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Guest Editors’ Introduction—
Cache Memory and Related Problems:
Enhancing and Exploiting the Locality
Veljko Milutinovic, Senior Member, IEEE, and Mateo Valero, Member, IEEE
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HE concept of cache memory has emerged as a solu-
tion for the ever increasing time domain gap between

processor technology and memory technology. Since the
very early works of Wilkes [13], the concept has evolved into
a sophisticated system of hardware-implemented and soft-
ware-implemented solutions. Actually, the best perform-
ance/complexity ratio is obtained through a synergistic in-
teraction of hardware-based and software-based solutions.

The efficiency of the caching system is achieved through
appropriate exploitation of the principles of temporal and
spatial locality. Traditionally, temporal locality means that
the probability is relatively high that a data or an instruc-
tion item will be reused in the near future. Spatial locality
means that the probability is relatively high that the next
data or instruction item to be used is in some way neigh-
boring the previously used data or instruction item.

In traditional systems, temporal locality is exploited by
keeping some of the most recently used data/instructions
in the cache memory and by incorporating the cache hierar-
chy. Spatial locality is exploited by using larger cache
blocks and by incorporating the prefetching mechanisms
into the caching system. As technology gets more and more
sophisticated, it has become obvious that a much better
performance can be achieved through the incorporation of
more sophisticated solutions for enhancing and exploiting
of the locality present in the code or data.

As microprocessors get more and more complex, cache
design and performance become more and more impacted
by the solutions utilized in other domains, like superpipe-
lining, superscaling, multithreading, prediction, paralleli-
zation, etc. Implementation issues in modern microproces-
sor systems are getting new dimensions. The issues of most
interest for cache designers are treated in “Implementation
Issues in Modern Cache Memories” by Jih-Kwon Peir,
Windsor Hsu, and Alan J. Smith, while the impacts of mul-
tithreading on cache performance are treated in “Effects of
Multithreading on Cache Performance” by Hantak Kwak,
Ben Lee, Hurson Ali, Suk-Han Yoon, and Woo-Jong Han.

Optimal local memory performance is investigated in “In-
vestigating Optimal Memory Performance” by Olivier
Temam. It is important for the designers to know the theo-
retical limits before they can concentrate on their own ideas.

As indicated above, it has become obvious that more so-
phisticated approaches to locality exploitation are needed.
Two early attempts imply the approaches by which the
temporal and the spatial localities are handled by separate
cache systems [2], [5]; this is in contrast to the traditional
approaches by which the temporal and the spatial localities
are treated using unified resources. The so-called split tem-
poral/spatial cache approach can be implemented pre-
dominantly in hardware domain, predominantly in soft-
ware domain, or in some combination of the two. Separate
cache memories are maintained for data with a predomi-
nantly spatial locality and for data with a predominantly
temporal locality. In its simplest form, hardware design
parameters in two subsystems are tuned to the type of lo-
cality to be exploited and compiler helps with data classifi-
cation. In its more sophisticated forms, only the temporal
part includes the hierarchy and only the spatial part in-
cludes forms of prefetching, with data being able to migrate
between the spatial and the temporal parts, with or without
the assistance of the system software. More recent ap-
proaches explore an even wider plethora of possibilities [3],
[8], [10], [12].

Systems with unified treatment of different locality types
still prevail and can be classified into a number of corre-
lated categories. Some of them focus on the final goal
through appropriate cache architecture and design innova-
tions, with no or no major compiler modifications (trace
caching, victim caching, and randomized caching represent
important new contributions). Examples include, but are
not limited to, “Trace Cache: A Low Latency Approach to
High Bandwidth Instruction Fetching” by Eric Rotenberg,
Steve Bennett, and James E. Smith, “Evaluation of Design
Options for the Trace Cache Fetch Mechanism” by Sanjay
Jeram Patel, Daniel Holmes Friendly, and Yale N. Patt, and
“Randomized Cache Placement for Eliminating Conflicts” by
Nigel Topham and Antonio Gonzalez. Others imply more or
less traditional cache architectures combined with relatively
sophisticated compiler-based analysis (improving the cache
locality by loop transformations, data transformations, or a
combination of the two; improving cache performance by
loop tiling, data alignment, or a combination of the two; and
analysis/synthesis of temporal-based program behavior,
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spatial-based program behavior, or a combination of the
two). Examples include, but are not limited to, “Improving
Cache Locality by a Combination of Loop and Data Trans-
formations” by M. Kandemir, J. Ramanujam, and A.
Choudhary, “Augmenting Loop Tiling with Data Align-
ment for Improved Cache Performance” by Preeti Ranjan
Panda, Hiroshi Nakamura, Nikil D. Dutt, and Alexandru
Nicolau, and “Analysis of Temporal-Based Program Be-
havior for Improved Cache Performance” by J. Kalama-
tianos, A. Khalafi, David Kaeli, and W. Meleis. Finally, the
approaches which combine elements of both hardware and
software support can be classified into hardware-mostly
and software-mostly (oftentimes, the approaches fully ori-
ented to compiler domain do include, sometimes hidden,
hardware support and vice versa). Examples include, but
are not limited to, “Prefetching with Markov Predictors” by
Doug Joseph and Dirk Grunwald and “Compiler-Based
Prefetching for Recursive Data Structures” by Chi-Keung
Luk and Todd C. Mowry.

In multiprocessor systems of the SMP (shared-memory
multiprocessors or symmetric multiprocessors) and the DSM
(distributed shared memory) types, in addition to the tradi-
tionally defined locality types (temporal and spatial), a num-
ber of additional locality types are present and can/should
be exploited (processor locality, cache consistency mainte-
nance locality types, memory consistency modeling locality
types, etc.). Appropriate mechanisms are incorporated in
order to maintain the cache and memory consistency. More
background information on issues of importance can be
found in [11], [7]. All of these mechanisms represent a neces-
sary system overhead, but also a source of system level in-
formation which can be utilized for potential performance
improvements. In SMP and DSM systems, exploitation of
sophisticated locality types is more implicit than explicit.

State-of-the-art research in scalable shared memory
multiprocessor systems concentrates on two major research
avenues:

1)�performance evaluation and sophisticated verification
aimed at better understanding of the potentials and
ways in which different multiprocessor level localities
can be exploited, and

2)�architecture innovations aimed at better exploitation
of different multiprocessor level localities.

Early multiprocessing-oriented research tried to exploit
traditional locality types in the new multiprocessor context.
For example, it has been found that entry memory consis-
tency models may work better where the temporal locality
prevails in the code, while the lazy release memory consis-
tency models may work better where the spatial locality
prevails [1]. Various locality types are also treated in [6].

More recent multiprocessing-oriented research tries to
exploit the locality types inherent in the multiprocessing
environments more directly (and nonexistent in the uni-
processor environments). For example, data-forwarding,
remote-write, or cache-injection try to place data local to
what is expected to be the next data processing site; for this
purpose, appropriate hardware, software, or combined
techniques can be used [4], [9].

As already indicated, evaluation of performance poten-
tials is an important on-going research avenue. Popular
protocols are analyzed in various environments and for
various applications in “A Quantitative Analysis of the Per-
formance and Scalability of Cache Coherence Protocols” by
Mark Heinrich, Vijayaraghavan Soundararajan, Anoop
Gupta, and John Hennessy. It has been found that the
achieved performance and the optimal protocol change for
different applications; protocol and architecture tuning to
specific locality types, typical of the application, is abso-
lutely necessary. Popular models are analyzed in the con-
text which permits additional optimizations possible in the
ILP (Instruction Level Parallelism) systems in “The Impact
of Instruction-Level Parallelism on the Memory System
Performance” by Vijay S. Pai, Parthasarathy Ranganathan,
Hazim Abdel-Shafi, and Sarita V. Adve. It has been shown
that additional optimizations lower the performance differ-
ence of various memory consistency models; this is because
ILP optimizations equalize the locality patterns in typical
code. An important prerequisite for further research is the
existence of formal verification tools such as the one in “An
Executable Specification and Verifier for Relaxed Memory
Order” by Seungjoon Park and David L. Dill. Having such
tools in hand, one can experiment with different models
and how they behave in specific applications characterized
by specific locality types.

Recent architectural research is characterized by numer-
ous ideas; this fact indicates the prosperity of the field. The
approaches which deserve special attention are given in
“Excel-NUMA: Toward Programmability, Simplicity, and
High Performance” by Zheng Zhang, Marcelo Cintra, and
Josep Torrellas, “Coherence Controller Architectures for
Scalable Shared Memory Multiprocessors” by Maged Mi-
chael, Ashwini K. Nanda, and Beng-Hong Lim, and “Ex-
ploiting the Benefits of Multiple-Path Network in DSM
Systems: Architectural Alternatives and Performance
Evaluation” by Donglai Dai and Dhabaleswar K. Panda.
The paper by Zhang et al. introduces the Excel-NUMA ap-
proach, which enhances programmability by utilizing the
fact that, after a local memory line is written by a processors,
the memory location containing the line remains unused and
can be used for temporary storage of remote data displaced
from local caches. The paper by Michael et al. analyzes vari-
ous coherence controller architectures and suggests solutions
based on the proper characterization of communications
patterns and statistics. The paper by Dai and Panda tries to
exploit the benefits of the multiple-path networks for the best
performance and performance/complexity in DSM systems,
and proposes the novel block correlated FIFO channels ap-
proach to detect and prevent all potential coherence-
sensitive race conditions.

In conclusion, this overview effort tries to shed more light
on the ongoing cache research in both the uniprocessing and
multiprocessing arenas by pointing to a common new thread
which is aimed at intensifying and exploiting different local-
ity types present explicitly or implicitly in the application
code or data [2], [5]. It is strongly believed that efficient
treatment of locality issues can help achieve a significant im-
provement in performance and performance/complexity-
ratio domains [5].
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