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Abstract. The concept of a reconfigurable coprocessor controlled by the
general purpose processor, with the coprocessor acting as a specialized
functional unit, has evolved to accelerate applications requiring higher
computing power. The idea of Adaptive Balanced Computing (ABC)
architecture has evolved, where a module of Reconfigurable Functional
Cache (RFC) is configured with a selective core function in the applica-
tion whenever a higher computing resources are required. Initial results
have proved that the ABC architecture provides with speedups ranging
from 1.04x to 5.0x depending on the application and the speedups in the
range of 2.61x to 27.4x are observed for the core functions. This paper
further explores the issues of management of RFC, where the impact of
various schemes for configuration of core function into the RFC module
is studied. This paper also gives a detailed analysis on the performance of
ABC architecture for various configuration schemes, including the study
of the effect of the percentage of the core function in an entire application
over the management of RFC modules.

1 Introduction
The technology of reconfigurable hardware, to implement a computation inten-

sive function in a single unit whenever required, has evolved to accelerate the
execution of selective functions and these reconfigurable chips are used as copro-
cessors in tandem with the general purpose processor. To accelerate structured
and regular computations, such as DSP and multimedia applications, FPGA-like
reconfigurable logic that is specialized for these computations has been developed
and integrated into on-chip microprocessors [1-4].

Current processor designs often devote a largest fraction (up to 80%) of
on-chip transistors to caches. However, many workloads, like media processor
applications, do not fully utilize the large cache resources due to streaming nature
and lack of temporal locality for the data. From these observations, an idea of
a different kind of computing machine - Adaptive Balanced Computing (ABC)
architecture, has evolved. ABC uses a dynamic configuration of a part of on-chip
cache memory to convert it into a specialized computing unit. A reconfigurable
functional cache (RFC) operates as a conventional cache memory or a specialized
computing unit [7]. This paper explores two methodologies for the configuration
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of the RFC module. In the first scheme, the RFC is configured with the core
function at the beginning of the multimedia application and this would result
in a reduced cache capacity for the entire application. In the second scheme,
the RFC is configured with the core function only when the core computation
is necessary and the RFC module is released when not required to be used
as a normal cache memory by the other computations within the multimedia
application. With various cache mapping organizations, we study the overall
impact on the performance of selected benchmarks, such as multimedia and
DSP applications. The results prove that performance of each scheme varies
depending on the structure of the application used.

The rest of the paper is organized as follows. In Section II we present an
overview and the preliminary results obtained in building an ABC microproces-
sor. In Section III we discuss the main goal of this paper by proposing various
RFC configuration schemes. Section IV presents a comprehensive discussion on
the impact of various parameters, related to the microarchitecture as well as the
application, on the overall execution time. In Section V, we discuss the results
obtained from applying various RFC configuration schemes. Finally, Section VI
concludes the discussion.

2 Performance of ABC Architecture
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Fig. 1. Normalized execution cycles in base
with RFC, with varying cache organizations.

processor without RFC and ABC processor

The organization of a reconfigurable cache module (RFC) had been exten-
sively discussed in [7]. To analyze the performance of the ABC architecture, the
comparison is made between the number of cycles taken to execute each appli-
cation with varying cache parameters. The performance, in terms of the total
number of execution cycles normalized to the execution cycles in the base proces-
sor with 32KB 2-way set associative cache for each of the benchmarks, mpeg2dec,
mpeg2enc, cjpeg, FIR-16taps, FIR-256taps, and IIR, is shown in Figure 1.



The performance improvement can be obtained from the normalized total
cycles for the execution of the overall function and also the core function. The
specialized computing units configured in the RFCs improve the performance
of each core function significantly. The most important factors for speed-up are
the reduced number of instructions and the acceleration of computation with
a specialized unit. Hence, it is observed that the overall speed-up is largely
proportional to the frequency of the core function calls in the entire application.
However, the initial simulation results show that the RFC is not a good idea
to implement in a low associative cache in certain cases where it dramatically
reduces the cache capacity. For example, a performance degradation is observed
in the execution of mpeg2encode application in the ABC processor with 32KB 2-
way set associative cache. This is due to the fact that in a 2-way set associative
cache, when one of the cache modules is used as an RFC, the cache memory
capacity is reduced to 50% and also the data cache acts as direct-mapped and
hence causes the performance degradation. This motivated us to look further
into this issue in the design of the ABC architecture, and hence we set-out to
explore various methodologies of the management of RFC between the functional
unit and the cache memory modes.

3 RFC Configuration Schemes

In the multimedia applications, it has been observed that the applications like
mpeg2decode, mpeg2encode, FIR and other filters are highly iterative and hence
multiple instances of the core functions would be occurring during the processing
of the entire application. For example, while running mpeg2decode applications
it has been observed that the DCT/IDCT function is called 15 times more as
compared to while running mpeg2encode application [9]. Further, it is noted
that the core functions like DCT/IDCT occupy a varying degree of percentage
of entire application.

The other factor that has a predominant effect on the utilization of the RFC
for the execution of the core function would be the configuration overhead. It
is the time, in number of cycles, taken to load the configuration data into the
target hardware. The configuration overhead would be greater as more number
of instances of RFC configuration occur. The configuration data to program
a cache into a function unit may be either available in an on-chip cache or
an off-chip memory. Load time for the configuration data in the latter case
will be larger than in the former case. In the ABC architecture, the time to
configure the RFC, from the normal cache memory mode to a functional unit
mode, depends on the number of cycles to write words into a cache. On the other
hand, an RFC operating as a functional unit can also be partially configured at
run-time using write operations to the cache. When a partial reconfiguration
occurs, the function unit must wait for the reconfiguration to complete before
feeding the input data. Since the computation data (input and output data)
and the configuration data (contents of LUTSs) for an RFC unit share the global
lines for data buses, we cannot perform both the computation and the partial
reconfiguration simultaneously. It is possible to perform both the operations
simultaneously, if separate data buses for computation and configuration are



provided, which would dramatically increase the cost of the microarchitecture
design.

Thus it becomes imperative for us to study and devise various RFC manage-
ment schemes for an efficient utilization of the computing and memory resources
to achieve a better performance from the integration of the RFCs into a conven-
tional microprocessor.

3.1 Schemel: One-time configuration of RFC
In the current design [8] of the ABC architecture, the configuration of the core

function into the RFC module is performed a priori, i.e., at the beginning of
the application so that the configuration of the same core function at multiple
instances can be avoided. However, due to this method, the computations other
than the core function and those computed by the main processor, are denied
the usage of all the cache modules.

This scheme would prove to be beneficial when the core function is dominant
in its execution over the entire application as in the case of DCT/IDCT function
in the mpeg2decode. However, the scheme has some limitations for adoption, as
it can be observed that it will have a negative impact when the percentage of
core function is significantly small over the entire application as in the case of
DCT/IDCT function in mpeg2encode application. Also, the scheme would not be
better for adoption, when the configuration overhead, the total number of cycles
taken to configure the core function, would prove to be significantly smaller and
can be offset by the maximum utilization of the cache memory resources.

3.2 Scheme?2: Continual configuration of RFC
To overcome the limitations of the continuous denial of usage of full cache mem-

ory capacity for computations other than the core function, the RFC module can
be configured with the core function at every instance of its occurrence and then
be released to function as normal cache memory for the benefit of other compu-
tations. Thus the RFC module has to follow a pattern of continuous switching of
modes, between the normal cache memory mode and the functional unit mode.

As it was originally anticipated and as argued in the case of the first scheme,
the proposed continual reconfiguration scheme also has its gains and limitations.
This scheme will have a negative impact when the percentage of core func-
tion execution time is significantly large in the entire application as in the case
DCT/IDCT function in the mpeg2decode. Besides, the scheme would prove to
be limiting when the number of instances of the occurrence of the core function
is high as the configuration overhead would be significantly large.

4 Analysis of Execution Time
In this Section, we present our arguments to justify the need of an analytical

study of the two RFC configuration schemes described above. To adopt the
RFC based ABC architecture for processing various multimedia applications,
one of the above schemes has to be incorporated in the design. In view of the
gains and limitations of the proposed RFC configuration schemes, and keeping
in view of the nature of the multimedia applications where the percentage of core
function in the entire application and the number of instances of occurrence of
core function vary, we develop a mathematical model for the analysis of the



performance in terms of total execution time, to determine which scheme proves
to be beneficial under varying circumstances.

The architecture and application parameters, that will have significant im-
pact on the overall execution time, have to be considered for the trade-off anal-
ysis among various schemes. The parameters that need to be considered are, the
number of cycles required for configuration of RFC (C}), the number of instances
of occurrence of core function in the application (N), the fraction of time the
core function is processed over the entire application (P), and the cache blocking
factor (¢). Note that (1-P) represents the fraction of time for the computations
other than the core function. Also, since we design the architecture for the faster
execution of applications by accelerating the core function, we assume that there
always exists a portion of the core function that can be mapped into the RFC.
Hence the assumption that P # 0, holds true for the entire discussion.

Table 1. Architecture Design Parameters.

Cycle time for RFC configuration when

Cp
‘ data is fetched from off-chip memory.

Fraction of core function over the

P
‘ entire application.

‘ N

over the entire application.

Number of instances of core function ‘

¢ |Cache blocking factor.
g
‘XA

Execution time of core function in the
base processor.

X g |Execution time of core function in the
RFC functional unit.

jon = (2A
| S |Speed—up of core function = (XB) |

The total execution time (X,.4) of an application in the base processor with-
out RFC can be represented by the expression:

X
Xorg = X4 (%) +Xa= ?A (1)

Similarly, the total execution time (X,f.) of the application in the RFC inte-
grated ABC processor can be represented by:

Xepe=Xa(1E) 0 + Chne + Xp (2)

The X 4 (%) accounts for the execution time of the computations other than
the core function. When the continual RFC configuration scheme is employed,
the cache blocking factor (¢) = 1, i.e., all the cache modules are available for
utilization as cache memory during the execution of computations other than the
core function. The ¢ is assumed to be approximately equal to 1 instead of being
exactly equal to 1 in the continual configuration scheme, in the process of RFC
being switched between various modes, the main processor will be experiencing
cache misses, which might be hit under normal cache operation. When the one-
time RFC configuration scheme is employed, the cache blocking factor (¢) > 1, as



one of the cache modules is reserved for the functional unit and hence execution
of the computations other than core function would take more time due to the
rise in cache miss rate and the reduced cache capacity.

The Cj}, n. accounts for the RFC configuration overhead over the entire ap-
plication. When the one-time RFC configuration scheme is integrated into the
design, the configuration overhead will be significantly smaller, as n. = 1. Also,
C,, = C), since we assume that during the first time configuration of RFC, all the
configuration data would be a miss in the cache and hence need to be fetched from
the off-chip memory. However, when the continual RFC configuration scheme is
employed, the configuration overhead forms a considerable portion of the total
application execution time, as n, = N. However the bright spot in this case is
that the simulation has proved that C}, < C), since the subsequent instances of
configuration of RFC with the same function as the preceding instance config-
uration will not take as many cycles as the first instance of configuration. This
is due to the fact that, between the adjacent calls of the core function when the
other computations are being executed, a few data blocks in the RFC module
get replaced and hence during the subsequent configuration, only the corrupted
configuration data is fetched from the off-chip memory.

Table 2. Variation in parameters for various RFC configuration schemes.

One-time Continual
configuration |configuration
[Cache blocking [ ¢ >1 ] ¢~ 1 |
[Configuration instances] n.=1 [ n.=N ]
[Configuration cycles | Cp=Cp, | Cp < Cp |

The summary of the variation of parameters with respect to each of the
schemes employed is as shown in Table 2. The parameters, ¢ in the case of
one-time RFC configuration scheme, and C}, in the case of continual RFC con-
figuration scheme are the two factors that affect the total execution time pre-
dominantly. Tt is not possible to exactly quantify these two factors, as both ¢
and C), are entirely dependent on the amount of data cache accesses, the cache
organization and the cache miss rate. However, fortunately we can define the
upper bounds for each of the parameters with the goal of obtaining a better
performance from the RFC based ABC microprocessor.

4.1 Execution time analysis with one-time RFC configuration
When the design of ABC architecture is incorporated with the one-time RFC re-

configuration scheme, the expression for X, ;. will be modified, after substituting
relevant parameters from Table 2, as given by the following expression:

Xepe=Xa(*F5) ¢ + Cp + X5 3)

We are aware that, in the worst case, the configuration time (C,) can be in
the order of thousands of cycles while, Xp would be in the order of millions of
cycles and hence C}, can be conveniently neglected in the expression. Now, for
a gain in the performance, the execution time of application in the RFC based



ABC processor should be less than the execution time of application in the base
processor. Hence, solving X, ¢. < X,y yields

1-P X4
X — 4
Xa( Iz )¢ + Xp < 2 4)
from which we can obtain the upper bound for the cache blocking factor as:
1-(%)
6 < =2 5)

From the above expression, it is obvious that the lower bound on ¢ is 1, as
§—’j < 1 under all circumstances, i.e., the speed-up obtained for the core function
by computing in the RFC would be at least 1.

The variation of the cache blocking factor with respect to the fraction of
the core function (P) and the speed-up of the core function (S) is shown in
Figure 2. It can be observed that, for applications with a larger fraction of the
core function, the upper bound of the cache blocking factor is large which signifies
that the cache blocking factor (¢) can be raised up to its upper bound without
degradation in the overall performance when the one-time RFC configuration
scheme is implemented. Similarly, when the percentage of the core function is
small, the upper bound of ¢ is small and hence the value of ¢ needs to be
maintained within that tight bound to avoid a degradation in the performance
of the ABC processor. Besides, it can be observed that for a fixed portion of the
core function, the upper bound of the ¢ remains almost constant irrespective of
a large variation in the speed-up of the core function.
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Fig. 2. Variation of cache blocking factor with (a) fraction of core function (b) speed-up
in core function.

Executjon tj nalysis with continual RFC configuratio
%en tﬁe design ofl Ilyﬁ(? architecture is integrated with tYle corgltinua!l RFC re-
configuration scheme, the expression for X, s, will be modified, again substituting
the relevant parameters from Table 2, as shown:

Xepe=Xa(13E) + C) N + Xp (6)



As argued in the earlier subsection, for the implementation of continual RFC
configuration scheme, it is assumed that the cache blocking factor (¢) = 1 for
practical purposes, though in the ideal scenario, ¢ =~ 1. Now, for a gain in the
performance, the execution time of application in the RFC based ABC processor
should be less than the execution time of application in the base processor.
Hence, solving X, ¢, < Xorg yields

1-P Xa

XA( )+CII,N+XB<? (7)

from which the upper bound for the average configuration time (Cj) can be
obtained as:

cl < [w] (8)

The upper bound on the average configuration time (C}) signifies that the
total configuration overhead in the application should not exceed the difference
in the execution time of the core function in the base processor and the RFC.
This inference synchronizes with the generalized condition for the RFC based
ABC processor to perform better than the base processor.

4.3 Effect of number of core function instances (IN) .
From the expression for X, ., it can be observed that, in general, the execution

time o< N, i.e., more the number of instances of the core function in the applica-
tion, more will be the execution time due to the higher configuration overhead.
However, for a considerably smaller number of N, the continual RFC configura-
tion scheme would prove to be beneficial while the effect of a larger N can be
offset by employing the one-time RFC configuration scheme. For example, the
simulation study shows that the DCT/IDCT function has been called 129600
times in the mpeg2decode application, while it has been called 8,448 times in
mpeg2encode application. Hence, while running the mpeg2decode application,
the one-time RFC configuration need to be employed while the continual config-
uration scheme proves to be better while running the mpeg2encode application,
as discussed in the results section.

4.4 Effect of percentage of core function (P) P
From the expression for X ., it can be observed that the execution time o (=%-)

and hence, more the percentage of the core function in the application, higher
will be the speed-up of the overall application. This phenomenon is typical of
the characteristic of Amdahl’s Law, where the speed-up of the overall applica-
tion is proportional to the portion of the application being accelerated. It can be
deduced that when the portion of core function is smaller over the entire applica-
tion, then it will not make a significant impact even when it is accelerated using
an RFC. The simulation results, as shown in Section III, proves this principle.
From Figure 1, it can be observed that the speed-up of around 4X is obtained
in the execution of mpeg2decode application in RFC integrated ABC processor
while the maximum speedup obtained in the execution of mpeg2encode appli-
cation in RFC integrated ABC processor is only 1.07X and it can be seen that



the DCT/IDCT computation occupies a portion of 77.27% in the mpeg2decode
application, while it occupies a portion of only 6.89% in the mpeg2encode ap-
plication.

4.5 Effect of cache blocking factor (¢)

When all the cache modules are not available during the application execution
time, size of the cache reduces along with reduction in the cache associativity,
which causes the cache miss rate to increase. Subsequently, the execution time of
the application increases. Hence, from the expression for X, ., it is obvious that
the execution time o ¢. However, when the portion of the computations other
than the core function in the overall application is significantly smaller, it will
not be appropriate to employ the continual RFC configuration scheme, as the
gain obtained due to the availability of full cache capacity for smaller execution
time would be offset by the configuration overhead.

5 Results and Analysis

0 One-time configuration B Continual configuration

oo
B
«
I
P

0129

s

L

awiay

Fig. 3. (a) Normalized execution cycles in the base processor without RFC, and the ABC
processor with different RFC configuration schemes (b) Relative performance improvement
in two RFC configuration

From Figure3(a), it can be observed that the performance of ABC proces-
sor with continual RFC configuration scheme is better than the base processor
without the RFC and also the ABC processor with one-time RFC configuration
scheme, for mpeg2encode application. This is due to the fact that the percent-
age of the core function over the entire application is significantly smaller and
also the number of instances of the core function is not big enough to generate
a considerable configuration overhead. Note that the portion of core function
indicated in the continual RFC configuration scheme includes both, the RFC
configuration overhead and the computation time for the core function. Another
interesting observation is that when the core function is called for configuration
in RFC N times, and the configuration time is (C,) cycles for full loading of



the RFC module with the configuration data from the memory, the total con-
figuration overhead is found to be only 32% of the expected overhead N*(C,)
cycles.

For the above reasons, the continual RFC configuration scheme performs
better even in the 32KB 2-way cache while the one-time RFC configuration
scheme results in a performance degradation, as shown in Figure 3(b). Also,
it can be observed that there is an improvement in the performance of the
continual RFC configuration scheme, with the reduction in the number of blocks
in the RFC cache module. As the number of blocks in a cache module increases,
the configuration time for RFC module increases and subsequently configuration
overhead is significant, thus having a negative impact on the overall performance.

6 Conclusions

Reconfigurable Functional Cache (RFC) accelerates the computations using a
specialized computing unit with minimal modification and overhead in area/time
domains in the cache and microarchitecture. In continuance of our effort to
build an efficient ABC architecture with improved performance, various RFC
configuration schemes have been studied. The impact of various architectural
parameters and the factors governing the structure of an application over the
execution time of an application has been extensively studied. With the help of
the study undertaken, the design of ABC microprocessor can be incorporated
with the dynamic decision capability, so that appropriate RFC configuration
scheme is chosen dynamically for running a particular application.
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