule length by 31.81%. Compared with Koc’s
algorithm, the WReduce algorithm reduces schedule length by
23.49% on average.

Table 5: Number of writes Comparison

Bench List & Koc’s Alg. WReduce Koc’s Alg | WReduce |

O Writes Writes | %W-K | % Lifetime R-Save R-Save |
4 lattice 15 5 66.67 200.00 0 19
4 lattice-unit 82 28 65.85 192.86 21 59
ab-lat 6 1 83.33 500.00 0 8
allpole 8 4 50.00 100.00 5 7
allpole-unit 27 15 44.44 80.00 0 20
deq 4 1 75.00 300.00 0 0
deq-unit 16 8 50.00 100.00 0 12
elf2 23 9 60.87 155.56 0 20
elf 22 10 54.55 120.00 0 20
ellfilter 22 6 72.73 266.67 11 29
cllfilter-unit 51 22 56.86 131.82 20 38
er-lat 7 2 71.43 250.00 0 12
iir 2 1 50.00 100.00 0 1
iir-unit 8 2 75.00 300.00 0 13
rls-lat2 9 6 33.33 50.00 9 15
rls-lat 10 5 50.00 100.00 0 10
volt 16 8 50.00 100.00 7 20
Average Improvement 59.41 179.23 - -
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Table 5 shows the experimental results of the number writes
on non-volatile memory. The second column shows the num-
ber of writes of these benchmarks on non-volatile memory with
list scheduling or Koc’s algorithm. Since Koc’s algorithm does
not save any number of writes on the main memory, its number
of writes is exactly the same as list scheduling. The third col-
umn shows the number of writes on non-volatile memory with the
WReduce algorithm. The fourth column shows the improvement
of number of writes on non-volatile memory of the WReduce al-
gorithm compared with list scheduling and Koc’s algorithm. The
fifth column shows the expected lifetime improvement ratio of
WReduce algorithm over list scheduling or Koc’s algorithm. Let
M stand for the maximum erase counts of the non-volatile mem-
ory, W1 stands for the number of write activities on non-volatile
memory when using the first technique, and W2 stands for the
number of write activities on non-volatile memory when using
the second technique. Then the lifetime improvement ratio of the
second technique is computed by (M/W2-M/W1)/(M/W1). We
can see from the table that the WReduce algorithm can reduce
number of writes on non-volatile memory by 59.42% on average,
which can extend the non-volatile memory’s lifetime by 179.23%
on average. It means that if the non-volatile memory’s original
lifetime is 5 years, then by using our techniques the lifetime of
the non-volatile memory can be extended to 14 years.

7. CONCLUSION

In this paper, we propose code optimization techniques to re-
duce the number of write activities on non-volatile memories when
they are applied as main memory. The proposed methods can sig-
nificantly reduce the program’s completion time and extend the
lifetime of non-volatile memories at the same time. Our purpose is
to minimize the negative impact when applying non-volatile mem-
ory as the main memory while retaining all the benefits, which
will lead to the practical adoption of them as the main memory
in mobile and embedded systems. The experimental results show
that the proposed methods can reduce the number of writes by
59.41% on average, which means that the non-volatile memory
can last 2.8 times as long as before. Meanwhile, the finish time
of programs is reduced by 31.81% on average.
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