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Abstract

This thesis proposes a cache memory, used for a 32-bit processor systens, which
consists of four components: the Dircctory, Line Replacement Unit (LRU), Cache
Merory, and Control Unit. An 8-way set-associative mapping method is employed
in the direclory. The Line Replacement Unil is based on the least recently used
Tine replacement algorithm. The cache memory unit has a capacity of 8k bytes,
32 bytes in each line, and it is directly accessible to 1, 2, 3, or 4 bytes (one word)
oince by the associated processor. This cache memory is designed for a multiple
processor system as well as in single processor system; a write-through algorithm
and an updating algorithm are combined together to keep the informalion in main
memory consistent with that of the cache and to make the multicaches coherent.
The hit ratios are predicted to be over 95 percent. A two-phase clock of 40ns is
employed to pipeline this cache, and it can turn out a result in 20ns during read
operalions without line misses. This cache is implemented into a single chip, and
is designed so that it is possible Lo build cache systemns of various sizes using these
chips, without decreasing the system spced. ‘This cache memory has been laid ont
as a single integrated circuit using 3 Micron NTCMOS technology, and its electrical

and logical behavior has been simulated.
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1 INTRODUCTION

In 1945, John Von Neumann made proposals for a digital electronic computer
structure. In his proposals, the basic logical structure of a digital computer system

has the following characleristics:

L. It has aw input medium, by means of which an essentially wnlimited number

of operands or instructions may be entered.

I

. It has slorage, from which operands or instructions may be oblained and into

which results may be enlered, in any desired order.

3. 1t has & caleulating unit, capable of carrying out arithmetic and logical oper-

ations on any operands taken from storage.

. It has an output medium, by means of which an essentially unlimited number

of results may be delivered to the users,

o

It has a control unit, capable of interpreting instructions obtained from mem-
oty o slotage, and capable of cliossing bétween sltarnate coutses of aetion

on the basis of computed results.

In general, a computer which meets the criteria defined as the Von Neumann

structure is organized as shown in Fig. 1. Although the components of the five parts

of the basic structure and the lechnologies used may vary wideiy, the functions of

the parts may be cleady identified in virtually any digital computer.
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Figure 1: A Von Neumann Computer Organization
Memory is the source of all information, data, and instructions, flowing 10 o1
from the four other parts. The data and instructions are stored in the memory cells,

each of which is associated with a location, or address. The colls can he accessed

by other parts of the computer by means of these addresses.

The main functions of input and output, as indicated by their names. are to
derive information from and to deliver the results and other information to the
outside world. They have also two subsidiary functions, buffering and data con
version. The buffering function provides an interface and synchronization hetween
the processing part of the computer and the outside world. The conversion fine:
tion can convert the data type in the processing unit into forms used ontsicde the

computer system.



The processing parl of a compuler, referred to as the arithmetic-logic unil,
implements the various arithmetic and logic operations on operands obtained from
the memory. The results, afler these operations, arc typically stored back in the
memory,

Ihe control unit obtains instructions from the memory, decodes them, and,
depending on their meaning, sends the appropiiate control signals to other parts

of the computer so that the desired operations will be accomplished. It also makes

decisions about what action must be taken afler recciving the results of various (

on data made by the arith logic unit. "T'he combination of the arithmelic-logic

unit and control unit is known as the central processing unit,or processing element
in the case of multiple processor systems.

Until the last two decades, almost all the electronic digital computer systems
used this Von Newmann architecture. Even when the underlying architectures of
the compuler systems began to contain a limited amount of parallclism (such as
in the CDCG600, for example) it was generally concealed from the users. In this
period, the demand for higher speed, larger storage, and rore reliable computer
syslems was rapidly increasing because large scale computation applications were

visi

alized. The demand was such that, despite many technological advances iu
clectronics, uniprocessor systems proved to be inadequate for the most highly com-
putationally intensive problems since the point had been reached where commu-
-

L 1

nication delays between g clements or i 1 circuits play a

role in the speed of the computation, Therefore, new ways had to be flound to meet



these requirements, The general approach is based on parallelisim, implying that
computer architectures will have to depart from the strict Von Neumann concept.
Parallelism in various forms had alrcady appeared in computers produced during
the 1960's, and has proved to be an elfective approach. In this context, paral-
lelism does not only mean the replication of logic but also has other ncanings. For
example, a uniprocessor using a pipelined instruction unit and a pipelined arith-

metic unit, as well as the impl

of multiple prog; exceuted “simul-
tancously”, all imply concepts of parallelism. Therefore parallelism i a computer

system presently has three meanings:

1. Time interleaving

2. Resource replication

3. Resource sharing

Time interleaving introduces a time factor into the concept of patallelism. That

is, several process steps are interleaved in time, each using a part of Lhe same

hardware at different times. In this case, it is not necessary Lo have a replication
of hardware to increase the performance of a computer system. Pipelining is an
example of time-interleaving.

Resource replication is the replication or addition of hardware units which
can operate simullancously on a problem, thereby altaining computation power

Urough replication of logic, rather than relying solly on fast individual gates and



small dimensions to reduce logic delay in order to obtain high speed. Multiple pro-
cesses using the same hardware in some time-slice order are an example of resource
siaring.

Since parallelism was introduced into compuler architeclure, various parallel
computer architectures such as veclor processors, pipelines, array processors, as

well as mult architectures, have been developed and used to handle large

itics of data si Iy and rently with high performance. 1/0
processors have heen used for input and output Lo speed up communication hetween
the processing elements and extemal storage or users. Thus, in general, parallelisim
includes ot only simultancity but also concurrency. The former means that Lyo or
tore evenls occur at the same time and the latter means that two or more events

oceur within a given interval of time.

On the other hand, memory has been organized in different ways in order to
obtain access speeds compatible with that of processing elements and to have a
larger capacity. In general, there are two basic approaches: one is to organize the
memory as a memory hierarchy; the other is to decompose the memory into several
modules shared by the processors in the system.

‘These kinds of compuler architectures are, more or less, not strictly Von Neu-
mann structures; indeed, the multiple processor systems in paus icular have quite

different characteristics.




2 BASICS OF CACHE MEMORY

whenever d have taken

Throughout the history of el
place in computer systems which increase processor speed, there is corresponding
pressure Lo have the memory malch this speed and, at the same time, increase its

capacity. Therefore, P in have been

with improvements in meory capacity and speed. Although both processors and

Jevelopi hnol and

main memory systems have been i d by steadily
novel architectures, there has been a persistent mismatch between the speed of
processors and that of main memory. That is, the main memory is slow relative to
the processors. The memory system limits the speed at which input data can be
delivered Lo a processor and Llie results received from the processor. This is the so-
called Von Newmann bottleneck. llence there has been a constant need for steady
improvements to main memory subsystems for high overall system performance.
Approaches of interest toward improving memory speed and capacity have been

the following [2, 5, 7):
1. Memory hierarchies and virtual memory
2. Cache memories
3. Development of larger and faster memory chips

4. Memory interleaving



2.1 Overview of the Memory Hierarchy

In order to improve the performance of computer systems, especially single proces-
sor systems, there are two approaches to speed up a memory system with a large
capacity. One is to develop a higher speed memory system with a larger capacity,
the other is to partilion a memory system into an eflicient memory hicrarchy con-
sisting of several levels of subsystens with various speeds aud sizes [2, 3, 5], The
first approach scems more straightforward and simple — to have a fast one-level
memory with a large capacily. However, even with improvements in tedinology,
a fast memory system with a large capacity is still very expensive, so thal it is

necessary to use slower memory at a lower cost to create a memory system with

a large cnough capacity. In order Lo give the memory subsystem an adequate of-

fective speed, the memory subsystem can be organized as a hierarchical memory

system. This kind of memory system can be matched to both the speed and size
requirements of the high-speed processor at relatively low cost. A typical hierarchi-
cal memory structure is depicted in Fig 2. The top level of the memory hierarchy
(ncar the processor) has the fastest speed but also the highest cost. Therclore, the
capacity of this level is made smaller to decrease system costs. For the lower levels,
the specd of the subsystem decreases while the capacity increases. At the level on
the bottom of the memory hierarchy, the memory subsystem possesses Lhe largest
capacity, but slowest speed, with lowest cost per word stored. In this memory hier-
archy, each level is directly connected to the immediately higher level. That is, each
memory subsystem can directly communicate with the immediately higher or lower

7
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Figure 2 A Typical Memory Ilicrarchy
subsystem in the hierarchy. For example, the processors can directly communicate

with the first-level memory, e.g. register array or cache memory; and similarly

the first-level sul can icate with the I-level one, as shown in
Fig. 2, and so on. Generally the top-level subsystem, such as cache memory, is
used Lo altempt to bridge the speed gap between the processors and the lower level
subsystem, while the lower level memory subsystems are employed to enlarge the

capacity of the whole memory system.

2.2 The Concept of Cache Memory

The concept of cache memory was proposed by Wilke [1965] in a brief article in
which he described a system that contained two kinds of main memory: one was

conventional, and the other was unconventional high-speed memory called at that



time slave memory, now called cache memory. In 1968, the first real cache memory
was implemented on the IBM 360/85. Since then, use of cache memory has rapidly
increased on a wide range of computer systems, initially on mainframes, then on
minicomputers, and today even on microcomputers.

Cache niemory, a relatively small, high speed random access memofy, is de-
signed for transparently bridging the speed gap between the CPU and main memn-
ory, since it typically has a speed compatible with that of the CPU. This means
that a cache memory in a cache-based system is invisible and nol directly acces-
sible Lo users or even to system operators. Typically, the speed of caclie memory
is five lo ten times faster than that of main memory. Using this kind of memory
hierarchy, the computer may seem to have a one-level memory with the capacity
of the slow main memory and the speed of the cache memory [2].

The idea of the cache memory, similar to the primary-secondary virtual memory,
is to duplicate the active portions of a lower speed memory in a high speed, but
smaller, memory. Only the data most likely to be needed in near future by the
CPU reside in the cache, and obsolete data are automatically replaced by the
newly requested data. In general, the speed of the cache memory is matched to
the maximum data rate of the processor so that the processor can access data in
the cache without delay, whenever the data requested by the processor are found
in the cache. If the requested data are not in the cache, a cache miss occurs,
and a request is made to the main memory for transfer of the requested data to

the cache. If the data currently resides in the main memory, it is transferred to



the cache immediately. If it is not, but is in the secondary memory, a request
is issued to bring the requested data from the backing storage. Thereflore, when
the required references to the memory can be captured by the cache, speed is not
degraded. Otherwise, the performance will be degraded by the time required lo
transfer data from the main memory to the cache.

The use of cache memories in modern computer systems is based on the locality
of memory references — both spatial and temporal (7, 9]. Spatial localily refers to
the property that memory accesses over a short period of time tend to be clustered
in space. This type of behavior can be expected based un the common knowledge
of typical program behavior: related data items (variables, arrays, etc.) are usually
stored together and instructions are mostly executed sequentially. Temporal local-
ity refers to the property that references to a given locality are Lypically clustered
in time. This type of behavior can be expected from program loops in which both
data and instructions are reused. Therefore, use of a cache memory in a computer
system can minimize the interconnection network traffic between the processor and
main memory and speed up the system since the access delay of the memory system

and the frequency of references to the slower main memory are highly reduced.

2.3 The Basic Structure of Cache Memory

‘The capacity of cache memory is far smaller than that of main memory; that
is, the address space of cache memory is far smaller than the address space of

main memory, therelore cache memory requires an address mapping mechauisin

10



to translate the main memory addresses, at a high speed, into the cache memory
address where the copies of data in the main memory reside. Also because the
most active portions iu the main memory are copied in the cache memory, if the
cache memory is full and the associated processor needs data not in the cache
memory, some of the data in the cache will be replaced with the newly requested
data from the main memory. There must exist an algorithm which can predict that
the data to be replaced will not be used in near future. Since the speed of the cache
memory is the key factor in cache memory design, this kind of algorithm must be
implemented in hardware. Ilence, the basic structure of a cache memory should
have at least three basic hardware components: an address mapping mechanisin, a
data replacement unil, and storage for the data in the cache.

The basic lunctions of a cache memory can generally be described as follows:
I3ach reference from the processor Lo a memory location is presented to the cache
memory. The cache first searclies the directory of the address mapping mechanism
to sceil the requested data reside in the cache memory. If the requested data are in
the cache, the data are operaled on to satisfy the processor immediately without
disturbing the main memory. If the data are not resident in the cache, a cache
miss occurs which will cause the transfer of the new data from the main memory

to the cache. Then the d data can be refc d by the p Before

transferring a new line to the cache, some data has to be removed from the cache
memory to make room for the new. Which old data in the cache will be discarded

is I by the data re unit. Therefore, the cache-replacement de-

1



cision directly allects the performance of the cache. A good replacement algorithm

L

can make the cache have a higher perfc than a bad algorith

Since a cache memory has a high speed compatible with that of the associated
processor, all the algorithms of a cache memory have to be implemented in hard-
ware. Therefore, the designers of a cache memory have o consider not only how to
implement its functions but also how to implement these functions with practical
hardware.

‘Traditionally, a cache system is built with a single cache for both data and
instructions. This cache is called as a unified cache, in which case the CPU'
components have only one cache unit torefer to for both instructions and data. The
associated processor shares Lhe same cache for data and instructions, which makes
more eflicient use of a limiled resource and lowers the average miss ratios. Alsoa
cache system can be split into two separate caches: one for data, and the other for
instructions. One of the major advantages to splitting data and instructions into
two separate caches is that conflicts between simultancous instruction fetches and

data reads and writes are climinated [9].

2.4 The Line Size Choice

The performance of most computers depends strongly on the qaality of the cache
design and the way in which it is implemented. Therefore, cache design is a very
significant part of computer system design. Inorder to design a high-performance

cache memory, there are several choices to be made and parameters to be

12



Designers have to make decisions about the algorithms (felch, placement, elc.),
about the best sizes (cache size, line size, etc.), and about the ways of address
mapping and maintaining consistency among several caches in a mulliprocessor.
Designers also have to make tradeofls in setling these parameters; e.g. cache size,
line size, the set-associativily, and so on. Each of these parameters aflects cache
performance; choosing diflerent parameters produces different cache performance.

The cache linesize is a very imporlant parameter that strongly affects the cache
performance, especially the cache miss ratio [11]. Many surveys of cache memory
and/or memory hierarchy performance have been made for high performance sys-
tems. In these surveys, the cache line size choice, with the overall cache size, has
been shown to strongly allect the cache miss ratio. Smith suggested in [9] the
line size giving the minimuin miss ratio for a given cache memory capacity. He
also indicated that the minimuin number of elements per st in order to obtain
an acceplable miss ratio is 4 to 8. Beyond 8, the miss ralio is likely to decrease
very little. After a greal number of simulations, Smith [11] presented practical
values for the miss ratio as a function of cache size and line size which are listed in
‘lable 1. The Design Target Miss Ratios (DTMR) shown in Table 1 are proposed
for unified caches, instruction caches, and data caches, respectively. The DTMR
provide designers with a reference lo implement a variety of new systews. It can
be used to estimate the performance impact of certain design choices. The models
of cache memories for the MR assume demand feteh, copy-back caches with a

LRU replacement algorithm. They also are full-associative for address mapping,

13



Cache Type: Miss Ratio
Unified Line Size:
Size 4 8 16 32 64 128
32 0.717 | 0.556 | 0.5 | 0.75
64 0.686 | 0.488 | 0.4 | 0.48 | 0.72
128 0.674 | 0.467 | 0.35 | 0.33 | 0.428 | 0.686
256 0.643 | 0.42 | 0.3 | 0.258 | 0.276 | 0.386
512 0.596 | 0.39 | 0.27 | 0.216 | 0.197 | 0.257
1024 0.473 | 0.309 | 0.21 | 0.162 | 0.137 | 0.15]
2048 0.405 | 0.258 | 0.17 | 0.124 | 0.098 | 0.093
4096 0.329 | 0.193 | 0.12 | 0.082 | 0.059 | 0.05
8192 0.232 | 0.135 | 0.08 | 0.05 | 0.033 | 0.025
16384 0.182 | 0.103 | 0.06 | 0.036 | 0.23 | 0.016
32768 0.124 | 0.07 | 0.04 | 0.024 | 0.014 | 0.009
Cache Type:
32 0.725 | 0478 0.247
64 0.674 | 0.438 0.222 | 0.191
128 0.615 | 0.397 0.197 | 0.164 | 0.157
256 0.592 | 0.373 0.177 | 0.138 | 0.129
512 0.562 | 0.348 0.159 | 0.119 | 0.108
1024 0.504 | 0.308 0.134 | 0.098 | 1,084
2048 0.391 | 0.234 0.008 | 0.068 | 0.057
4096 0.271 | 0.161 0.063 | 0.043 | 0032
8192 0.172 | 0.1 0.037 | 0.023 | 0.016
16384 0.148 | 0.085 0.029 | 0.018 | 0.012
32768 0.091 | 0.052 0.017 | 0.01 | 0.007
Cache Type:
Dala
32 0.731 | 0.611 | 0.55 | 0.715
64 0.66 | 0.515 | 0.45 | 0.495 | 0.693
128 0.561 [ 0.412 | 0.35 | 0.351 | 0.467 | 0.677
256 047 | 0.337 | 0.28 | 0.272 | 0.326 | 0.456
512 0.345 | 0.246 | 0.2 [ 0.191 | 0.215 | 0.282
1024 0.283 | 0.211 | 0.16 | 0.138 | 0.14 | 0.161
2048 0.256 | 0.169 | 0.12 | 0.094 | 0.083 | 0.089
4096 0.247 | 0.153 | 0.1 | 0.07 [0.054 | 0.048
8192 0.214 | 0.129 | 0.08 | 0.053 | 0.039 | 0.032
16384 0.161 | 0.097 | 0.06 | 0.039 | 0.26 | 0.019
32768 0.108 | 0.065 | 0.04 | 0.025 | 0.017 | 0.012

Table 1: The Design Targel Miss Ratios
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CACIIE TYPE ADJUSTMENTS

Caclie Type

Ratio of Miss Rate
to Dirccl Mapping

Ratio of Miss Rate
to Full Associative

direct-mapped .00 1.515
Lwo-way sel-associa 0.78 1.182
four-way scl-associalive 0.70 1.061
cighl-way scl-associabive 0.67 T.015
full associative 0.66 1.000

Table 2: The Relevant Gache-mapping-type Ratio

except for those with 4 and 8 byte line sizes, which are 4-way set-associative. The
cache miss ratio is also related to the mapping methods vsed. There are three map-
ping methods: direct-mapped, S-way set-associative, and fully associative. These
are described in the next chapter. Values in Table 2 express Lhe relative ratios of
miss rates based on both the direct-mapped and full associalive mapping meth-
ods. These cache type adjustments originally are from [30]. They are based on
the direct-mapped method, and are expanded to be used for those based on the
full-associative method. Since the miss ratios shown in Table | are based on the full
associative model, in order (o estimate the actual iss ratio of other systems, the

final actual miss ralio can be obtained by multiplying the given miss ratio found

in Table I by the cor

relevant, cache-mappi

three labeled Ratio of Miss Rate to Full Associative of Table 2.

type ratio from column



2.5 A Survey of Cache Design

Since IBM Corporation introduced the first commercial cache memory in its Syxtem

360/85 to bridge the speed gap between the processor and main moenory, varions
cache memorics have been employed in different types of computers (o achieve

higher A number of hes have been used for developing higl

performance cache memories. Although the operation of a typical cche mernory

seems relatively simple in concept, implementation of a realistic cache memory s

quite complex, involving many factors which influence cache performance. These

factors involve internal factors such as cache capacity, line size, address mapping
strategy, fetch algorithm, placement algorithm, replacement algorithni, as woll as

the swapping algorithm, and external factors or system factors: processor organi-

zation, hierarchical memory organization, as well as the interconnection network,
such as the system bus. For supercomputers, synchronization is a more serions

problem since at least two or more processors are embedded in the system. There

fore, attempting to cvaluate cache performance exactly in a realistic compuier
system is quite difficult. We can, however, use approximate models for evaluation
of cache behavior and performance.

Cache performance can be described with reference to two aspects [9]: cache
miss rate and access time. The first aspect is cache access time — the time required
for the processor to get information from or store information into the cachie, Cache

access time depends not only on the design itselfl but also on the technology vsed

ss Lime s diflienh

in cache design. Therefore, the effect of design changes on acc
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Lo predict without specifying the circuit technology used. ‘The second aspect is the
miss ratio of the cache memory — the fraction of all memory references attempting
10 aiceess data which are not resident in the cache memory. In general, every cache
miss makes the processor wait until the desired data can be reccived. The miss
ratio is related not ouly to how the cache design affects the number of misses,
but also to how the machine design, including hardware and software, affects the
number of cache references (main memory references). For example, the cache
miss ratio depends on the program locality implied by software and the amount
of information (one word, iwo words etc.) oblained by the processor at a cache
relerence.

Many computer systems (alinost all modern supercomputer and large computer
systems) have cache memories of various designs to bridge the speed gap between
processor and main imemory in order to improve system performance. This scction
presents a survey of cache memories and their performance in several Lypical cache-
based computer systems.

A high-speed cachie memory was employed in the [BM System 370 Model 168.
The cache was available in a size of either 8k or 16k bytes. The 8K-byle cache
memory had a cycle time of 80 ns (the same as the machine cycle time) for accessing
4-byte data. It was organized into 64 sels as a 4-way set-associative cache. The
write-through scheme was used for updating the main memory. The average miss
ratio was about 7 percent [27), and the wmiss ratio prediction, according to the

DTMR, is 5.3 percent.



The IBM 3033 has a 64k-byte cache memory for both instructions and data
with 57 ns cycle time. This large, high-specd cache memory is one of the main
reasons for Lhe high performance enhancement of the 3033. This cache is organized
into 64 sels as a 16-way associative cache. The line size of the IBM 3033 is 61
bytes. Also the write-through policy is employed in the IBM 3033. In this system,
the main memory is divided into 8 modules so that main memory can transfer a
line by interleaving [5)

The VAX-11/780 is a 32-hit high-perfc in tee first i luced

by DEC in 1978. Its cache has 8k byte capacity organized into 512 sets, two lines
per set, and 8 bytes (4 bytes per word) in each line [5]. For the cache memory of
the VAX-11/780, a distinction is made between a read and a wrile miss. If there
is a read miss, the required line has to be retrieved from the main memory and
writlen into the data cache. If two lines in the given sel are full, some sort of line
replacement strategy has Lo be employed to determine which line is swapped with
the new required line. The VAX-11/780 cache memory uses a random replacement
stralegy as its policy for updating the line. If there is a miss caused by a write
operation, only the referenced location of the main memory is updated. This data
cache uses a buffered write-through policy. The miss ratio of VAX-11/780 was
measured to be about 13.05 percent [34], and it is also estimated Lo be 135 percent

by the DTMR.

Today cache have been i I with their cor ling micro-

processors on a single chip, giving so-called on-chip cache memories. The 280000
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microprocessor produced by Zilog in 1985 includes a 256 byte on-chip cache mem-
ory which is organized into 16 lines, 16 bytes each, as a [ully associative cache. The
maximum clock frequency for the Z80000 is 25 M11Z, and when the Z80000 fetches
from its cache, only one system clock cycle is required [28]. The least recently used
line (LRU) replacement algorithm is used to choose the line to be replaced by the
new one from the main memory in the case of line-miss occurrence. The write-
through aigorithm is used in this cache for its wriling strategy. When there is a
miss caused by a write operation, only the main memory is updated. This cache

hias a miss ratio of 25 per cent for a no burst transfer mode and 12 percent for a

burst transfer mode [29]. 1t is predicted to have, as a unified-cache, a miss ratio of
30 per cent using the DTMR.

A cache memory has also been applied to the Balance mulliprocessor systen
introduced by Sequent Computer Systems Inc. in 1988 [37). “This multiprocessor
system can pool up to thirty 32-bit processors with a shared main memory. A
subsystem in this system is composed of an NS32032 microprocessor, an NS32081
Noating-point unit, and an N$32082 paged virlual memory management unit, pro-
duced by National Semiconductor. In addition, each subsystem has an 8k-byte
Lwo-way set-associative cache memory to achieve a high performance while mini-
mizing bus traflic. In this cache, with a 50 ns cycle time, there are 512 sels, two
lines cach, and 8 bytes per line. The write-through policy is employed to keep all
the copies in the system consistent. Whenever there is write request from one pro-

cessor in Uhe system, this request with the corresponding address is sent Lo update
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stale data in the shared memory while it is broadcast Lo all the caches to seeif there
are any copies of the dala to be updated. If so, Lhe corresponding cache controller
invalidates the affected line. The miss ratio of a single-thread cache memory is 15
per cent [37], while the predicted miss ratio from the DTMR is 15.9 per cent.
Since the cache miss ratio is very dependent on the programs that execule on
the cache-based systems and the models in [11] are ideal (in general, a real cache

memory is more complicated, and there are more factors to be considered), w

an
see thal our design target miss ratios are slightly higher than seen in simulations
described above, and close to those from measured 1esulls, such as for the VAX-
11/780, which lends some credibility Lo the use of the D'I'MR as a reasonable
estimator of cache performance, as noted in [11). Thus, the set of design Largel
miss ratios s very useful for design and implementation of a possibly new cache or
architecture, Also we can sec thal Lhe line sizes of the systems discussed above scem
too small. A larger line size provides a lower miss ratio under a fixed cache size. It is
clear that caches using set-associativity have lower a miss ratio than those using the

direcl-mapped method. Another problem is that the above systems which use

L.

associativity have a small sel size, which affects the cache miss ratios. In addition,

for implementations of existing cache mernories, aimost all caches are implemented

in either multi-chip or on-chip configurations. In the case of chip scts, several chips,
including one cache controller and several high-speed static RAM chips, are used to

build a cache memory. This kind of cache memory is designed for special processors

and has a fixed cache size. They do not have much flexibility; for example, the
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cache size can not be changed after the cache controller is designed, and they have
longer delay time between the cache controller and RAM chips. An on-chip cache
does not have a delay penalty due to interconnertion between the chips of a multi-
chip cache memory, but on-chip caches have the same problem of inflexibility as
do multi-chip cache memorics. In addition, this kind of cache in general lias only
a small capacity using today’s technology, which leads to a higher miss ratio.
Using VLSI technology, we can make tradeofs Lo design a novel cache memory
which has a larger cache size, larger line size, and higher set-associativity on a single
chip with little delay penalty by eliminating the wire-connection delay between the
cache controller and the cache data memory. Multiple uniform cache chips can be
used Lo build cache systems of various sizes, associaled with one processor. T'his
cache system can be used as a traditional unified cache for both instructions and

data, or as separale instructions or data cache.
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3 IMPLEMENTATION OF THE CACHE

ALGORITHMS

3.1 Cache Design Parameters

Typically, a cache memory system can capture well over 90 percent of all references

to main memory. Oplimization of the cache design parameters is very important

f

to decrease the cost/p ratio for high-perfc cache memories.

Optimizing the design of cache memory has four aspects [9]:

maximizing the hit ratio

N

. minimizing the access time to cache data

W

minimizing delay due to a cache miss

#

minimizing the overhead of updating main memory and maintaining cache

coherence

In addition, for cache jes for systems, ¢ has

Lo be taken to maximize bus and shared-memory bandwidth and Lo minimize the
bus bandwidth required by cach processor in order to maximize the system perfor-
mance. There are also trade-offs which depend on the technology of implementation
for the cache; for example, between hit ratio and access time.

There are many faclors to be considered during cache design which affect system
performance. Parameters for cache design are classificd into intrinsic and extrinsic
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parameters [5]. Effective memory speed and cost are two intrinsic paramneters.
Extrinsic parameters, such as hit ratios, control algorithms, etc., are selected based
on the results of experimental data and simulation, and are variables which must
be cousidered for the systen design,

Of all the considerations which are related Lo cache memory, the following are
mainly considered during design since cache performance is sensitive to choices

concerning these aspects:
1. Feteh policies
2. Mapping policics
3. Replacement policics
4. Swapping policies
5. it ratio and access Lime
6. Cache memory capacity
7. Line size

8. Cache data path width

©

. Main menory organization

Fetch algorithmns are used to determine when the systemn brings information
into the cache memory. In general, the major fetch algorithms are demand-fetch
and prefetch. Under the demand fetch algorithm, a line is fetched only if it is
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needed. The prefetch algorithm, on other hand, gets information before it is needed.
‘Therefore, the prefctch algorithm is based on some kind of prediction about which
line will be used next. It must be designed carcfully if the machine performance is

to be improved rather than degraded [9]. Impl fon of a prefetch algoritl

is usually more complicated than demand fetch.
Mapping policies are used to translate the logical address space to real address
space. Efficient address translation schemes should accomplish address translation

in such a way as to minimize the apparent access lime. Information generally is

obtained from the cache iatively; larger iative memory is more exy
and slower. Hence, there must be some trade-off of associativity during cache
design, in terms of the design and technologies that are employed. A mapping such
that any of the lincs in main meinory can be mapped into any line slots in cache
memory is called a full associative mapping. That is, a line of main memory may
be mapped into any location of the cache memory. Typically, length of a line in
cache memory is as the same as thal of main memory. If the cache memory is
full and there is a miss, the requested line can be transferred into any line slot
of cache memory from main memory, in 2 manner depending on the replacement
policy employed. Thus this imapping provides the minimum probability for line slot
contention problems and the largest hit ratio for a given problem. Iowever, having
one comparator per address tag makes it very difficult and costly to implement,
especially in a large cache memory.

A direct-mapped cachie has only one comparator which is connected to all the
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address tags in cache memory. Each time only one address tag can be selected
to compare with the address from the processor. This mapping is a many-to-one
mapping. That is, any given line in main memory can reside logically only in one
specified line slot in cache memory. A direcl-mapped caclie memory mandales
a fixed replacement policy; if there is a line miss, both the cache tag and the
corresponding line are replaced with the requested main memory address and its

line. This mapping has the highest probability of cache memory slot contention

since there is a fixed roplacement scheme. Furthermore, it generally has a relatively
low hit ratio. Unlike the full-associative mapping, it is quite simple and easy to

implement.

A third mapping method is an S-way s

-associative mapping, which is a hybrid
of the dircel-mapped and full-associalive methods. An S-way set-associative cache
has multiple sets which can be selected by direct-mapping, and there are S lines
slots in cach set which can be simultaneously compared with the address from the
processor. In this mapping system, there are S comparators, a comparator for each
ble il L I

“way". Sel-associative mapping has a N ity and

hit ratio. Increasing the cache size of a set-associative cachie gives  greater hit ratio
than increasing the depth of a direct-mapped system. On other hand, increasing
the number of sets, or ways, of a set-associative cache memory also gives a greater
hit ratio. lence many high-performance cache memories, especially large scale

caclies, adopt the set-associative mapping mechanism as a compromise between

complexity and performance. More details about S-way sel-associative mapping
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are given in the next chapter,

An optimal replacement, policy would predict the line which will be used in cache
memory (or a given set) furthest in the future and which consequently should be
discarded when the cache memory (or a given scl in cache memory) is full and
a cache miss occurs. This policy would keep data in the cache optimized for the
highest hit ratio, and the maximum system throughput. Iowever, this optimal

replacement policy can not be implemented since it requires a prediction of the

future behavior of the running programs. Therclore, some approximation has to e
miade. There are three types of practical replacement algorithins commonly used
for cache memory systems; first-in first-out (FIFO), random, and least recently
used (LRU) line replacement, Lo approximate this function. The FIFO algorithm
is based on the principle that the first line to be referred is predicted to be the
line not to be used in cache memory (or in a given set) furthest in the future,
and that this line is replaced by the new one from ain memory. This algorithin
does not really reflect the program locality very well, since the first line may be
used frequently, but it is easy to implement. The random scheme is based on a
random number from a random number generator to create the line number of
a line which is replaced by a new one whenever there is a replacement need. A
cache memory employing this algorithm typically has a low hit ratio since this
algorithm is not able to reflect the program locality. “The least recently used line
replacement algorithin, which looks backward (past), is usually able Lo reflect the

program localily well since it is based on historical line usage. ‘That is, the least
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used line in the recent past is replaced by the requested line from main memory.
Since this algorithm requires more stored information about the past, it is more
difficult to implement in hardware, especially in a large scale cache memory. A

variation, an imation of the LRU il can be used to simplify the

hardware implementation. This variation is based on the fact that if a line has not
been referenced over a certain time period, it is less likely to be needed next than
lines in cache memory (or in a given set) that have becn referenced in that period.
More details of the least recently used line replacerent algorithm are described
in the next section. No one best algorithm exists from the practical replacement
algorithms [3]. Some algorithm, compared with the other algorithms, is better for
particular classes of problems and poorer for other classes. llowever, in general,
the LRU algorithm is clearly the best choice for most applications, since it is based
on historical line usage (the recent past appears Lo be a good estimate of the near
future), it works well, and it increases the hit ratio when the number of lines is
increased.

Swapping algorithms are designed for transferring a new line from the main
memory o the cache when the requested information is not in the cache. Typ-
ically, there are two kinds of swapping algorithms: write-through and copy-back.
In the write-through scheme, a processor write to cache memory is immediately
writlen through to main memory as well. Thereflore, the information in both cache
memory and main memory is always consistent. Furthermore in a multiprocessor

environment, it can handle multiple-cache colierence in an easy way. Unlike the
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write-through scheme, the copy-back scheme (without line miss occurrences) only
updates the copies of requested data in cache memory without disturbing main
memory. Whenever there is a line-miss, cache memory copics back the line to be
overwritten to main memory before transferring the requested line to cache mem-
oty. It can reduce traffic between cache memory and main memory. lowever, it

requires more complicated logic; and there is a coherence problem between cache

memory and main memory, and potentially between multi-caches in a multipro-
cessor system. In contrast, the write-through method has higher traflic between

cache memory and main memory since wrile operations vary from 10 percent Lo

30 percent out of total ref depending on processor architecture and the

particular set of appli

The average percentage of write operations in [9)] is
16.

The hit ratio for a cache memory is defined as the probabiliy, or the fraction of
times, that a memory request is found in cache memory. If we define the probability
of all the references to memory as 1, the miss ratio of cache memory is (1-hit

ratio). The hit ratio for a L factors for

e memory is one of the most impo

the performance evaluation of cache memory. Other important factors affecting
the cache performaice are the access time for the cache memory, including time
to search the directory, and the cache memory cycle time, which is defined as the
time the processor accesses information in cache memory. The access time of a
cache memory is aflected nol only by the architecture, or design (including all

the algorithms and parameters selccted in cache design and implementation of the
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algorithms in hardware), but also by the techuology adopted (bipolar, CMOS, cic).

The cache capacity is usually dictated by many factors having to do with the
syslem cost and performance. In general, a large cache capacity can produce
a higher hil ratio, and in turn a better performance. However, there are some
limitations on cache size beyond which cache memory has cither a high cost or
performance decreases due lo Lhe long access lime.

The line size of cache memory is one of the most important parameters which
sensilively affect cache performance. There are a number of trade-offs for a rea-
sonable line size in lerms of architecture and technology. Using VLS| technology,
a larger line size is preferred because it achieves a lower miss ratio without. much
extra cost, But il ilis too large, it increases line transfer time and, in turn, de-
creases system speed even il the hit ratio is increased. [t also depends on the data
path width between cache and main memory.

The cache data path width must be considered during the design process since it
directly determines the time required when aline is transferred from main memory
Lo cache memory. From the point of view of performance, the cache data path
should be as wide as possible. It is clear, however, that cache data path is expensive.
Doubling the path width ineans doubling the number of lines in and out of the cache
and all the associaled circuitry. The path width is critically important to caches
implemented using VLST technology because of the limited number of I/O pins on
achip. Hence, a trade-ofl of the cache data path width has to be made during the

cachie design Lo achicve a reasonable cost/performance,
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Although the use of cache memory in computer systems can greatly reduee
direct references to main memory, memory traflic is still a very significant perfor-

mance factor, especially in o multiprocessor system. Memory traffic consists of

two components: fetch traflic and write-through or copy-back traflic. The feteh
traflic arises from Uie transfer of data from the main memory to the cache while
the write-through or copy-back traffic is from the cache to the main memory. The
fetch traffic can be obtained by multiplying the miss ratio by the line size to get
traflic in byles/reference. The write-through traflic can be caleulated by multiply-
ing a write ratio (the ratio of writes o Lotal references) by the number of bytes per
write operation. Similarly, the copy-back traffic can be determined by multiplyig
the miss ratio by the line size, since a line miss causes writing of an cxisting cache
line in the cache into the main memory before transferring the requested missing

line Lo the cache, For evaluation of a cache-based multi system with a

single bus, a bus utilization can be used to estimate the memory traffic. The bus
utilization is defined as the ratio of time spent doing useful work to the total run
Lime of the bus.

Since decreasing memory Lralfic or transfer Lime during a line miss can increase
the system performance, optimization of the organization of hoth the main memory
and interconnection network is a key factor for high system performance and low
cost. For the interconnection network, a wide data path can reduce the transfer
time, but the cost is much higher. On the other hand, if the main memory is made

up of several modules which can operate independently, traflic can he reduced
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because more than one module can be busy wriling at one time. Furthermore, if
modules can transfer different words in a line by interleaving, transferring a line
from main memory to cache onl: takes one main memory cycle. Thus, the main

memory bandwidth can be increased while the transfer time is greatly decreased.

3.2 The Structure of the Cache Memory

During the design of the cache memory described here, algorithms and parame-
ters used have been sclected carelully, and a number of trade-offs between them
have been made in order to achicve high performance. The cache memory system
described here is implemented as a single chip. Furthermore, this implementation
allows a cache of variable capacity (Jarger than the capacily of a single cache chip)
by using several of the cache memory chips. The single-chip cache memory de-
scribed hiere has a capacity of 8K bytes because of silicon area limitations for the
3 micron CMOS technology. The word size for this cache memory is 32 bits since
this cache is designed for a 32-bit computer system. A word is not necessarily the
simallest unit that the processor can access. The processor can directly access 1,
2,3, or 4 bytes from the cache. Therefore, it provides more flexibility to computer
systems in which the cache is used. It also allows for Lhe possibility that this cache
can be used in 16-bit computer sysiems, provided control signals for the cache can
connect with that of the processor with reasonable additional logic. Two clock
phases, CK'1 and C K2, are employed to pipeline this system. Each of the clock

phases has a minimun cycle period of 36 Is (derived from simulation)

31



The A Register From The CPU or Adiress Bus

Grouwp | Set Line | Offset
Memory lirgister
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Figure 3: The Basic Cache Memory Structure
in which the associated processor can read an instruction or data from the cache.

Fig. 3 depicts the structure of this cache memory. It is composed of four basic
components as lollows: the Address Translation Function or Directory, the Line
Replacement Unit (LRU), the Cache Memory and the Control Unit.

During CK1, the address from the processor is latched in the address register
of the cache, and then il is sent to the directory Lo see if the line containing the
requesled datais in the cache, If so, the line number generated by the line number
generalor, the set number from the address register, and the word offset in the
line are all combined to form a word address for the cache memory and latched
into the cache memory register. In addition, the proper byte(s) can be accessed
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