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Abstract With the trends of microprocessor design towards multicore, cache
performance becomes more important because an off-chip access would be increas-
ingly expensive due to the competition across the processor cores. A question arises:
How to design the cache architecture to prevent a performance bottleneck caused
by data accesses? This work studies a reconfigurable cache architecture that can be
dynamically configured for meeting the individual demand of running applications.
Using a self-developed cache simulator, we first examined how different cache organi-
zation and configuration influence the parallel execution of OpenMP applications. The
experimental results show that applications benefit from a flexible cache with recon-
figurability. This motivated us to go a step further and develop a hardware prototype
of this novel architecture.
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1 Motivation

The architecture of multiprocessor systems develops in two directions: clusters with
explicit message passing communication and shared memory machines which allow
the processors to communicate using traditional memory loads and stores. Corre-
spondingly, two standard programming models exist.

OpenMP [1] is a portable model supporting parallel programming on multiproces-
sor systems with a shared memory. It is gaining broader application in both research
and industry. From high performance computing to consumer electronics, OpenMP
has been established as an appropriate thread-level programming paradigm. In compar-
ison to MPI [2], another dominating programming model for parallelization, OpenMP
has several advantages. For example, MPI programmers have to explicitly send mes-
sages across processes, however, OpenMP provides implicit thread communication
over the shared memory. Another feature of OpenMP is that it maintains the semantic
similarity between the sequential and parallel versions of a program. This enables an
easy development of parallel applications without the requirement of specific knowl-
edge in parallel programming. Due to theses features, OpenMP is regarded as a suitable
model for the next generation of microprocessors.

According to Moore’s law, billions of transistors can be integrated on a single chip
in the near future. However, due to technical limitations the performance of conven-
tional uniprocessors can not be improved drastically. In this case, multicore occurs as a
solution. By distributing the computation across several processors, high performance
could be expected.

Nevertheless, this high performance is based on an assumption that the main mem-
ory does not stall the processors for acquiring the requested data. This assumption,
however, can usually not be held in the real world. First, on multicore architectures the
per-processor cache is smaller in contrast to those provided by uniprocessor or SMP
machines. This means more cache misses can be caused on multicores. According to
an existing research work [3], up to a 4-fold of cache miss rate could be measured on
a 4-processor multicore as on a uniprocessor system. Second, several cores share the
same memory and as a consequence an access to the main memory can take longer
due to potential bus contention. These facts indicate that on multicore processors
more cache misses can be produced and an off-chip memory reference would be more
expensive.

In this case, cache optimization becomes especially important for a multicore archi-
tecture to fully present its computing capacity. Such optimization was usually per-
formed by adapting the application structure to the existing cache architecture [4,5].
On the other hand, the evolution un hardware support makes it possible to built
reconfigurable components that can adapt themselves to the runtime system. This
gives us the prerequisite to explore a new challenging: designing adaptive caches to
fit the requirement of individual applications.

Actually, researchers have started investigations in this area with a current focus
on the organization of the second level cache [6,7] and basic mechanisms for recon-
figurable cache architecture [8,9]. Our goal is to implement the hardware. But before
this, it is necessary to know whether applications benefit from this novel design.
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To acquire the answer, we built a cache model that simulates the whole cache
hierarchy of a multicore processor system, with arbitrary level of caches, different
replacement policies, a variety of prefetching schemes, and different cache line inval-
idation strategies. Configuration parameters, like cache size, set size, block size, and
associativity, can be specified by users. Based on this simulator, we primarily studied
the influence of private and shared L2 cache to the performance of OpenMP applica-
tions and the benefit of cache reconfiguration.

The simulation results motivated us to further design and develop a hardware pro-
totype using the FPGA (Field Programmable Gate Array) technique. We also integrate
the monitoring functionality in the prototype.

The remainder of the paper is organized as following. Section 2 first gives an over-
view of related work on simulation tools and investigations of novel cache architec-
tures. This is followed by a brief description of the developed cache model in Sect. 3
with a focus on its specific feature and simulation infrastructure. Section 4 presents the
experimental results showing how applications behave with different cache configu-
rations. The hardware design and implementation is described in Sect. 5. The paper
concludes in Sect. 6 with a short summary and future directions.

2 Related Work

Simulation is a common used approach for evaluating hardware design before the real
hardware is implemented. A well-known example is the FLASH simulator [10] that
models the complete architecture of the FLASH multiprocessor. In addition to such
simulators of special purpose, tools for general research studies are also available.
Representative products include SimOS [11], SIMICS [12], and SimpleScalar [13].
We choose SIMICS as an example for a deeper insight.

SIMICS is a full-system simulator with a special feature of allowing the booting of
an original operating system to the simulation environment. It models shared mem-
ory multiprocessor systems and the execution of multi-threading applications. It also
contains a module that models the basic functionality of caches. This module can be
extended for individual purpose of different researchers. Due to this characteristics, a
set of simulation-based research work in the field of cache memories are conducted
on top of SIMICS. For example, Curtis-Maury et al. [14] use this simulation platform
to evaluate the performance of OpenMP applications on SMP and CMP architectures
in order to identify architectural bottlenecks. The L2 miss was used as a performance
metric for this evaluation. Liu et al. [6] apply SIMICS to verify their proposed mech-
anism for implementing a kind of split organization of the second level cache.

Besides the full-system simulators, several specific cache models have also been
developed. Cachegrind [15] is a cache-miss profiler that performs cache simulation
and records cache performance metrics, such as number of cache misses, memory
references, and instructions executed for each line of the source code. It is actually
a toolkit contained in the Valgrind runtime instrumentation framework [16], a suite
of simulation-based debugging and profiling tools for programs running on Linux.
MemSpy [17] is a performance monitoring tool designed for helping programmers
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to discern memory bottlenecks. It uses cache simulation to gather detailed memory
statistics and then shows frequency and reason of cache misses.

In the area of reconfigurable cache systems, different architectures have been pro-
posed. However, the verification was all based on simulation. Benitez et al. [18] pro-
posed a reconfigurable cache architecture that can be adapted to the running program.
The adaptation scheme is based on two techniques: a learning process provides the best
cache configuration for each program phase, and a recognition process detects program
phase changes. In addition, a low-overhead reconfiguration mechanism was designed.
Gordon-Ross et al. [19] did similar work, but applied heuristic tuning method to deter-
mine the best cache parameters. Abella et al. [20] designed a hardware technique to
turn off the cache lines that are not expected to be reused. Alternatively, Ishihara et
al. [21] applied specific algorithm to place the code in the cache in a way that not all
cache lines in a set are used. Unused cache lines can be disconnected for saving the
power.

Overall, cache architecture has been studied using simulation in the last years and
chip-multiprocessor has also been addressed. We follow this traditional approach, but
conduct a novel investigation, i.e. studying the adaptivity between OpenMP perfor-
mance and the cache organization. We even go further: designed and implemented a
hardware prototype.

3 The Cache Simulator

As available simulators do not deliver all required properties, e.g. performance met-
rics, for this specific study, we developed a cache simulator called CASTOR (CAche
SimulaTOR).

3.1 CASTOR Features

First, CASTOR simulates the basic functionality of the cache hierarchy on a multicore
machine. For flexibility, cache-associated parameters such as size, associativity, cache
level, and write policies can be arbitrarily specified by users. Corresponding to most
of the realistic cases, we assume that one processor runs only a single thread and the
master thread, which is responsible for the sequential part of an application, is mapped
to the first processor.

CASTOR simulates several cache coherence protocols for filling the different
requirement of users. In addition to the conventional MESI scheme, other proto-
cols like MSI and MEOSI are also supported. These protocols differ in the number
of status of a cache line, where MESI scheme uses four status, Modified, Exclusive
(unmodified), Shared (unmodified), and Invalid, to identify a cache line, while MSI
applies only three of them and MEOSI deploys an additional one “Owner” to show the
home node of the cached data. False sharing scenarios are identified in order to make
this simulator more general that it can also be applied for other research work, for
example, code optimization. For the same reason, mechanisms of classifying cache
misses and various prefetching schemes are implemented within CASTOR.
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3.2 Simulation Infrastructure

CASTOR requires a frontend to deliver the runtime memory references of an Open-
MP program. We could integrate CASTOR into the SIMICS environment, however,
for this research work, a complicated full-system simulator is not necessary. In this
case, we deployed Valgrind to provide the needed information and built an interface
between CASTOR and this frontend for an on-line simulation. Alternatively, mem-
ory references can be stored in a trace file enabling simulations with different cache
parameters, without having to run the application again.

CASTOR, on the top level, is composed of several modules. As shown in Fig. 1, the
cache module, the main component of this infrastructure, is responsible for the basic
functionality of a cache hierarchy. For each memory access from Valgrind it performs
the search process in the caches available for the thread issuing this reference and
thereby determines whether the access is a hit or a miss at each cache level. Dur-
ing this process, other modules could be initiated for additional functions. First, the
coherence module is called to handle the cache coherence issues. In case of a mapping
conflict, the replacement module is deployed to achieve a free cache line for incoming
data. For a cache miss, the miss classification module is adopted to determine the miss
type, which lies in four categories: compulsory, capacity, conflict, and invalidation
miss. Compulsory misses occur when the data is first accessed, hence this kind of
miss is also called first reference or cold miss. In this case, the data is still in the main
memory and has to be loaded to the cache. Conflict misses occur when a data block has
to be removed from the cache due to mapping overlaps. Capacity misses occur when
the cache size is smaller than the working set size. The information about the miss type
can give the programmers valuable help in code optimization. The hotspot module is
responsible for mapping the cache miss to the functions in the source program. This
feature allows both CASTOR to deliver simulation results at high-level and the users
to find access bottlenecks. Finally, the prefetching module is called when the user has
specified a kind of prefetching. In this case, appropriate data blocks are loaded to the
cache and the cache state is correspondingly updated.
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3.3 Performance Data

CASTOR provides at the end of simulation a set of performance metrics, such as
statistics on cache hits, cache misses and each miss category, cache line invalidations,
false sharing, and prefetching. Performance information can be given at the basis of
the complete program or for each individual function contained in a program.

4 Experimental Results

Based on CASTOR, we could study the influence of different cache organizations on
the performance of OpenMP applications. Six applications from both the SPEC [22]
(Equake, Mgrid, and Gafort) and NAS [23,24] (CG, FT, and EP) OpenMP benchmark
suite are tested. For smaller memory access traces the SPEC applications are simu-
lated with the test data size and applications from the NAS Parallel Benchmark are
configured with CLASS S.

4.1 Private or Shared L2?

The first study addresses the organization of the cache level closest to the main mem-
ory, i.e. the L2 cache. Applications are executed on systems with 2, 4, and 8 cores
separately and the number of cache misses are measured. To allow a fair compari-
son, the size of the shared L2 cache is the sum of all local L2s in the private case.
Cache parameters are chosen as: 32 bytes of cache line, 4-way write-through L1 of
16K, 8-way write-back L2 of 512K (private), MESI coherence protocol, and the LRU
replacement policy that chooses the least recently used cache block as candidate to
store the requested data . We select several interesting results for demonstration.

Figure 2 is the experimental result with the CG code. For a better understanding
of the cache behavior, we show the miss in different classifications rather than only
depicting the total misses which correspond to the height of the columns in the figure.
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Fig. 2 L2 misses of the CG application
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Fig. 3 L2 misses of the FT (left) and Equake (right) applications

For this figure and all others in the following the number of misses is shown in a unit
of one million.

As can be seen in the left diagram, a shared cache performs generally better than
the private caches. In the case of 4 and 8 processors, almost all misses that occur with
private cache are eliminated. This outstanding performance could be resulted by the
relative large cache size, in contrast to the working set, and perhaps does not suffice
for a general conclusion. Therefore, we simulated the code again with a smaller L2 of
64K. As shown in the right diagram of Fig. 2, the same result can be observed: shared
L2 outperforms private caches.

Observing both diagrams, it can be seen that for the CG program capacity miss
is the main reason of poor performance of private caches. It can also be seen, more
clearly in the left diagram, that the performance gain achieved with shared L2 is also
primarily due to the reduction of the capacity miss. This can be explained by the fact
that in the shared case a larger L2 (in size of combined private L2s) is available to
each processor and as a consequence capacity problem can be relaxed. However, the
CG application also shows a reduction of conflict miss in the shared L2 cache. This
feature depends on the access pattern of this program. As the data requested by a single
processor has different mapping behavior in shared and private caches, conflicts that
occur in a private cache could be removed with a larger shared cache.

Similar to CG, other applications also prefer to a shared L2. Figure 3 demonstrates
the result with the FT and Equake program. For both codes, it can be seen that the
better performance with a shared L2 is contributed by the reduction of compulsory
misses. The capacity miss, another dominant miss category with these programs, how-
ever, can not be removed with a shared cache. This means the combination of the L2
caches on all processors can not achieve a cache memory that is large enough to hold
the needed data for running these programs.

Overall, the experimental results depict that OpenMP applications benefit from the
shared cache. Although different codes have their own contribution to this, several
common reason exist. For example, parallel threads executing a program share par-
tially the working set. This shared data can be reused by other processors after being
loaded to the cache, reducing hence the compulsory miss. Shared data also saves space
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Fig. 4 L1 miss with changing block size

because it is only cached once. This helps to reduce the capacity miss. In addition,
there are no invalidation misses with a shared cache.

4.2 Static Reconfigurable Cache?

The second experiment aims at finding how the performance of an application varies
across different cache configurations. For this we simulated the cache behavior of
each application with various cache size, line size, and associativity. Number of total
misses in the L1 cache were measured.

Figure 4 is the result with changing cache block size. It can be seen that applications
differ in cache access behavior with this parameter. CG presents the best scalability,
where cache miss keeps reducing as the block size increases. EP shows the same
behavior, but with only slight reduction in cache miss. The other programs, FT and
Equake achieve the best performance with a cache block size of 128B and further
enlarging the blocks worsens cache performance.

To better understand these different behavior, we have examined the miss classifica-
tion of two representative programs: CG and FT. We found that the good performance
and scalability of CG is mainly contributed by the reduction of capacity miss, but also
the conflict miss which maintains reducing even though only slightly. For the FT code,
however, the conflict miss grows with 256B and the reduction in capacity miss can not
compensate for this. As a consequence, more misses are caused with a 256B cache
than a 128B one.

For changing associativity, nevertheless, the result is not so identical. As can be
seen from Fig. 5, FT and EP have increasing cache misses with larger associativity;
CG behaves similarly with various set size; Equake benefits significantly from the
increasing associativity; and the rest two applications, Gafort and Mgrid, have a bet-
ter performance with a 4-way cache but a further increment in associativity does not
introduce more cache hits.

For explaining these different behavior, we examine further the miss classifications
of all applications shown in Fig. 6.
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For the CG program, it can be seen that the conflict miss, as expected, decreases
with the increasing number of blocks within a cache set. However, the capacity miss,
another dominating miss of this code, grows up with the associativity. Combined, the
cache performance gets worse.

For the FT program, nevertheless, conflict misses increase with the associativity.
This behavior is not expected. Hence, we have examined the three primary individual
functions in this program and observed that one of them has less miss with larger cache
sets but the others perform best with a 2-way cache. This means an individual tuning
with respect to the functions, e.g. using a reconfigurable cache architecture capable of
changing the configuration at the runtime, could be needed by this application.

EP shows less miss with a 4-way cache than a 2-way cache, but a further increase
in associativity introduces more cache misses. It can be observed that EP has capac-
ity problem. However, the capacity miss does not change across different set size.
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This specific behavior lies singly on the conflict miss and can only be explained by
the individual access pattern of this application.

Equake achieves the best performance with the changing associativity: number of
cache misses keeps going down up to full-associative caches. As shown in Fig. 6, this is
completely contributed by the reduction of conflict miss. Hence, increasing the blocks
of a cache set helps this application to tackle the mapping conflict.

Mgrid and Gafort show a significant miss reduction when the associativity switched
from 2-way to 4-way. However, further enlarging the cache set does not introduce
much change in cache performance. This means for both applications a 4-way cache
is preferred.

For changing cache size, as shown in Fig. 7, no worse behavior can be seen with
the increase of the cache capacity. Applications differ in this behavior in that some
benefit more and others less. For example, CG needs a large cache for a high cache
ratio, but for FT a larger cache can not remove the misses significantly.

In summary, OpenMP applications have different requirement in cache organiza-
tion. For example, a specific line size can significantly improve the cache performance
of an individual application, but introduces no gain with another program. A large
cache can potentially considerately reduce the cache miss of one application, but is
not necessary for another. This means a static tuning of the cache configuration accord-
ing to the requirement of individual applications can result in better performance and
at the same time efficiently utilize the cache resource.

4.3 Dynamic Reconfiguration?

The last experiment aims at examining the cache behavior of different functions within
a single program. For this, we use the hotspots component of CASTOR to order the
overall cache misses to individual functions. Again we measured the number of total
L1 misses.
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Figure 8 is a sample result achieved with the CG code. Three diagrams in the fig-
ure depict the changing behavior, with respect to the cache associativity, of the four
functions with the most cache misses. It can be seen that the best set size for both
conj_grad() and sparse() is 8, while for makea() a 2-way cache is better and cg() has
no specific need. This indicates that a dynamic tuning of the cache line size poten-
tially improves the performance of CG. As mentioned in the previous subsection, FT
also shows this feature. However, for other applications and cache parameters, no
considerate distinction has been observed. Hence, for these applications a statically
reconfigurable cache suffices.

5 Hardware Prototype

The reconfigurable cache [25,26] is implemented using a Xilinx Virtex 4 FPGA (Field
Programmable Gate Array), which is configured with a Power PC 405 processor core
and a Power Local Bus (PLB). The main memory, a DDR-SDRAM, lies on an addi-
tional chip. Our task and goal is to implement a cache to buffer the data from the
SDRAM.

The first design issue is to decide where to place the cache module on the FPGA.
One choice is the PLB which holds a connection to the SDRAM. This position has the
advantage that the cache access latency are not influenced by other modules. How-
ever, the PLB controller must be modified. Hence, we determined to implement an
individual cache controller which is independent of both the PLB and the SDRAM.

As depicted in Fig. 9, the cache controller lies between the PLB and the DDR-
SDRAM. Through the PLB interface, signals from and to the bus can be captured
by the cache controller. For a connection to the DDR-SDRAM, a DDR interface is
available. Buffered data are stored in the BRAM (block RAM), which is the storage
part of the reconfigurable cache system.

In addition, we integrate a monitor module on the chip to trace the cache events,
and the instruction and data address of theses events. A small ring buffer is available
on the monitor module for storing the monitoring information, but the data are moved
to the SDRAM when the buffer is full. The monitoring information is used to find
cache problems and further to propose a better cache organization.

Core of this work is the cache controller. This module is responsible for controlling
the basic cache functionality and the reconfigurability. For the former we designed a
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state machine to process the memory references which can be a read or a write. For
read operations it is examined if valid data can be found in the BRAM and in case of
a replacement some data are potentially written back to the SDRAM. Similarly, for
write operations the DRAM is sought for valid data and a write to the SDRAM can
be followed depending on the applied write policies.

For reconfiguration we designed a communication and synchronization protocol
which controls the initialization, write-back, and reordering of the cache. Several reg-
isters are deployed to store the configuration parameters coming from the processor.
Based on the given value of the parameters, the length of tag and set is calculated and
the cache is reordered. The processor is informed with signals when the reconfiguration
is done.

Cache reordering is a specific feature of our design. This mechanism aims at possi-
bly holding the data in the cache for reuse when the configuration changes. Actually,
we can generally invalidate the whole cache and write the dirty lines back to the mem-
ory. However, this causes a significant performance loss because the empty cache
has to be warmed up. Our protocol therefore handles specific individual configuration
cases where useful data can be maintained with cache reordering. For example, when
doubling the line size but halving the associativity, the whole cache data can be saved
for reuse because the new configuration is achieved by combining two neighbouring
cache lines and in this case the set number does not change.

6 Conclusions

Multicore multiprocessor is the trend of microprocessor design and OpenMP is an
appropriate programming model for it. As the memory wall keeps widening, cache
performance becomes increasingly important, especially for multicore processors with
potentially more cache misses.

This paper investigates reconfigurable cache architectures and their impact on
the performance of OpenMP programs. The study is based on a self-written cache
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simulator that comprehensively models the cache functionality and provides thereby
performance metrics for evaluating the cache access behavior. We have focused on
the structure of the second level cache and issues with reconfigurable caches. The
achieved results have directed us to design and develop a hardware prototype of this
novel architecture.

However, this is only an initial step towards our final goal of runtime cache tuning
according to the access pattern of running applications. In the next step, we have to
design algorithms for analysing the monitoring data to detect the access feature and
further to compute an optimal cache configuration. In addition, instruction sets must
be extended with additional instructions for issuing the reconfiguration signal.
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