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CHAPTER 1

WHAT IS A CACHE MEMORY?

1.1 CPU SPEED VS. SYSTEM SPEED

The problem is simple. Designers are constantly trying to get the most out
of their designs in the most cost-effective means. As faster versions of a par-
ticular CPU become available, the designer will often try to improve the
throughput of an existing design by simply increasing the CPU clock fre-
quency.

After a certain point, the speed of the system’s main memory (sometimes
called a backing store) becomes the limiting factor in the throughput of the
system. This is illustrated in Figure 1.1. The X-axis represents CPU clock fre-
quency, and the Y-axis the overall throughput of the system. For this exam-
ple, we will maintain that the system is compute-bound; that is, the perfor-
mance of the system is constrained by the performance of the CPU, rather
than by the speed of an input/output (I/O) device (i.e., a disk drive). CPU
caches are most important in compute-bound systems, since they serve solely
to increase the efficiency of CPU-related operations.

We will also assume that the performance of the system’s main memory
as seen by the CPU is the same across the range of CPU clock frequencies.
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Figure 1.1 Throughput vs. clock frequency of a typical single-processor system.

In other words, if the main memory has an average access time of 60ns, this
access time will be the same despite the CPU speed. (The 60ns figure is not
a particularly fast speed even at the writing of this text, much less a few years
from now. The author asks the reader to insert any appropriate number
when the text is read, and anticipates that the problem will remain the
same.) The value of the constant main memory access time assumption will
be defended in Section 1.2 of this chapter.

At the early part of the chart, throughput increases linearly in proportion
to the CPU clock speed, up to the peak at the point labeled A. This is intu-
itive. Suddenly, there is a drop to a lower level. Why is this? At clock fre-
quencies up to about 20 MHz, the processor is free to run as fast as it can,
without wait states from a 60ns main memory. Once the processor requires
an access time of less than 60ns, a wait state must be inserted to account for
the difference. A single wait state will suffice until the clock frequency re-
quires an access time of less than 60ns, even with the single wait state. This
is labeled point B. Once again, the throughput of the system suddenly
drops, as it did with the addition of the first wait state. As the graph shows,
ncreases in clock frequency merely take the throughput of the system
‘hrough a narrow band, indicated by the sawtooth pattern in Figure 1.1,
vithout any hope of improving performance beyond a certain limit set by
he memory access time. Even worse is the trend of both the peaks and val-
eys of the sawtooth graph to decrease as the system clock frequency in-
reases, a phenomenon I'm not sure I can fully explain.
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Of course, this problem can be fixed through the use of fast main mem-
ory. The only question remaining is what speed of main memory must be
used to support the fastest possible operation?

1.2 THE COST OF FAST MAIN MEMORY

Fast main memory is not inexpensive. As a general rule, the difference be-
tween the price of a fast memory chip and the next fastest speed grade can
range up to 50% or 100%! All this to gain an extra 20% in speed!

If the world were a fair place, a 20% increase in speed on a dynamic RAM
(which I'll call a DRAM for the remainder of this book) would support a
20% increase in speed in the CPU. Unfortunately, this is far from what re-
ally happens.

Most systems insert some sort of buffer or two between the CPU and the
DRAM, and another buffer or two between the DRAM data output and the
CPU data input pins (Figure 1.2). These buffers serve not only to increase
the small current available from the CPU to drive the address inputs of the
many DRAMs in the system, but also to isolate the CPU from the memory
during those times when another device must have control of the main
memory. Examples of such devices include DRAM refresh circuitry and
DMA devices such as small computer system interface (SCSI) ports and disk
I/O. The buffers have a fixed propagation delay, that is, the propagation
delay of these devices does not decrease with advances in semiconductor
processing anywhere near as drastically as does the access time of DRAMs
and static RAMs (which we’ll call SRAMs from now on), or as fast as micro-
processor clock speeds increase.

Other static times are write cycle data and address set-up and hold times
(with respect to write pulse edges), which are usually the same for any speed
grade of DRAM or SRAM. A typical SRAM might have a write data set-up
time of around 5ns, with a hold time of Ons. The problem here is that, al-
though manufacturers try to reduce these figures in the specifications of
their faster parts, the improvements are far from proportional to any im-
provements in read access time. As a result, a larger and larger proportion
of the overall CPU clock cycle time gets consumed by these static times. In
a shrinking clock period, once these static set-up and hold times are re-
moved, the time left for a memory access must shrink far faster than the
clock period in order to satisfy the needs of the CPU.

Figure 1.3 shows the relationship between the clock frequency of an un-
cached processor system and the access time required of a memory subsys-
tem in order to support zero-wait read cycles on that system. For this exam-
ple, the system of Figure 1.2 was used, based on a 386 processor since this
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rocessor does not have an internal cache, with all buffers offering a bns
ropagation delay, and no other delays in the system such as those caused
)y pin capacitance or PC board loading (these will be spelled out in detail
n Chapter 2, Section 2.5). To be fair, I've included both modes of opera-
ion for the 386, pipelined and nonpipelined. For either case, the trend
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Figure 1.3. This graph shows the access time of a zero-wait-state main memory plotted as a
function of the clock cycle time of the CPU for the system of Figure 1.2. The slope of the
curve is very steep, showing how the speed of the main memory required in order to support
increases in processor speed outpaces the speed increases of dynamic RAMs brought about
by advancing both the CPU and the DRAM to the same process technology.

asymptotically approaches a Ons access time, but the timing for pipelined
operation reaches zero at a higher clock frequency.

1.3 THE CONCEPT OF LOCALITY

We are all very practical designers. When asked to design a system which per-
forms to a certain target specification, we try to achieve the specification for
the lowest reasonable cost. The arguments presented in the preceding two
sections would seem to indicate that it would become prohibitively expen-
sive to design a system which took advantage of the fastest CPU speeds avail-
able today.

This is where statistics come Lo the rescue. Back in the 1960s, researchers
at IBM discovered that nearly all code was extremely repetitive in nature, a
fact which can be used to the advantage of computer throughput. If any-
thing repetitive can be stored in a small, very high-speed memory, then the
effect of wait states can be limited only to the less repetitive portions of the
program which can be stored in slower, less expensive memory.

What portion of a program is repetitive? This question is answered by the
principle of locality, both spatial (locality in space) and temporal (locality
in time).
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1.3.1 Locality in Space

Locality in space, spatial locality, or locality of reference are terms for the
phenomenon that most computer code executes out of a small area repeti-
tively. This space is not necessarily in a single address range of main mem-
ory, but may be spread around quite significantly.

For the sake of illustration, an assembly code program is shown in Figure
1.4. This program is not written in any sort of rigorous manner, but should
be adequate to show the general idea of locality in space. The program is a
much simplified version of the kind of code which is found in all comput-

ADDRESS LABEL INSTRUCTION COMMENT

0006 1000 START: LOAD  SP, #F000 0007 ;Load stack pointer with a value
;which will assure a stack thrash.

0000 1004 LOAD R1,#0000 0063 ;Set up loop counter to loop 99 times
; (63 hexadecimal) .

0000 1008 LOOP: JSR SUB1 ;Jump to a subroutine with a
;thrashable address.

0000 100C DIJNZ R1,LOOP ;Repeat the above process 99 times

;before proceeding.

0000 1010 BLAH ;Continue this program
0000 1014 BLAH
0000 1018 BLAH

.******************‘k*********'k*************************************************
’

o *
:* The following is the subroutine called by the main program shown above %
*

.k
’

.'k****'k*************‘k**********************************************************
’

0001 1008 SUB1: LOAD R2, (R1+#1000) ;Get a character pointed to by
;R1+1000 hex

0001 100C CMP R2, "A" ;Is the character an upper-case A?
0001 1010 JNZ SKIP ;No. Leave the character as-is
0001 1014 ' LOAD R2,%z" ;Yes. Change it to a lower-case z.
0001 1018 STORE (R1+#1000),R2

0001 101cC SKIP: RETURN ;Return to calling routine.

Figure 1.4. An example piece of assembly code to demonstrate locality.
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ers. First, aloop is used to look through a 99-character string stored in mem-
ory. Second, a subroutine contains a piece of code which might be useful to
other parts of the main program. During the entry and exit of the subrou-
tine, the stack is used to temporarily store and retrieve the calling routine’s
program counter. The function of this piece of code is to scan a string for
an uppercase letter “A” and to change all such occurrences within that string
into a lowercase “z.”

The first perfectly obvious fact is that the code is written so that the same
set of instructions, mostly those within the subroutine, is used repeatedly
while the processor is running through the loop. The principle of spatial lo-
cality refers to the fact that the calling routine, the subroutine, and the stack
space all exist in three very narrow areas starting at the three addresses 0000
0008, 0000 1000, and 0001 1008.

1.3.2 Locality in Time

The second principle of locality, locality in time, temporal locality, or time
of reference, refers simply to the fact that the instructions in this example
execute in close sequence with each other, rather than being spread
through time. A processor is much more likely to need to access a memory
location which it accessed ten cycles ago than one which it accessed ten
thousand cycles ago (which is only 0.12 milliseconds on a 166 MHz Pen-
tium). This appears awfully obvious, but without locality in time and in
space, caches would not be able to work.

Combining both spatial and temporal locality, it is simple to state that the
program in the example will spend a while executing the same few instruc-
tions 99 times before moving to another piece of code which will probably
also be repeated. If the reader were to look at a real program, a much longer
one than the example used here, repetitive sequences of a similar size to this
would be found to lie within repetitive loops which were much larger, which
in turn would lie within even larger loops, ad infinitum.

It would be a good idea to take advantage of both temporal and spatial
locality by assuring that the repetitive portion of the program executes from
a very fast memory while it is being used and resides in slower, less expen-
sive memory when it is waiting to be used. At first glance, the most obvious
way to achieve this is to divide the memory space into both faster and slower
sections and have the operating system copy portions of code from the
slower portions into the faster portion as required. This is exactly how a vir-
tual memory system works, with the slower memory being the mass (mag-
netic) media and the faster portion being the main memory or DRAM. An
alternative is to have a small, fast memory in addition to a full complement
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of slower main memory and to use specialized hardware to assure that the
currently useful parts of main memory are copied into the small, fast mem-
ory. This is what we call a cache memory.

The software-based technique is excellent, inexpensive, and works well
for memory mapping, but it is not used for cache management for two good
reasons. First, cost considerations usually force caches to be very small, and
mapping memory spaces into and out of the cache via software would con-
sume too much time at frequent intervals, thus offsetting the speed gain of
the cache. (Typically, a piece of software at least the size of our example loop
in Figure 1.4 would be needed to move the example loop into the fast mem-
ory, and a small, fast memory would need to have its contents replaced rela-
tively often.) Second, most caches are designed to accelerate already existing
systems where the operating system and other software cannot be reconfig-
ured to support a memory which is split into faster and slower portions. Soft-
ware in such systems must be kept unaware that the cache even exists. All ex-
isting programs must run similarly, although faster, on cached systems. A
cache which achieves this end is called a software transparent cache.

1.4 FOOLING THE CPU

What seems to make sense, then, is to design a memory controller which will
move data back and forth between slow and fast memory in hardware, lead-
ing the CPU to believe that the same address is being accessed at any time,
only sometimes that location accesses faster than other times. Although fool-
ing the CPU like this sounds tricky, it is not. Once the reader gets over the
basic concept, simple cache designs become almost trivial.

I like to use an analogy which a colleague once made to me, of a clerk’s
desk next to a phenomenal number of filing cabinets, possibly at an uncom-
puterized credit bureau (see Figure 1.5). The clerk’s mundane job is to an-
swer the telephone and read items from a credit applicant’s file in response
to the caller’s queries. The files are stored by the applicant’s telephone num-
ber (we’ll use the U.S. style of a seven-digit number for the sake of this argu-
ment). In a typical day, the clerk will answer 50 to 100 calls and will get up
from the desk and search the files 50 to 100 times. However, since the same
credit applicant may have applied for a loan on the same day or two at five
or ten banks, several of these calls will be for the same data as was requested
in a prior call either that day or a few days before. (Astute readers will note
that this analogy uses temporal locality, but ignores spatial locality.)

Now let’s assume that the clerk is very clever and sees that there is an un-
used file drawer in the kneehole of the desk. Why not keep copies in the
desk’s file drawer of those files which are currently in high demand? The
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photocopy machine is close to the filing cabinets, so making an extra copy
to take back to the desk is no problem. But who knows which files will be re-
quested repeatedly and which will be requested only once? Being unable to
predict the future, the clerk will simply make a copy of every document
which is pulled from the file.

This starts off very easily. When a file is requested, the clerk puts a copy
of it into the desk’s file drawer and makes a note of the fact that itis in the
drawer on a sheet of paper hung upon the wall. This sheet of paper is the
directory to the desk’s file drawer. When answering the phone, the clerk first
looks at the directory to determine whether or not a copy of the requested
file resides in the desk’s file drawer. If it does, the clerk need not get up, but
can save time and effort simply by pulling that file from the drawer. The di-
rectory also lists where a certain piece of information may be found within
the file drawer. On those occasions when a copy of the file is not in the file
drawer, the clerk will get up, copy the file from the filing cabinet bank, and
add it to the drawer, making a note to that effect on the directory.

Everything works very well until the file drawer gets full. What then?
Being very practical, the clerk decides to put the date and time of the last
access to a directory entry alongside of that entry. When a new file is put into
the desk’s file drawer, the directory entry with the oldest date and time will
be erased, the file will be discarded, and the new file and directory entry will
be put in its place. (In another interesting analogy, Intel once likened the
same problem to that of a shopper who went to the supermarket for some
items, but preferred to store often-used items in the refrigerator at home.)

This is the concept behind cache memory design. The massive bank of
filing cabinets represents the system’s main memory, and the clerk is the
CPU. The desk’s file drawer is called the cache data memory or data RAM,
and the directory is aptly called the cache directory. The exact implemen-
tation just described is rarely used, since the hardware requirements are
more expensive than some very good alternatives. Several tricks are used in
exact cache implementations, and a considerable amount of this book will
be devoted to those tricks.

There are four fundamental parts of a cache memory, all shown in Fig-
ure 1.6. The cache data memory is the small, fast memory which is used to
store replicas of instructions and data which could be accessed more slowly
from main memory. When the size of the cache is discussed, the cache size
is equal to the number of bytes in the cache data memory alone. The di-
rectory is not included in this number. The cache directory is a list of the
main memory addresses of the data stored in corresponding locations of the
cache data memory (i.e., if data in a certain cache data location comes from
main memory address 0000 0000, then the cache directory would contain a
representation of 0000 0000). So with each cache location, not only is data
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Figure 1.6. The cache memory consists of a directory, a cache data memory, buffers (to
isolate the cache subsystem from the system bus), and the cache controller.

stored, but so is an address, making the combined directory and data RAMs
behave like a single, very wide memory.

The bus buffers serve a very important function, even though they are ba-
sically the same chips which would have been used in the noncached system
shown in Figure 1.2. These buffers are now controlled in such a way that if
the cache can supply a copy of a main memory location (this is called a
cache hit), then the main memory is not allowed to put its data onto the
CPU’s data pins. In many cache designs, the address is never even sent to the
main memory unless the cache has indicated that it does not contain a
replica of the data requested by the CPU (a cache miss or sometimes fault).
So during all cache hit cycles, the CPU converses with the cache, and in all
cache misses, the CPU converses with main memory. The data bus between
the CPU, the cache data RAM, and the system bus buffers is sometimes re-
ferred to as the cache’s data path.

Tying the whole system together is the cache’s control logic, which is
called the cache controller or cache management logic. It is this logic which
implements the algorithm which moves data into and out of the cache data



1.4 FOOLING THE CPU 13

memory and the cache directory. This is the crux of cache designs, and the
cache logic embodies the implementation of some hotly debated decisions
called the cache strategy. When a strategy is decided upon and imple-
mented, it becomes the cache’s policies. Policies will be evaluated in some
detail in Chapter 2. The control logic also determines when to turn the buss
buffers on and off and when to read from and write to the cache data RAM.
In some systems, the system bus interface is sufficiently complex that the sys-
tem bus side of the cache controller is subdivided into its own portion of the
cache control logic, in which case it may be called the storage control ele-
ment (SCE).

Cache size and policies both affect the hit rate of the cache (the percent
of CPU cycles which are cache hits). The miss rate, conversely, is the re-
maining percentage of CPU cycles. Throughput of a cached system can be
computed based upon the average number of wait states per bus transac-
tion. This number equals the miss rate times the average number of wait
states on the system bus (plus the hit rate times the cache latency, if the
cache requires the use of wait states).

As an example, let us assume that all system bus accesses take three wait
states, and the cache responds in zero wait states. With a cache memory of-
fering a 90% hit rate (an easily achieved number), the average number of
wait states for the cached system would be 10% - 3 = 0.3 wait states per mem-
ory cycle. Fractional wait states are perfectly valid in this sort of calculation,
since this is an average between wait state and zero-wait cycles. The same sys-
tem with a much smaller cache might exhibit a typical hit rate of only 80%,
and the average number of wait states would be double that of the larger
cache, or 0.6 wait states. The jump in throughput is even more pronounced
if DRAMs with slower cycle times are used, requiring even more wait states
per bus cycle. An interesting way of looking at this is to expand the problem
to see where all the system clock cycles are consumed. Let’s say we have a
processor whose average zero-wait instruction execution time is two cycles,
and cache misses execute with three wait states for a total of 3 + 2 =5 cycles.
Ten instructions in the system with an 80% hit rate cache would consume
10-0.8-2+10- (1-0.8) - (2 + 3) = 26 cycles, only 16 of which would exe-
cute from the cache. In other words, 10/26 or almost 40% of the time the
CPU would be attempting to get through 20% of the instructions. This also
means that the bus will be in use 40% of the time, the implications of which
we will examine in Section 1.8.

The process of cacheing follows a certain pattern. At power-on, the cache
contains random data and is disallowed from responding to a request from
the CPU. When the processor reads data from a main memory location, the
cache data RAM is ordered to copy that location’s contents, while the cor-
responding cache directory location is told to copy the address requested by
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the CPU. This same sequence would occur for any further cycles until a
loop was encountered. Once the processor reached the end of the loop, it
would again output the address of the first location, which in all probability
would still be in the cache data memory. This time, however, the data from
that location would be supplied to the processor from the cache, rather
than from the main memory, as would the rest of the instructions in the
loop. It becomes pretty obvious how much of a help this would be. In our
example program, the instructions in the loop would operate at main mem-
ory speeds only during the first go-round, then would subsequently execute
much faster from cache for the next 98 times through the loop/

This covers cached read cycles. What happens during write cycles de-
pends greatly upon the cache policies chosen, and will be examined in
depth in Chapter 2.

From the CPU’s perspective, the data always comes from main memory,
although at some times it arrives faster than at other times.

1.5 CACHE DATA AND CACHE-TAG MEMORIES

So we now know how simple itis to reroute the CPU’s main memory request
to be satisfied by the cache, but the design of the cache directory and cache
data memories has yet to be explained. These might be pretty intimidating
to the first-timer. The choice of directory architecture has a strong impact
upon the design of the cache data memory, so the directory will be investi-
gated first.

Certain college-level courses explain that the cache directory consists of
a content addressable memory of CAM. This is a directory type which cor-
responds well to our example of the clerk in the credit bureau. A CAM is a
backwards memory which outputs an address when data is presented to cer-
tain inputs. The address shows where a matching entry has been found
within the CAM. All CAM locations are examined simultaneously for match-
ing data, and if a match is found, its address is placed upon the address out-
put pins. This is particularly useful when a 32-bit processor address needs to
be converted to a much smaller cache address. The 32-bit processor address
is presented to the data input pins of the CAM, and a shorter address pops
out of the address output pins. In truth, CAMs are almost never used to im-
plement cache designs, but they facilitate the explanation of a cache direc-
tory, so we’ll examine CAMs here first, then see what the alternatives are.

One big question that comes out of this is “what is a CAM?” A CAM is
made of a series of address registers, each of which contains a comparator
which compares the address contained within the register to the address
currently on the compare address bus (see Figure 1.7). This is achieved by
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Figure 1.7. In a content addressable memory (CAM), an address presented to the compare
address bus is compared simultaneously with the contents of every memory location. If there
is a match at any location, the address of that location is sent to the N-bit binary output pins.

having a separate comparator attached to each and every address register.
Although this sounds like a lot of hardware, it can actually be manufactured
relatively easily in silicon by using a specialized, seven-transistor, static RAM
cell which is less than twice as complex as the industry’s standard four-tran-
sistor cell. The comparator outputs are encoded by a simple priority en-
coder into a binary representation of the address of the matching entry.
During a write cycle, both an address and data are presented to the CAM,
and a write pulse is generated. During a read cycle, however, data is input
to the CAM, and an address is output. The output address is the address of
the CAM location which contains matching data. If no data match is found,
a no-match signal is output from the CAM.

The reader might ask “Why aren’t CAMs widely available?” The simple
reason is that much simpler schemes perform nearly as well as the CAM ap-
proach, yet can be constructed from standard static RAMs and allow the use
of less expensive cache data RAMs. These alternate approaches will be dis-
cussed here briefly and in depth in Chapter 2. Cache designers are notready
to pay as much for CAMs as CAMs would have to cost to attract the interest
of semiconductor manufacturers. The author knows of only two kinds of
CAMs available on the market today. The first is a mature product, an ECL
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4 x 4 bit device which would have been designed into mainframe caches be-
fore faster (70ns) static RAMs became available. The other is a device de-
signed specifically for LAN address filters, which requires a 48-bit compare
address to be input in three multiplexed chunks over a relatively long pe-
riod of time (i.e., 100ns). »

Back to the example: Let’s assume that the system has just been initialized
and that no cache locations contain valid copies of main memory locations.
Where in the cache should we put the first location accessed by the proces-
sor? Some processors seek their first instruction after a reset from the first
main memory address, or address zero. Other processors start off at the top
of the memory space (FFFF FFFF). Yet others seek a vector at one of these
two addresses, then jump to the address pointed to by that vector.

If the cache directory is a CAM, then any main memory address can be
mapped into any directory location. This approach is called fully associative,
a term which simply means that any main memory address has the full free-
dom to be replicated anywhere within the cache. The method employed to
determine which cache location should be used to store a copy of a main
memory address is referred to as mapping, or hashing. (A fully associative
approach is just one of many hashing algorithms which we will examine in
this book.) An appropriate (hopefully unused) directory location would
have to be assigned whenever something was to be put into the cache. The
cache controller does this by assigning an address representing the directory
location to be used to store the incoming data. This address is fed into both
the CAM and the cache data memory while the main memory is being ac-
cessed. The data contained at the address of the main memory access
(which is a completely independent value from the directory address just
mentioned) is then written as data into the directory while the main mem-
ory data is both fed into the CPU and written into the cache data RAM (see
Figure 1.8). Later, when the processor’s address again matches the address
stored in the CAM, the CAM outputs the address of the cache data RAM lo-
cation which contains matching data. This address is fed into the cache data
RAM, which consists of a standard static RAM, and the data from that ad-
dressed location becomes available to the CPU.

Partly due to the lack of availability of large CAMs, several ingenious al-
ternatives to the CAM approach have been devised. These alternatives also
tend to be significantly less complex than the CAM approach. Returning to
the file clerk analogy, let’s put together an organizing system which will take
advantage of the fact that the desk drawer is the same size as any of the draw-
ers in any of the filing cabinets. The phone numbers used are all seven dig-
its long and follow the format 867-5309. Furthermore, let’s say that the fil-
ing cabinets are arranged so that each drawer represents a prefix (the first
three digits of the telephone number), and each is capable of carrying the
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files for all 10,000 numbers or credit applicants within that prefix (from
-0000 to -9999). So the first drawer would have numbers 000-0000 through
000-9999 and so forth. The clerk could also arrange the desk drawer into
10,000 slots, so that each slot would only be allowed to contain a file whose
suffix (last four digits) matched the slot number; in other words, the num-
ber 867-5309 would only be allowed to be placed within desk drawer slot
5309. The directory would still be a paper on the wall containing 10,000 en-
tries describing the phone numbers of the data stored in each of the desk
drawer slots; however, each entry would be at a location which matched the
suffix of the phone number, so only the prefix would need to be written into
the directory (so for the number 867-5309, the prefix 867 would be written
onto line 5309). Furthermore, the clerk would no longer have to choose
where to put a new cache entry, so the directory entries would no longer
need to contain the time of their last access. This is the most popular hash-
ing algorithm in today’s cache designs and is called set associative, since, for
the sake of clarity, the last four digits of the telephone number have been
named the cache’s set address, and within any set the entry is associative
(can have any prefix).

With this new method, the clerk can begin to look into the desk drawer
while at the same time looking up the entry in the directory. There is no
longer a need to crossreference the directory to determine which desk
drawer location contains the file. If the prefix (867) at the correct set ad-
dress (5309) matches the one being requested by the caller, then the clerk
will pull the file from desk drawer slot 5309 almost instantly. In a set-asso-
ciative design, the address which is output from the processor is split into
the equivalent of a prefix and a suffix at a location determined by the size
and architecture of the cache. The lower address bits, those corresponding
to the suffix or last four digits of the telephone number in the example, are
called the set bits since they contain the set address. Some call these the
index bits, but this terminology is in direct conflict with the terminology
used in virtual memory translation, so, in the interests of clarity, it will not
be used in this text. The remaining (upper) bits are compared against the
directory entry for the selected set and are referred to as the tag bits.

You may recall a statement I made when first describing the clerk anal-
ogy, that this analogy does not account for spatial locality. This is easy to see,
because the clerk might at any time receive calls for absolutely any file, rep-
resenting any telephone number, in any order. Computer code never runs
in such a random fashion, but tends to be full of loops and repetition, and
whenever the program counter is not jumping around on a loop or a sub-
routine call, code will execute sequentially. The set-associative approach
takes advantage of this spatial locality by placing sequential instructions not
at entirely random cache locations, but at sequential locations. As just illus-
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trated, the set-associative cache does not allow a main memory location to
be mapped into any cache address, but instead the cache is constrained so
that the lower address bits of the cache location must match the lower ad-
dress bits of the matching main memory address. Since the processor will be
running through a small group of sequential addresses, this looks as if it
should pose no problem, and the set-associative cache should run every bit
as efficiently as the more complex fully associative design. We will see oth-
erwise in Section 1.6.

An earlier paragraph stated that a fully associative cache (one with a
CAM) would require the use of more expensive cache data RAMs than a set-
associative cache. Why? In a fully associative cache, all address bits are fil-
tered through the directory before being fed to the cache data RAM. This
means that during the cached CPU’s fastest cycle, a cache read hit, the
processor address must first travel through the directory CAM and be trans-
lated into a cache address, then that address must be passed through the
cache data RAM before the read data can be made available to the CPU (see
Figure 1.9a). This means that the delay between the processor’s address out-
put and the data returning from the cache is at least equal to the combined
propagation delays of the CAM and the RAM. Thus, if data needs to be re-
turned to the processor within, say, 30ns, then that 30ns must be divided be-
tween the CAM and the RAM. Today’s 150 MHz microprocessors require
this transaction to occur in less than 20ns. A system with an 8ns CAM (good
luck!) and an 8ns cache data RAM would be hard-pressed to use any logic
in this critical path.

The set-associative cache reduces this CAM plus RAM delay into a single
RAM access. In Figure 1.9b, the CPU address is shown to run directly to
both the cache directory and to the cache data RAM. For the sake of sim-
plicity, the design shown uses a cache directory which is made of the same
depth of standard static RAM as is the cache data RAM. (Alternatives to this
will be explained in painful depth in Chapter 2.) Let’s assume that the cache
is 8,128 (8K) locations deep, requiring 13 address bits to be fully accessed.
The lower 13 CPU address bits are then routed to both the cache directory
and the cache data RAMs simultaneously. While the cache data RAM finds
its replica of the data stored at a main memory location with matching lower
address bits (but goodness knows which upper address bits), the directory
looks at a replica of the upper address bits stored at the location with the
same lower address bits. This is pretty confusing, but, based on the desk
analogy, just remember that the last four digits of the telephone number
867-5309 are 5309, so slot 5309 is accessed in the file drawer. The directory
then must tell us whether there is a match between the stored prefix (867)
or whether some other prefix’s number (984-56309) is being accessed. To set-
tle the delay issue, though, notice that during the processor cycle time, the
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cache directory and the cache data RAM are being examined simultaneously,
with the output of the cache directory being used simply to tell the CPU
whether to proceed at full speed (a hit) or to wait while a main memory ac-
cess is used to fetch the data which was requested by the CPU but did not
reside within the cache.

The directory in a set-associative cache is considerably simpler than that
of a fully associative cache. The fully associative cache’s directory not only
had to keep track of whether or not there was a valid entry for a main mem-
ory location contained within the cache (a fact which has not yet been de-
scribed, but will be in Chapter 2), but also had to track where that entry re-
sides in the cache data RAM, while the set-associative directory must only
look to see whether the cache entry with the same set bits as the CPU’s out-
put address came from the location which has the same tag bits, and
whether that location is valid. This is a simple comparison. Does or does not
the tag at location 5309 match 867 for the phone number 867-5309, and is
the location valid? Obviously, the tag comparison can be performed using
exclusive ORs feeding into an AND gate, the function of a simple address
comparator chip (Figure 1.10). Validity is equally as simple and will also be
described in depth in Chapter 2. Set-associative caches assume (until told
otherwise) during a processor read cycle that the data in the cache is what
the processor is requesting. The cache data RAM starts the read cycle with
its data outputs turned on, and its address pins will be tied directly to the
processor’s less significant address output pins (see Figure 1.9b). The cache-
tag RAM, meanwhile, is looking up the address’ more significant bits to see
if the cache entry is from the correct address. If there is a match between the
requested address and the address of the cached copy of the main memory
data, then the cache controller gives the processor a Ready signal to accept
the data from the cache data RAM and allows things to continue as they are.
If the cache contains data at the same set address which is from a different
part of main memory (i.e., the tag bits don’t match), then the cache con-
troller declares to the processor that a cache miss occurred by not asserting
the Ready input, then reads main memory data into the cache, allowing the
CPU to continue as the main memory data and address are being written
into the CPU. The cache data RAM in a set-associative cache need only have
an access time of slightly less than the processor’s minimum address to data
cycle. The cache-tag RAM would have a similarly slow access time, less the
delays needed for the comparator and the downstream logic. Slower static
RAMs are usually much less expensive than faster ones, so the designer can
save a lot of money by going with a set-associative design. Some static RAM
manufacturers provide products which have a comparator contained within
a standard SRAM. This provides the same function at a certain advantage in
speed, component count, and complexity of the downstream logic. Whether
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In a cache-tag RAM, the stored data at a certain RAM address (addressed by

the set bits of the address bus) is compared against the upper address bits, or tag bits of the
address bus. This comparison is performed with a simple address comparator consisting of
exclusive OR gates feeding into an AND.

the directory is made from a simple RAM with a separate comparator or with
a chip which includes both, the directory in a set-associative cache is called
the cache-tag memory simply because it is where the address tags are stored.
There are a few other terms for a cache-tag RAM, notably tag RAM, and
cache address comparator, address comparator, cache comparator, or sim-

ply comparator.

1.6 THRASHING: GETTING THE MOST OUT OF THE CACHE

The entire argument in the preceding section ignored a phenomenon
called thrashing. When a cache thrashes, a commonly used location is dis-
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1) BEFORE OPERATION OF ROUTINE

=64 Cache Tag Cache Data
Address
000 ? ?
004 2 ?
008 ? ?
00C ? ?
010 ? ?
014 _A ? ? 1
2) ADDRESS 0000 1000: LOAD STACK POINTER
SE1 Cache Tag Cache Data
Address
000 0000 1 LOAD SP, #F000 0008
004 ? ?
008 ? ?
00C ? ?
010 ? ?
014 ? ? e
3) ADDRESS 0000 1004: L OAD REGISTER 1
A dc?:ats & Cache Tag Cache Data
000 0000 1 LOAD SP, #F000 0008
004 0000 1 LOAD R1, #0000 0063
008 ? ?
00C ? ?
010 ? ?
014 ? 2 e

Figure 1.11. The contents of a set-associative cache during execution of the code shown in
Figure 1.4. Note that location 008 never retains the cache data long enough to offer any
speed advantage.

this example cache design, will immediately overwrite the stored instruc-
tion from memory address 0000 1008 (the JSR instruction), once again at
the slower speed of a main memory access. Upon entering the subroutine,
the first instruction of the subroutine is fetched from address 0001 1008,
once again at a main memory access time, and immediately replaces the
newly cached copy of the program counter stored at cache location 008.
When the return instruction is encountered, the pushed program counter
is restored not from cache, but from main memory, since it was bounced out
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7) AFTER LAST SUBROUTINE INSTRUCTION, POP PROGRAM COUNTER

Set
A da;;-s " Cache Tag Cache Data
000 0000 1 LOAD SP, #F000 0008
004 0000 1 LOAD Rf1, #0000 0063
008 F000 0 0000 100C (PC Value)
0oC 0001 1 CMP R2, "A"
010 0001 1 JNZ SKIP
014 __| 0001 1 LOAD R2, "z" S

8) CALLING ROUTINE ADDRESS 0000 100C: LOOP BACK TO 0000 1008

Set
Ad(_i;;s B Cache Tag Cache Data
000 0000 1 LOAD SP, #F000 0008
004 0000 1 LOAD R1, #0000 0063
008 FO00 0 0000 100C (PC Value)
0oC 0000 1 DJNZ R1, LOOP
010 0001 1 JNZ SKIP
014 | 0001 1 LOAD R2, "z" S

9) REPEAT ADDRESS 0000 1008: JUMP TO SUBROUTINE

Set
Ada;ss Cache Tag Cache Data
000 0000 1 LOAD SP, #F000 0008
004 0000 1 LOAD R1, #0000 0063
008 0000 1 JSR SUB1
00C 0000 1 DJNZ Rt, LOOP
010 0001 1 JNZ SKIP
014 | 0001 1 LOAD R2, "2" J__\

Figure 1.11.  (continued)

bits of one address and another to decrease. You might want to consider the
two extreme arguments to this. How likely is thrashing in a system with only
a single set bit (the least significant bit of the address)? How likely would
thrashing be in a system with as many set bits as the CPU had address out-
puts (the cache is as large as the largest possible main memory)? The sec-

- ond point is that thrashing is a phenomenon of set-associative caches, where

cache lines are overwritten based on their set bits rather than on some more
reasonable algorithm. A fully associative cache would have handled the
problem just illustrated as easily as it would have conducted a transaction
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with no match between any address bits. In Chapter 2, we will examine
cache architectures which fall between the set-associative and the fully asso-
ciative models.

Another buzzword relating to thrashing is the compulsory miss. Some
cache misses will occur no matter how good the cache design is, simply be-
cause the cache is being asked to provide data which it had no reason to
have previously contained. Since there is no way to avoid such misses, they
are called compulsory misses. Thrashing never causes compulsory misses.
Just like most of the buzzwords in this book, though, there are some alter-
natives to the nomenclature compulsory miss, namely, stationary miss and
nonconflict miss.

1.7 CACHES AND THE MEMORY HIERARCHY

Memory hierarchy or storage hierarchy refers to the distinct stages in the
memory’s price per bit, size, and performance. The most expensive mem-
ory in a computer consists of the registers within the processor itself. These
devices are designed to perform extremely quickly, and their structure al-
lows one register to be written to at the same time that one or more differ-
ent registers is being read. That structure consumes several transistors per
bit, and the cost as well as the speed are related to the number of transistors
required by each bit. Access to the registers is via on-chip buses, so the ac-
cess time for register data is not hampered by any requirements for the sig-
nals to go off chip. Most processors have only a few registers, or a few tens
of registers, and these registers are the width of the data path within the
chip. Register access times are usually under 2ns.

In most noncached systems, the next level of memory is the main mem-
ory. This is usually made out of dynamic RAMs (DRAMs) which have an ac-
cess time several times as long as the access time of the registers. Dynamic
RAMs are made using a single transistor per bit, with a small percentage of
additional transistors required for the support circuits. The structure of a
DRAM makes it the cheapest possible form of semiconductor memory. In
contemporary microprocessor-based systems, a typical DRAM main memory
might be somewhere between 16 and 512 megabytes. Access times to main
memory today consume in the order of 70ns.

The next two levels are comprised of rotating media. Magnetic disk is usu-
ally used to store whatever is not capable of residing within main memory.
Today’s hard magnetic disks exhibit access times in the tens of milliseconds
and contain from hundreds to thousands of megabytes. Hard disks are often
backed up with removable media, which is often either tape or diskette. Ei-
ther of these is significantly less expensive than hard disk, but both have ac-
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cess times of several seconds. Since this level is removable, the size is limited
only by the user’s desire to keep an inventory of tapes or diskettes.

Cache memory fits between the first and second levels of the description.
Several microprocessors today contain an internal cache which is made of
standard static RAM bits. Unlike registers, these locations cannot be written
to and read from simultaneously, so certain operations will perform more
slowly in on-chip cache than they would using internal registers. A register
bit may require ten or more transistors to implement, whereas the SRAM
cell used in the internal cache can be made of cells containing between four
and six transistors per bit. Since the microprocessor is manufactured using
the same chip, the on-chip cache is limited in size, mostly to keep the proces-
sor’s cost from going through the roof. Die costs are not proportional to die
size, but increase at more than a second-order rate. On-chip cache shares
the advantage of not requiring an off-chip access at the expense of access
time, so they are pretty fast. Today’s microprocessors usually contain caches
of between 8 and 64K bytes.

External caches are used both in systems which have and do not have on-
chip caches. The external cache which is connected to an uncached proces-
sor serves to accelerate main memory accesses, as has just been explained.
Such caches usually range from 256K bytes to 16M bytes and are made using
economical SRAM chips constructed of four-transistor-per-bit memory cells.
The cache’s access time is around 3 to 15ns. If the processor has an on-chip
cache, any external caches used will usually be implemented with architec-
tures which differ considerably from the architecture of the on-chip cache,
both to reduce costs and to make up for some of the deficiencies of the on-
chip cache. These design issues will be examined in Chapter 2.

Table 1.1 shows in dollar magnitudes and bandwidth a typical memory hi-
erarchy for a high-performance cached system, whose processor uses an on-
chip cache.

Table 1.1. Memory hierarchy, and relative costs and typical sizes of each level.

Memory Typical Cost per Bandwidth
Type Size (bytes) Megabyte ($) (megabyte/sec)
Registers 10! 108 500

On-chip cache 104 10* 300

Off-chip cache 10° 10 100

Main memory 107 10° 50

Hard disk 108 107! 15

Magnetic tape Infinite 102 1

Source: Dataquest 1997.
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1.8 REDUCING BUS TRAFFIC

One reason for adding a cache to a system has not yet been mentioned in
this chapter: Multiprocessors can take advantage of cache memories to im-

rove the effective bus bandwidth into their main memories. Bus band-
width, also called bus traffic or simply traffic, is a measure in bytes per sec-
ond of the maximum speed at which data can be moved around on the bus
(bus transactions). For example, a bus with a word width of 16 data bits (2
bytes) which can transfer up to 8 million words per second would have a
bandwidth of 2 - 8 = 16 megabytes per second. The percentage of the bus’
pandwidth which is consumed by a processor is called utilization. (Similar
to main memory bandwidth, the cache to CPU interface has its own band-
width, which is called the cache bandwidth. If the cache bandwidth is lower
than that needed by the CPU, the CPU must be slowed down, through ei-
ther the use of a lower clock frequency or the addition of wait states.)

We will soon see that the use of cache memories to reduce a processor’s
main memory bandwidth needs is a very important benefit and should be-
come much more important in the near future with the growing acceptance
of multiprocessor architectures as a means of dramatically improving system
performance. Multiple processors can get into trouble if their utilization
approaches 100%, and perform worse than systems with fewer processors
once the 100% limit is reached.

There are two kinds of multiprocessor systems, shown in Figure 1.12a
and b. The top diagram shows what is called a loosely coupled multiproces-
sor system or a distributed memory multiprocessor (DMM). Loosely cou-
pled systems are actually two or more distinct processors, each of which is
capable of operating independently of the other(s). In the broadest terms,
any two PCs connected via a modem or network could be called a loosely
coupled multiprocessor system; however, the term is more often used for
more intimately connected systems, perhaps connected via first-in/first-out
buffers (FIFOs), dual-port RAMs, or dedicated serial buses. Most such sys-
tems have tasks divided well before run time to allow each processor to per-
form to its peak ability on a dedicated portion of the task. It is not unusual
for the processors to be different types altogether (i.e., a digital signal
processor and a general-purpose processor).

The type of multiprocessor system we will discuss in depth in this book is
called the tightly coupled multiprocessor and is illustrated in Figure 1.12b.
In a tightly coupled system or shared memory machine (SMM), a single main
memory is accessed by two or more processors via the system bus. Task al-
location is performed by software at run time, offering complete flexibility
in the range of application programs which can be run on the machine.
Currently, tightly coupled architectures tend to be used in file servers, su-
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a) Loosely Coupled Multiprocessor

cPU CcPU cPU
1 2 3
oo Communication Communication Communication
Device Device Device
Main Main Main
Memory Memory Memory
1 2 3

b) Tightly Coupled Multiprocessor

cPU cPU cPU CPU
1 2 3 N

Cache Cache Cache Cache

= . ’ seen e
Shared

Main
Memory

Figure 1.12. (2) Aloosely coupled multiprocessing system. Each CPU has its own main
memory and system bus. The processors communicate via the communication devices, which
are usually accessed through each processor’s system bus. (b) A tightly coupled
multiprocessing system. All processors (or processor/cache complexes) communicate to a
single main memory via a single system bus.

perminicomputers, and mainframes, but current trends indicate that they
could become the prevalent architecture of the next century.

The reason that tightly coupled systems need cache is not hard to un-
derstand. In a tightly coupled system, each processor has its own cache (Fig-
ure 1.12b). The more often the cache is accessed, the less often the proces-
sor uses the bus to access main memory. This helps to keep the bus from
saturating; that is, utilization is lowered to the point that the bus becomes
more available in a timely manner to those processors that need it.

The amount of bus bandwidth required by a cached processor is propor-
tional to the cache’s miss rate, so it is not hard to see why designers of mul-
tiple-processor systems focus much more attention on miss rates than would
the designers of single-processor systems. A designer of a single-processor sys-
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tem might hesitate to spend extra money to improve the hit rate of a cache
design from 96% to 98%. The effect on benchmarks would be negligible. In
a multiple-processor system, however, the difference between a hit rate of
96% and a hit rate of 98% translates to a difference in miss rates of 4% and
2%, or double. In other words, one design would require half the bandwidth
of the other, so half the number of processors could be used in the system
before the effects of saturation would be noticed.

Let’s take a more graphic approach to examine what happens as proces-
sors are added in a multiple-processor system. Our ideal is to get an incre-
mental performance increase proportional to the number of processors
added to the system. A five-processor system should perform at or near five
times the performance of a single-processor system. For the sake of this ar-
gument, let’s assume that the processor used in the example uses two cycles
per instruction, that all instructions require a single memory access (an un-
realistically low number), and that main memory has zero-wait performance.
With a single processor, half of the main memory’s bandwidth is used, and
we can achieve a normalized performance level of 100%. If we add another
processor, and if the two processors are interleaved, they will consume the
entire bus bandwidth and will perform at 200% of the level of the single-
processor system. The addition of a third processor in such a system would
add absolutely nothing, since it would not have an interleaf slot, and there is
no memory bandwidth remaining to serve the third processor. The perfor-
mance of this system versus the number of processors is shown in Figure 1.13.

This case is drastically oversimplified, but it serves to set the scene for
more realistic problems. Typically, complex instruction-set computers’
(CISC) instructions consume a variable number of cycles and use more than
one main memory access per instruction. This immediately rules out the ef-
fectiveness of interleaving, which requires balance and predictability to be
useful. In real-life systems, bus arbitration is used to allow all processors ac-
cess to the bus as needed. The mere use of an arbitration mechanism slows
things down, since the bus must be requested by a processor before it is as-
signed. This means that the main memory access cannot begin until one ar-
bitration delay after the processor attempts to start the access. The effect of
arbitration is that a single processor can no longer perform at the 100%
level of the example above and that the addition of processors has a more
graceful, if less helpful, effect on the system’s overall performance. In Fig-
ure 1.14a, we see the operation of an arbitrated multiple-processor system
as processors are added. The addition of processors increases the probabil-
ity of simultaneous arbitration requests, so that the performance increase of
added processors is not as dramatic as in the first example, and there is a
more gradual rolloff when bus saturation is approached. In such a system,
after saturation is reached, the addition of processors actually slows down
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Figure 1.13. Performance vs. number of processors for the interleaved system described in
the text. Each processor uses 50% of the available bus bandwidth, and no arbitration is
required for either processor. Additional processors will be unable to access the bus, since it
will be totally allocated to the two processors.

the entire system. One way of looking at this is that if each added processor
requires exactly 20% of the available bus bandwidth (an unrealistically low
level), then a six-processor system will require 120% of the available band-
width and will perform ata 100%,/120% level. High-performance processors
actually require very close to 100% of the bus bandwidth, so the problem is
much worse than this example shows.

We are still using a zero-wait main memory in our example. What hap-
pens when we add some realism to this dimension? It is easy to see that we
can add a wait state to what is normally a single-cycle main memory access
and halve the bus bandwidth, so the 100% number used in the preceding
paragraph drops to 50%. Each processor can now operate at only 50%/
120% of its potential. The normalized throughput of the six-processor sys-
tem throughput drops to 6 - 50%,/120% or 2.5 times the throughput of a sin-
gle processor coupled with a zero-wait main memory system. If the per-
processor bus utilization is bumped up to a more realistic 80% level, the
six-processor system performs at 6 - 50%/480%, resulting in a combined sys-
tem throughput of only 63% of that of a single, zero-wait processor!

So it appears that in the real world, uncached, tightly coupled multi-
processors are not a cost-effective way to improve the throughput of a sys-
tem. What happens when we add a cache (Figure 1.14b)? Let’s go back to
the interleaved example. Assume that we have the same zero-wait-state sys-
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Figure 1.14. (a) Performance vs. number of processors for the arbitrated system. As
processors are added, the overall system performance increases with diminishing returns,
until the system throughput actually begins to degrade with the addition of a CPU. The
curve is based on actual performance data for National Semiconductor’s 8060 CPU. (b)
Performance of a similar system using cached processors. By reducing each processor’s bus
utilization to 10% of its uncached figure, ten times as many processors can be added before

the bus saturates.
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tem as in the first example and that each processor has a cache with a very
modest 90% overall hit rate, or a miss rate of 10%. Suddenly, the 50% bus
usage requirement drops to 10% of 50%, or 5%. This implies that the bus
will not now saturate until 20 processors are installed! What a difference! Of
course, this is all in a very ideal environment, where the processors only re-
quire 50% of the bus bandwidth, and the main memory has no wait states.
We have just seen that wait states throw a whole new bent on the statistics,
and most processors require their buses more than 80% of the time.

An unfortunate side effect of adding caches to multiple-processor sys-
tems is that the designer must now account for all sorts of potential new
problems dictated by the possibility that two caches may contain copies of
the same data, and these multiple copies don’t automatically match each
other. This is such a difficult problem that the whole of Chapter 4 is devoted
to it! Suffice it to say that the benefits of adding caches to multiple-proces-
sor systems are strong enough to warrant the mind-numbing exercise of un-
derstanding multiprocessor cache protocols.

An odd twist that I have seen used to reduce bus traffic in multiple-
processor systems involves slow caches built of dynamic RAMs. The larger
the cache, the lower the miss rate. If traffic is your problem, then the miss
rate is your solution. DRAMs give you four times as much memory per dol-
lar as do SRAMs, but they are considerably slower. The designer of this
cache was much, much more interested in bus traffic than in the perfor-
mance of individual processors and thus chose to make a much larger, al-
beit slower DRAM cache rather than to make a faster SRAM cache.

1.9 REDUCING POWER CONSUMPTION

A new reason to use cache memories has recently surfaced and is the sub-
ject of some debate. Some folks contend that cache memories can be added
to a low-power system (like a notebook computer), causing the overall
power consumption to go down.

Opponents to this viewpoint immediately point out the high power con-
sumption of the fast memories and logic usually used to implement cache
designs. How can these be added to a system without increasing power con-
sumption? In addition, they often quote statistics showing that the major
power hogs of a notebook computer are the backlight on the flat-panel dis-
play and the hard disk drive, which together usually consume over two-
thirds of the system’s power.

Proponents argue that the cache cuts down on main memory cycles,
often allowing them to be nearly equivalent in number to the minimum
number of allowable refresh cycles. This in itself reduces the DRAMs’ power



















































