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Abstract- Processors used in wireless and ad hoc networks bring more strict requirements on
performance and power consumption. The hardware and software need to coordinate more efficiently
to meet such requirements. With the rapid development of semi-conductor technology, more memory
can be integrated into the processor. ScratchPad Memory (SPM) is a kind of the on-chip memory, is a

SRAM based memory with fast response, small on-chip area and low power consumption. It is still a
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big challenge on how to take advantages of SPM because SPM must be explicitly used by software to
achieve high performance. This paper proposes a novel methodology to share SPM during
multiprograms. The applications are analyzed and memory objects are generated. During the
executions, multi-programs can share SPM through these memory objects. The experimental results

show that our approach can reduce both the execution time and the energy consumption effectively.

Index terms: methodology, optimization, scratchpad memory, high performance.

l. INTRODUCTION

With the rapid development of semi-conductor, Morse’s Law will still be valid within the next
decade [1]. When the performance is enhanced, the price and chip area are coming down.
Processors will have stronger performance, but it also requires less power consumption especially
for high performance embedded systems [2]. The advance in VLSI can help us to achieve such
goals: the integration density of VLSI is still in substantial increase [3]. More components with
different functionalities can be integrated into the processors, which can improve the efficiency
of the on-chip area for better performance of the whole system.

“Memory Wall” is always the bottleneck between the memory and processors [4]. The faster
increase of processor speed makes the gap bigger between memory and processors. Such speed
gap has been a major problem to further enhance the performance. On-chip memory can solve
this problem partially. Memory integrated on chip will consume less energy and have better
performance [5]. The speed of SRAM is 10-100 time faster than DRAM while its price is also 20
time high than DRAM [6]. So SRAM is used as on-chip memory.

ScratchPad Memory (SPM) is a type of on-chip SRAM. It is different from cache, which is also
on-chip SRAM. Cache is controlled by hardware and apparent to programmers. But SPM is
controlled by software and should be explicitly used [7]. On-chip area occupied by SPM is
smaller compared to cache and then more memory can be integrated. At the same time, SPM has
lower power consumption than cache with simpler design [8]. So SPM can be used to improve
the performance of the system.

Many approaches have been proposed to take advantages of SPM. Programs must be analyzed by
compilers. The slices or objects including code and data selected from programs are titled as
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memory objects. These memory objects can be allocated to SPM. Some proposed approaches
proposed that memory objects could be assigned to SPM through compilers [9-12]. The
allocation of SPM was fixed and can not be changed during the execution and the assigned SPM
could not be used by other memory objects. Some approaches were proposed to allocate SPM
dynamically [13-16]. SPM spaces can be shared by different memory objects. There are also
some approaches focused on array and loop [17-20]. Because SPM is now used in embedded
systems mainly, the existing research also focuses on embedded systems mainly. The
experimental results from these approaches show that the utilization of SPM will improve the
performance.
In this paper, we propose an optimization methodology for multi-program shared SPM. Our
methodology will analyze the programs and share SPM among different programs. It can
effectively reduce the energy consumption and improve the performance. At the same time, our
methodology can also be used in not only embedded nodes for wireless and ad hoc networks but
also the other types of embedded systems even desktop computers and the servers which have
SPM as on-chip memory.
The paper is organized as follows. In Section 11, we describe the related work. The architecture
model is described in Section Ill. In Section IV, we depict our optimization methodology. In
Section V, we discuss our experimental results. And at last, we draw our conclusions and give the
future work in Section V1.

. RELATED WORK
Because SPM should be explicitly used, the main idea of SPM based optimization is to analyze
the programs and control the mapping of code or data of these programs to SPM. The programs
will be divided into different memory objects. Some memory objects can be allocated to SPM
space if they are hotspot of the programs. The programs must be modified during the
optimization by the compilers. The main challenge is how to deal with mapping on memory
objects to SPM. Code is less modified during the execution and has good temporal and spatial
locality. The optimization of data will be more complex for more types and the different access
patterns.
SPM based optimization was first proposed by [7] and they described the detail in article by [10].
Their approach focused on the constants, global variables and arrays. The allocation of constants

and global variables relied on their access frequency analyzed by compilers. And the allocation
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of arrays depended on the sizes, life cycles and access conflicts etc. The works of [9, 11, 12] were
similar to Panda’s approach. Such approaches will allocate a memory objects to fixed SPM
address and the address will never be changed during the life cycle of the programs.

SPM can also be divided into different banks for optimization [21-25]. Their main objective is
energy-saving as well as performance improvement. The different banks of SPM have different
characteristics in power consumption. Memory objects will be allocated to corresponding banks
according to their features through compilers. The banks with higher power consumption will be
used fewer in order to save energy.

The works of [13-16] are the typical approaches as overlapped SPM allocation. [14] proposed the
approach that the elements of an array could be divided into different sub-arrays according to
their life cycles. And then these new arrays were renamed and allocated to the same SPM space if
they had no conflicts in life cycles. Thus different memory objects could share the same SPM
space. [26] extended the granularity to pages. Programs were divided into pages, which had the
same size with the pages managed by MMU. A special management unit was designed for the
cooperation with MMU. [27] allocated the code of a program to SPM and provided a LC copy
instruction to support the dynamic transmission of the code at run-time. The works of [28-30]
allocated the most frequent used slice to SPM through inserting special instructions in selected
locations of a program.

There are many arrays and loops in many programs. The performance can be improved by SPM
based optimization for these arrays and loops. But not all the arrays and loops can be allocated to
SPM. The arrays and loops will be analyzed. Arrays are divided into small arrays and/or the
loops are transformed [17-20]. And then the selected memory objects can be allocated to SPM
and share SPM space during execution. [31] analyzed the arrays of multimedia programs and
adopted SPM as the shared hierarchy buffer for arrays. It is the application-specific optimization.
As the analysis in work by [32], SPM based optimization can improve the performance of the
systems. In this paper, we propose our methodology for SPM based optimization for processors
used in wireless and ad hoc networks as the optimization for a single node. Different from the
existing research, our methodology provides the architecture of the optimization to share SPM
among multi-programs. And it can be used for embedded systems as well as desktop computers
and some other computing systems.
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Il ARCHITECTURE MODEL

The processor model used is shown in Figure 1. There are a processor core, cache and SPM on a
single chip. The on-chip components connect to off-chip main memory by bus. Cache and SPM
will fetch data from main memory. Cache and SPM has the same response time, which is several
cycles and both of them are faster than off-chip memory, which is about 10-29 cycles [7].

Data can not in SPM and cache simultaneously in order to ensure the consistency of data in on-
chip memory. It means data in SPM can not be sent to cache and vice versa. When there are
requests for data, the requested data will be sent to processor core from SPM or from cache if
there is cache hit. If both SPM and cache are missed, the requests will obtain the responses from
off-chip memory.

SPM has a continuous section of whole address space. Though SPM can be used for optimization,
the size of onchip SRAM is very small compared to off-chip DRAM. Thus SPM space only
occupies a very small section of the whole address space. It is also the reason why SPM based

optimization must resort to compiler analysis for accurate allocation.

On-Chip

Processor Core

A

A 4

ScractchPad Memory < Cache

Bus

A 4

Main Memory (Off-Chip)

Figure 1. Processor model
V. OPTIMIZATION METHODOLOGIES
a. Methodology overview

When there are more than one programs running in parallel, the memory objects will belong to

different programs. These memory objects should share SPM for higher performance. Each
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program can be divided into two parts: one part consists of the memory objects allocated to SPM
and the other is the code and data which reside in main memory. If the size of SPM is big enough,
each program can have its own SPM space. Otherwise, different programs must share the same

SPM space.

SPM Pre-Mangement

Address
Mapping

SPM
Organization

Programs 1
|

l Compiler Analysis

Memory Object
Generation

Program
Analysis

\

SPM Management

Run-Time
Management

1
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Figure 2. The optimization methodology

Our methodology has three basic phases for SPM based optimization as shown in Figure 2. The
three phases of the basic methodology are SPM premanagement, compiler analysis and SPM
management respectively.

SPM will be organized first for the optimization. After SPM pre-management phase including
SPM organization and address mapping, SPM space will be related to physical and virtual

address space respectively. Then SPM can be used for memory objects. Compiler analysis phase
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has three steps including program analysis, CFG (Control Flow Graph) analysis and memory
object generation. Programs should be analyzed and the memory objects will be generated as the
potential allocation objects for SPM. SPM management phase has only single step: run-time
management. This phase is responsible for the management of memory objects when the
programs are running. In addition, we introduce a special management unit titled as SPMG for

the effective management of SPM in our methodology.

b. SPM pre-management and address mapping

SPM is divided into different pages and the page size is same to the page size of main memory.
All the pages are managed by SPMG at run-time. For all the pages of SPM space, there is a table
titled SPT (ScratchPad Memory Page Table). There are two basic statuses of the pages: free
pages and busy pages. Each item of SPT will be related to one page. And each item has six fields:
page number, next page, page property, process ID, memory object and the preserved field. Page
number is the number of this page in all the pages. Next page points to the next page in SPM
space. Page property specifies the status of the page. Process ID is the ID of the process which is
the owner of this page. Memory object field stores the memory objects allocated to SPM. And
preserved field is reserved for properties defined by the users.

There are more than one memory objects in a single page possibly. And the memory objects in
the same page belong to the same process for a SPM page will be allocated to a process only.
Each memory object in a SPM page are linked and has five fields including memory object ID,
which is used to mark the memory object; pointer of next memory object address, which is used
to link to the next memory object; size, which is used to record the size of the memory object;
property, which is used to store the other properties of the memory object; and at last is the
memory object itself.

After SPM is used in the system, a part of the memory space will be assigned to SPM space.
When the memory objects are allocated to SPM, their addresses are still in the unified address
space. The physical addresses of these memory objects belong to the SPM space. The translation
from linear addresses to physical addresses will be done by SPMG including the modification of
the page tables of MMU.

c. Compiler analysis
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Memory objects are produced from the programs and will be scheduling to the SPM space during
the execution. Programs are analyzed to obtain the potential memory objects for the optimization.

This work is done by compilers. The analysis flow is shown in Figure 3.

Source Code

CFG
Generation

Cross-Compiler
Modification

Memory
Object
Candidate

Figure 3. Program analysis

In this flow, source code of the program is the analysis object. Profiler will generate the profiling
information of the programs. And then the cross-compiler will generate the CFG (Control Flow
Graph) of the program according to the profiling information and modify the source for the
optimization. And at last the memory objects will be found out. This flow will be cyclic to
analyze the program as accurately as possible. Profiler is very important in the analysis. The
program will run many times to obtain enough information according to different input data.
After enough executions, the detail information of the program will be obtained. The information
collected includes the characteristics, the access frequency and life cycle of the variables,

stack/heap, data and code.
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However, not all the memory objects can be placed to SPM for the limited space. The generated
memory objects are taken as the candidates for optimization. At the same time, the compiler will
insert special instructions into the source code which are used as the run-time ones for the
memory objects scheduling. According to the size of SPM on the chip, some memory objects can
be selected and allocated to SPM. But if the SPM space is not enough for all the memory objects,

some of them have to be allocated to main memory as the common situations.

d. Memory object generation

After CFG is generated, the memory objects will be selected according to it. For each CFG, the
following rules are used to select the memory objects:

(1) The size of a single memory object will never be bigger than the physical capacity of a SPM
page. If the size is too big, the management will be more complex. The memory objects have to
be swapped between the SPM space and main memory. This is time-consuming work. So we add
this rule for simplicity.

(2) The most frequent used data should be selected as the memory object candidates. This
information can be obtained from the profiler. When such memory objects are placed into SPM,
the access time to main memory can be saved, which is more longer than SPM access time. And
the program will be faster than before.

(3) The overhead should be small. Some instructions will be inserted into the program in order to
allocate memory objects to SPM. These instructions will also execute during the execution of the
programs. They will consume the CPU time, which is the overhead of the extra instructions. The
overhead introduced by these instructions should be as small as possible.

All the information of the memory object candidates is stored and managed by SPMG. SPMG is
responsible for the management of SPM space and memory objects. When the capacity of
available SPM increases, SPMG can select more memory objects to SPM. Or some objects will

be swapped from SPM to main memory according to the run-time environment.

e. Run-Time Management

When programs are running, the best case is that all of the memory objects are allocated to SPM
for higher performance. When all memory objects are placed on chip, the memory wall can be
overcome. However, not all the memory objects can use SPM as on-chip memory for the limit of
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the size of SPM. SPMG will collect and manage the run-time information and then different
programs can share SPM. SPMG will communicate with scheduling module of the operating
system and obtain the run-time information of different processes. SPMG can also obtain the
information of memory objects according to the prior phases of our methodology. And then

SPMG will decide which memory objects can be allocated to SPM.

SPM
Program 1
SPMG /
—_— /
SPM Page 1
Program n
_>
SPM Page m
Memory Object

Figure 4. Run-time management

SPMG will assign the first free SPM page to the memory objects. If the process has been
assigned a page, SPMG will check whether the free space of this page can hold the memory
objects. If the existing page has enough space, the memory objects will be allocated to this page.
Otherwise, a new free page will be found and allocated to this process. While, if a process exit,
all the pages it owns will be reclaimed by SPMG.

As Figure 4 shows, SPMG will allocate SPM space to the programs. It resides in SPM space
from the beginning. During the execution of the programs, the inserted instructions will request

the SPM space for the programs. SPMG will check the record of the SPM for idle space for the

10
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allocations. When there are idle SPM pages or the page belong to a program has idle space,
SPMG will allocate the space to the new memory objects. Because SPM space is managed by
SPMG, it will share the SPM to different programs by allocating different space of SPM to the

memory objects from different programs.

V. EXPERIMENTAL RESULTS

The hardware platform used in our experiments is the PXA 272, which is based on embedded
processor and with 256 KB SPM [33]. SPM of PXA 272 has four SRAM banks and each bank
can be set as standby mode or active mode. We adopt modified embedded Linux [34]. And the
eleven benchmarks are selected from two benchmark sets MediaBench [35] and MIBench [36]

respectively as shown in Table 1.

Table 1. Benchmarks

Name Source Description
CRC32 MIBench 32-bit standard CRC verification
Dijkstra MIBench Shortest path algorithm
Qsort MIBench Quick sort algorithm
FFT MIBench FFT
Sha MIBench Security encryption algorithm
Cjpeg MediaBench JPEG compress algorithm
Djpeg MediaBench JPEG decompress algorithm
mpeg2enc MediaBench MPEG compress algorithm
mpeg2dec MediaBench MPEG decompress algorithm
Pgp MediaBench PGP encryption algorithm
G.721 MediaBench G.721 audio compress algorithm
CRC32 MIBench 32-bit standard CRC verification

11
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We test the eleven benchmarks on the hardware platform. Figure 5 to Figure 8 show the
experimental results under different configurations. The size of SPM is 0KB, 16KB, 32KB,
64KB, 128KB, 192KB and 256KB. And the parallel programs in the system are one, two, four
and eight. Figure 4 shows that when there is only a single benchmark, SPM can improve the
performance both in execution time and power consumption. Because there is only a single
program, SPM space is relatively enough for this program, so when the size of SPM increases, all
the memory objects candidates can be placed into SPM space. Thus when this situation occurs, it
means that the increase of the size of SPM can not improve the performance of the program
further. When all the memory objects are allocated to SPM, the improvement will be stable. It
also means that a single program will result in a waste of SPM if there is sufficiently enough

SPM. It is same to power consumption experiments.
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From Figure 5, Figure 6, Figure 7 and Figure 8, we can see that the performance of the programs
is improved while the power consumption is reduced with the increase in SPM capacity. When
the number of parallel programs increases to two, the whole performance of each program
decreases for they will compete for the limited SPM space especially when the size of SPM does
not increase. When more SPM space is provided to the programs, more memory objects can be
placed into SPM and the performance is improved. As we can see from four parallel programs
and eight parallel programs, they have similar optimization results. However, if the number of
memory objects of the parallel benchmarks is too much and the size of SPM is limited, there will
be many swap operations between SPM and main memory among different programs. The result
is that the improvement in performance and power is also very limited. In our experiments, when
there are four or eight parallel programs and the size of SPM is 16KB, the improvement of the
optimization is only about 10%. When the size increases, the improvement will also increase.
When there are more programs, the management by SMPG will become more complex. There
may be more memory objects from different programs. SMPG should manage SPM space
carefully for memory security. It will spend more time in SPT management.

Notice that in each test case, there is still a strange phenomenon: when the size of SPM is very
large for the programs, the optimization will decrease slightly. According to our research, we
think the reason is that when the size of SPM becomes larger compared to the number of memory
objects, SPMG has to spend more time in managing SPM itself and more memory means more
power consumption. Thus if more suitable memory object candidates can be generated, it will

improve the performance when the size of SPM is large enough.
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Figure 10. Overhead of the optimization
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We also test the overhead of the optimization. The source of overhead comes from the SPMG
operations on memory objects and the modification on the source code of the programs. Figure
10 shows that the overhead is no more than 3 percent both in execution time and power

consumption. It is acceptable compared to the improvement of the optimization.

VI.  CONCLUSIONS AND FUTURE WORK

Memory system is always the bottleneck between the memory and processors. On-chip memory
is an active solution for this problem. SPM is software controlled memory, which is also on-chip
memory. The existing research shows that SPM can improve the performance and reduce the
power consumption of the systems. In this paper, we propose a novel methodology for SPM
based optimization, which can be used not only in embedded systems but also in desktop
computers and server. Our experimental results show that this methodology can reduce both the
execution time and the power consumption effectively.

There is still much work to do in the future. First, more automatic tools should be provided for
the optimization. Second, the corresponding interface should be designed for programmers. And

at last, this methodology should be extended to support multicore/manycore processors.
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