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uses dual-port memories to reduce the number of RAMs to three: two
for input data and one for � metrics. This is the same as our dual port
configuration for � = 1. The work presented in [3] describes the vari-
ations in area, throughput and memory energy for monolithic memo-
ries for different values of �. While the throughput variations are very
similar to those presented here, the memory energy is significantly dif-
ferent – sharp increase in [3] vs. almost constant energy with increase
in � in our architecture. This difference could be due to differences in
data access pattern, use of monolithic memory, etc.

IV. CONCLUSION

In this paper, the optimal memory sub-bank structure for a MAP-
based SISO decoder that achieves a very high throughput for different
SWconfigurationwas derived. A tradeoff between performance param-
eters such as throughput/decoding latency, and architectural parameters
such as number of sub-banks, memory size, and memory energy was
established.

The SW approach reduced the latency of the SISO decoder
and thereby reduced the overall decoding latency of the iterative
Turbo decoder. For very high throughput Turbo decoders, the in-
terleaver/de-interleaver memory access is clearly a bottleneck.
Interleaving techniques such as those proposed in [10] in conjunction
with the proposed SISO decoder architecture can help realize ultra
high throughput Turbo decoders.
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Instruction Code Mapping for Performance Increase and
Energy Reduction in Embedded Computer Systems

Sri Parameswaran and Jörg Henkel

Abstract—In this paper, we present a novel and fast constructive tech-
nique that relocates the instruction code in such a manner into the main
memory that the cache is utilized more efficiently. The technique is applied
as a preprocessing step, i.e., before the code is executed. Our technique is
applicable in embedded systems where the number and characteristics of
tasks running on the system is known a priori. The technique does not im-
pose any computational overhead to the system. As a result of applying our
technique to a variety of real-world applications we observed through simu-
lation a significant drop of cachemisses. Furthermore, the energy consump-
tion of the whole system (CPU, caches, buses, main memory) is reduced by
up to 65%. These benefits could be achieved by a slightly increased main
memory size of about 13% on average.

Index Terms—Cache memories, energy conservation, low power.

I. INTRODUCTION

In embedded systems containing a memory hierarchy, the perfor-
mance can often be improved by reducing the overhead of instruction
cache misses. Along with that often comes also a reduction in energy
consumption of the whole system: assumed, a basic system consists at
least of a CPU, an instruction cache, a main memory and a bus system,
then the following mechanisms can reduce the power/energy consump-
tion of the whole system:

• lesser cache misses lead to lesser main memory accesses and
thus to a reduced energy consumption of the main memory;

• reduced cache misses decreases the traffic on the bus and thus
the energy/power consumption on the buses;

• lesser waiting cycles will be imposed to the CPU and such re-
ducing the CPU energy/power consumption.

The potential savings in energy vary by system. As an example, Liu et
al. have estimated for memories that the total power savings can be up
to 70% of the total power [4].

Cache misses can be classified as follows: compulsory misses, con-
flict misses, and capacity misses. A compulsory miss occurs when an
instruction or data is referenced for the first time, a conflict miss oc-
curs when data or instruction compete for the same cache location, and
a capacity miss occurs when the size of the cache is too small for the
amount of memory needed to execute the program under considera-
tion. New processor architectures alongwith their application inmobile
computing/communication/internet devices demand efficient cache ar-
chitectures. To satisfy the fast access demands of the system, direct
mapped caches are commonly used. While these satisfy the speed con-
straints, they increase the amount of conflict misses, since there is no
alternate position for the requested data or instruction to occupy the
cache (as is the case in set associative cache design). Modern proces-
sors contain both an instruction cache and a data cache. There have
been several differing methods to reduce cache misses in both.

In our I-CoPES methodology, which is described in this paper, a
novel scheme is introduced to reduce the before-mentioned instruc-
tion miss conflict. Our methodology uses a constructive algorithm to
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re-order the mapping of basic blocks [2] in the cache, so that the total
number of misses are reduced. Another heuristic algorithm is used to
map those basic blocks to the main memory from the allocated cache
locations reducing the number of conflict misses. This paper further
presents the energy savings, which can be obtained by reducing con-
flict misses. In our system model all of the components of the system
are on-chip, and therefore, for the first time wewill be showing the total
energy savings that can be achieved by reducing cache misses through
instruction code placement for a complete system-on-chip (SOC).

II. RELATED WORK

Diverse work has been published on the topic of reducing the cache
misses by reorganizing data or instructions in the cache. The work on
cache misses has predominantly concentrated on the data cache op-
timizations [7]–[13], [29], [28]. As for instruction cache optimization
methods, many basic approaches have been proposed in the early 1990s
with improvements and advances in recent years. We concentrate our
discussion of related work to instruction caches.

Hwu et al. [3] effectively reduced the cache miss rates in a com-
piler called IMPACT-1 by function in-line expansion, trace selection,
function layout and global layout. McFarling in [5] and [6] analyzed
functions such that the dependencies among functions are exposed and
exploited in order to reduce cache misses. Chow [22] reduced cache
conflicts by sorting functions by their execution frequencies, and then
grouping functions together to reduce conflict misses. All of the above
methods are applied at the function level.

The first of the global methods was proposed in [27] by Tomiyama
and Yasuura, where an ILP formulation is applied in order to reduce
the cache misses. Their ILP formulation reduces the execution speed of
the application, though not a suitable method for optimizing large pro-
grams. Performance estimation of such caches has been reported in the
literature [26]. Kirovski et al. [25] use the operating frequency of the
system and the clock frequency to estimate the miss penalty and with
that information reduce cache misses by reorganizing basic blocks.

In [23] and [24] the authors use a scheme where half the cache is as-
signed for high priority tasks and the other half is allocated for nonhigh
priority tasks. This method is applied to instruction cache optimization
in multiprocessor systems by Li and Wolf in [14], though they later
abandoned it in [15] for random placement of instructions in memory
and doubling of cache sizes until deadlines were met. In [31], a con-
structive method is given to place tasks in memory for multi–processor
systems.

Power/energy optimizations [16]–[20] are relevant to our approach.
However, none of these have optimized for energy reduction by code
placement.

III. RELEVANCE, ASSUMPTIONS, AND LIMITATIONS OF OUR WORK

In the work described in this paper, we give a constructive algorithm,
which works effectively with the goal to reduce conflict misses. For
the first time in the instruction cache optimization literature, we give
a methodology to show the effect of code placement in both energy
consumption and performance for a complete systems.

The following assumption apply in order to make use of our method-
ology.

1) The size of the cache is known a priori. This assumption is made
to allow for greater optimization.

2) The size of a basic block is not bigger than the size of the cache.
This assumption is quite valid in embedded systems where the
basic blocks are usually small enough to fit into small caches.
However, if the basic block is too large for the cache it can be
broken up into smaller granules such that each granule will fit
into the cache.

3) Only Level-1 caches are available for use. Having higher level
caches does not reduce the effectiveness of the approach.

4) The caches are direct mapped.
5) The instructions of a task are allocated to a contiguous region of

memory. This states that a task mapped to the cache will be in a
contiguous region in that cache.

6) The problem is sufficiently large so that the total size of the in-
structions are several times larger than the size of cache.

7) The methodology targets the low power Application Specific In-
struction Set Processors (ASIPs), where the cache size is tailored
to suit the application, and silicon area restricts the use of large
cache sizes.

IV. PROBLEM STATEMENT

Let the size of the cache associated with processor P be equal to S.
The basic blocks to be placed in the cache be b1; b2; . . . ; bn all of which
belong to the setB. Each block bi is associated with size si. Let a loop
lr be defined as being a subset of B and the loops be numbered from
l1; l2; . . . ; lr; . . . ; lm. Note that while multiple loops can share a basic
block, the set of basic blocks within a loop will be unique to that loop.
Some basic blocks will not belong to any of the loops. The problem is
to arrange the basic blocks of each of the loops (and other basic blocks
which do not belong to any of the loops) in main memory so that it can
be brought into the cache such that the conflict misses are reduced; and
the total main memory used is minimized.

It can be shown that in a special case of the problem, where a basic
block bi can only belong to a single loop lk , is a bin-packing problem.
Therefore, this problem is at least as hard as the bin-packing problem
which is NP-Hard. To solve this problem in reasonable run-time it is
necessary to use heuristics.

V. ALLOCATION OF BASIC BLOCKS IN CACHE AND MEMORY

The overall methodology contains two algorithms. The first algo-
rithm places basic blocks in the cache so that basic blocks with high
frequency are swapped out as little as possible. The second algorithm
takes the placed basic blocks and maps them into main memory. Both
of these algorithms are performed as a preprocessing step, taking the
application’s original instructions in memory and re-mapping them to
different locations.

In order to re-map instructions, it is necessary to identify basic blocks
which are executed together and the number of times they are executed.
We identified these parameters by running the application through an
instruction set simulator (ISS).Without the ISS it is impossible to deter-
mine critical sequences of blocks which execute together. The number
of basic blocks in the applications under consideration varied from 100
to 900.

A. Cache Allocation

The cache allocation algorithms is given in Fig. 1. The complexity
of this algorithm is O(B2), where B is the number of basic blocks.

B. Memory Allocation

The memory allocation algorithm takes the already placed basic
blocks in the cache and directly maps them to the memory. Fig. 2
shows an example of how the basic blocks are mapped to the memory
from the cache. In this figure blocks 1 to 5 are mapped directly on
to the memory, but the block 6 is mapped to some memory locations
further away, such that the mapped block will end up in the desired
position in the cache. Thus, if a basic block is mapped to the location
from tx to ex in cache of the processor, the basic block can be placed
in memory at any one of the address ranges from addresses tx + i � S
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Fig. 1. Cache algorithm.

Fig. 2. Memory allocation example.

to ex + i � S, where i is a positive integer. However, since tasks in the
cache will wrap around the cache, an offset Zr , can be added to each
basic block allocated from super loop slr , and the basic block can be
placed from memory location tx + Zr + i � S to memory location
ex + Zr + i � S. This introduction of the offset allows the reduction
in size of the total memory needed for the system.

Fig. 3 gives the final memory allocation algorithm. The complexity
of this algorithm isO(SL�M), where SL is the number of superloops
and M is the size of the code.

VI. VALIDATION

In order to verify the usefulness of the I-CoPES approach we had
to provide a simulation environment that captures the behavior (timing
true and data true) of a whole sub-system comprising a SPARC CPU
[32] CPU,1 the caches (instructions and data), the main memory and
the buses in between. Data cache is set to 1024 bytes and never varied.
The instructions are single instructions issued in order. The simulation
environment, shown in Fig. 4, takes as an input the application program
plus typical input stimuli data (as far as the application characteristics,
i.e., run-time, instruction cache access, depends on the input stimuli).
A trace simulator (QPT, see [21]) generates the instruction traces and
feeds them into a cache simulator (Dinero III, see [21]). The output of
the cache simulator are cache miss/hit ratios that are fed into analytical
power models for estimating the respective energy data for the I-cache,
D-cache, buses and main memory whereas the power estimation of the
CPU is accomplished by an ISS that is coupled to a table containing en-
ergy data for each instruction and addressing mode. Energy consump-
tion and performance estimation models are obtained from [30].

1The CPU is an embedded version of the SPARC. The features in a summary
are four-stage pipeline, delayed branch, register windowing, in-order execution,
etc. The core is “lightweight” (around 120 kgates).

Fig. 3. Main memory algorithm.

Fig. 4. Experimental setup that allows to simulate the power/energy
consumption and performance of the whole system.

VII. EXPERIMENTS AND RESULTS

We have validated the I-CoPES methodology by means of a set of
seven applications. The applications have been chosen with as much
variety in characteristics as possible in order to show the wide applica-
tion area of the methodology. Thus, the applications varied in size (8 k
to 200 k), application area (video, animation, algorithmic, etc.) and ap-
plication domain (data dominated and/or control dominated). The ap-
plications used were a complete MPEGII video encoder MPEG, the
problem of locating eight queens on a chess board without interfering
q8 (we used 11 queens to make the problem reasonably large), a video
trick animation algorithm trick1, the Whetston benchmark sequences
whetston, the UNIX command compress compress, a chromakey video
mixer as part of a digital video studio equipment, and the travelling
salesman problem tsp.
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TABLE I
RESULTS

The final results are given in Table I.

As can be seen from the table, for most of the applications, there is
a substantial reduction in miss ratios. For example, the miss ratio is re-
duced from 47.85% to 36.35% for the mpeg application with 512 bytes
of cache. For the smaller cache sizes, the miss ratios are not reduced
substantially since the application has several basic blocks which are
comparable in size to the size of the cache. A more significant reduc-
tion in miss rates can be seen in the application called trick1, where
for the case with cache size of 1024, the miss rates plunge from 71%
to 0.04%. The miss rates for the tsp problem were reasonably high,
and this was because a few long loops were executed repeatedly. Such
a case requires a lot of swapping of the cache, and therefore the miss
rates did not substantially change.

The common characteristic of programs which benefit most are the
ones which have a sequence of basic blocks which run several times and
that these basic blocks are less than the cache size. In the original code
these basic blocks would have been scattered. The ones that least ben-
efit are those programs whose main loop is well contained within the
cache size and is not scattered in the original program. This is consis-
tent with the results which we get, where large cache sizes can contain
most of the program and will perform poorly compared to ones where
the cache is small and a large amount of swapping has to take place.

The total memory sizes increased by between 0% and 70% . The av-
erage increase was 13%. Note that theMPEG application has a number
of system calls which are not reflected by the generated trace. Thus
there are a number of blocks with just two instructions (which would
not be the case in a self contained embedded application). These two

instruction blocks cause the memory size increase to not reflect reality
(since a number of them have to be placed a cache size apart).

However, in an embedded system which is on a single chip, the un-
used memory locations can be removed under certain circumstances,
and then there will be no noticeable increase in memory size and con-
sequently the chip size will remain almost the same. There is a possi-
bility, that an additional line might be needed for the address bus, and
therefore in the extreme case, we could expect a small increase in chip
size.

The energy consumption reduction is also substantial, as can be seen
from the last column. There are a few cases where the energy consumed
has increased, but these are for cases where the miss rates are relatively
small. The increase is due to the increased switching which is the result
of the reordering of blocks in memory. The energy consumption in the
cases where it has increased has never been more than 4.5%, and where
it has decreased, it has decreased by up to 65%.

Though we are focusing on the reduction of energy and obtain
mostly significant reductions, this is not at the cost of performance. In
fact, performance increases in all cases as the numbers of cache miss
ratios show (in a comparison of columns Miss Ratio and I-CoPES
Miss Ratio).2

The runtime for all of these applications varied from 1–8 min on a
Sparc 10machine. Amuchmore substantial time (in the order of hours)
was spent on extracting the instructions which formed the basic blocks
and the loops which were made up of these basic blocks.

2There is only one exception i.e., application tspwith an I-cache size of 2048,
but this would not be an appropriate cache size for this application anyway.
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VIII. CONCLUSION

We presented in this paper a methodology which places instruction
code in a constructive way into the memory such that the subsequent
mapping to the instruction cache leads to a reduced cache miss ratio
and thus to a power/energy minimization of the whole system (CPU,
caches main memory, buses) combined with a performance increase.
We utilize the fact that the application which is executed is well un-
derstood in an embedded system, and exploit the behavior of the pro-
gram to optimize the system.We have validated our methodology using
seven applications that range in size from 8 k to 200 k. The technique
leads to a reduction of energy/power consumption of up to 65% for a
whole system. This is at the cost of an average main memory increase
of around 13%.
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