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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 I.I. 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 ofan input/output (1/0) 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 I.I 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, 
increases in clock frequency merely take the throughput of the system 
through a narrow band, indicated by the sawtooth pattern in Figure 1.1, 
without any hope of improving performance beyond a certain limit set by 
the memory access time. Even worse is the trend of both the peaks and val­
leys of the sawtooth graph to decrease as the system clock frequency in­
creases, a phenomenon I'm not sure I can fully explain. 

l .Z THE COST OF FAST MAIN MEMORY 3 

Of co ur • , this problem ca.n be fixed th r ugh the use of fast main mem­
ory. The o nl question remaining is wh at ·p ed of main memory must be 
used t ·uppon th fastest pos ·ible o pe raLion ? 

1.2 THE COST OF FAST MAIN MEMORY 

Fast ,main memo, i not incxpen ·iv a gen · raJ rnle Lhc diJT r n e b -
tw •en the price of a fas t memo.ry hip and th next fas test sp ed grad ca.n 
ran ge up to 50% o r 100%1 All this to gain an x.tra 20% in speed! 

If l11 world wer a fair place a 20% in rease in speed on a dynamic RAM 
(which I'll call a DI 1 ~ r the remainder of this book) would support a 
20% increase in ·peed in the CPIT. nfo rtunately, 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/0. 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 0ns. 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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Figure 1.2. A typical processor system, with processor, main memory, a direct memory 
access (OMA) device , and the buffers required to allow the OMA and processor to gain 
alternate access to the main memory. 

processor does not have an internal cache, with all buffers offering a 5ns 
propagation delay, and no other delays in the system such as those caused 
by pin capacitance or PC board loading (these will be spelled out in detail 
in Chapter 2, Section 2.5). To be fair, I've included both modes of opera­
tion 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 
CLU'Ve is very steep, showing how the speed of the main mem ry 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 to 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 ofa program is repetitive? This question is answered by the 
principle oflocality, 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 

OOOG 1000 START: 

0000 1004 

0000 1008 LOJP: 

0000 lOOC 

0000 1010 

0000 1014 

0000 1018 

INSI'RUCTION 

WAD SP, #FOOO 0007 

WAD Rl, #0000 0063 

JSR SUBl 

DJNZ Rl,LOOP 

BLAH 

BLAH 

BLAH 

CC!-1MENI' 

;Load stack pointer with a value 

;which will assure a stack thrash. 

; Set up loop counter to loop 99 times 

; ( 63 hexadecim,l) . 

;Jurrp to a subroutine with a 

; thrashable address. 

; Repeat the above process 99 times 

;before proceeding. 

;Continue this program 

•* The following is the subroutine called by the main program shown above 

0001 1008 SUBl: LOAD R2, (R l+ "1000) ;Get a character pointed to by 

;Rl+lOOO hex 

0001 lOOC 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 lov,er-case 2, 

0001 1018 STORE (Rl+#lOOO), R2 

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

Figure 1.4. Al1 example piece of assembly code to demonstrate locality. 
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•irst a loop is u ed lo look through a 99-cbaracter string stored in mem­
er • c~nd, a subrouLin coma.in a piece of code which might be useful Lo 
0
;~ .. parts of the main program. During the enu-y and exiL of Lbe subrou­

~n ., the sLa k .i u cl L c mp rarily ' Lor and r,tri ve Lhc calling r utin 's 
t rogram counter. The function of this pie f od is to scan a Lring for 
~ upperca e leuer "A" and lo c.hang all u h cun·en es within LhaL uing 
into lowercase "z." 

The Iirsl p rfe tly obvious fact is that the code is written s thaL I.he same 
·eL of instru tion , mostly those within the subroutine is used repealedly 
while the pr e · or i rnnning through the loop. he principle of spatial lo­
alit refer lO Lhefa l thaL th a lliugxoutine, h ubroutine, and the scack 
pa call x.i tin th.re very narrow area tarting aLLh Lhree address 0000 

000 , 0000 1000, and 0001100 . 

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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ho tocopy machin is lose to the filing cabine is, o ma king an extra op 
po tak back co the d skis no problem. But wllo kn w which fil es will b r -
tu sted repeat · dly and whic.b will be reque ted only one ? Being unabl to 
~r diet th • futur , the cl_erk will simply make a c py of v ry do um nt 
which is pulled.from the fi.le. 

This t· rts off very easily. vVhen a file is r que ted, th cle rk pu a copy 
of it into the desk's fil e drawer and makes a note of the fact that it is 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. Ifit 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 



Number: 867-5309 
Name: Jenny Lovelorn 
Status: Excellent 

Number: 362-4360 
Name: Angus Young 
Status: Foreclosure 

DIRECTORY 

Slot 
0 
1 
2 
3 

Phone 
867-5309 
362-4360 
437-8000 
365-1854 

9998 437-8471 
9999 437-8228 

Access 
10/29 
6/3 
12/30 
1/5 

11/18 
2/17 

Each entry on the 
Directory corresponds 
to a document filed in 
the drawer. 

Figure 1.5. A clerk at a credit bureau is responsible for giving callers credit reports from a 
bank of250 filing cabinets, represen ting the entire set of te lephone numbers within an area 
code. 

Each File Drawer Contains Files 
for All Phones Within a Prefix 
(i.e. 997-0000 through 997-9999) 

• • 
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• , 1 memory 
. The bus buffers nie ave, im .• . 

s1cal1 Lhe sam chips which Joul;~rta,\tfrmc.tion, _even though they are ba-
hown in Figur 1.2. Tb e I rr - . a_ve Jeen ti d m Lhe noncac.b d y Len, 

L1 )uuc1s aie now contr l1 d. 
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cache hit) , th n the main :co a °:1am m mory location (this is alled a 
p~•s data pins. In many cache:~ int: a~owed ~o put its data onto I.h e 

mam memory unless the ache ·1 _g. 'ct· ddres • _n verevensenttolh 
. li 1a in icated th t • d 
icp ca oft11e data request, d by the CPU ( a. tl oe n l contain a 
Sod□ringallca h .hit ycle Lh CPU acachennss r ometimesfault). 
each misses th CP co ' . conv r s with the cac.he and in all ,. • nverses w1t11 main • 
th CPU, lh cac.h data RAM and . memory. The data bus between 
ferrc~ L as Lb each ' data p~th. the system bus buffers is sometimes re-

Tying t11 wb le ystem tog tber is the ' 
call d the cache controller or· each cache s control logic, which is 
• . e manageme ti • r · m1.pl men ts u, alg-oriilim wb 'ch . n Ogic. t rs this logic which 

• I moves data mto and out of the cache data 
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memory and the ca h dir to . This is the rux of a he d igns, and the 
each logic embodies me impl m ntation of some hotly debat ·•d decisi ns 
call d the ca he strategy. When a strategy is decided upon and imple­
mented, it becomes me cache's policies. Polici swill be evalual d in som 
d tail in hapter 2. The control logic also d t nuin when to turn the buss 
buffe rs on and off and when to read from and write to th ache data RAM . 
In some systems, the system bus interface is sufficienLly comp I x L11at the sys­
tem bus side of the cache controller is ubdivided into its own portion of the 
cache control logic, in which case it may be called me 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, conver ely, is the re­
maining percentage of CPU cycle . Throughput of a ca hed system can be 
computed based upon fue average numb r 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 a hiev d .number) tbc average number of 
wait states for the cached system would b 10% • 3 = 0.3 wait states per mem­
Ol)' L')'c.l . Fractional wail states are perfe tly valid in this son of cal ulation, 
siJ1c this is an average between wait tate and zero-wait cycles. The same ys­
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 interestingwa oflook.ing at this is to expand the problem 
to see where all the system do k rcles 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 me Lim th 
CPU would be attempting to get through 20% of the in. tructions. 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, howevet-, 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 it is 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 address.tble memory (CAM), an address presented to the compare 
address bus is compared simultaneo usly 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. Ifno 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 not ready 
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 



16 WHAT IS A CACHE MEMORY? 

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., l00ns). 

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 cross-reference the directory to determine which desk 
drawer location contains the file. If the prefix (867) at the correct se t 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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tra ied, th se t-a ' ·ociative each does no t a llow a main mem ory locatio n to 

6 mapped into an I ca h addr ss, but inst ad the cache is c n tra in d o 
i.h 1 ,li e lower ddr bits f Lh a he location must ma tch Lbe lower ad­
dr . •hit · of th e mat bing main m mot addr,.s. ince the pro e o r will b 
runniug through a ·mall g.roup of sequential addr ss s, this lo ks a if it 
ho u.ld po e n problem, and Lhe se t-associa tive ca he should run eve.t bit 

as effi i >oLly as th e more compl ·x fully associati e 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). Thi means thal the delay beLween h pro esso r 's addr oUL­
pul and ti data reLUrning from Lbe each • a lea t equal Lo the combined 
propaga tion delays f th CAM and the RAM. T hus, if da ta needs to b r e­
turned to the processor within , say, 30ns, th en (ha L 30n mu t be cLividcd 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 (984-5309) is being accessed. To set­
tle the delay issue, though, notice that during the processor cycle time, the 
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cach e directory and th a he data RAM a r bci □g cxamin d im-ultaneou l , 
with l)l output of 1.he ca he directory being used simply t te ll th CP 
wh th r 1. proceed al fu ll spe d (a hit) or to wait while a main memory ac­
cess i us d L fetch the data which was requested b 1.he PU 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 en try 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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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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la ed by anoLher c mmonly u d l.ocation. Every Lime 1.h CP ca n ' t find 
pl IL 1· 1. n •eds within the cache, it must perform a main m m ry acce a t the 
w H 
slower sp ed of main m emory. This makes these a ces ·e at lea t as slow as 
they would have been had th re been no cache. . 

a the proces r mu t examin two addrcsse in close sequ nee which 
n1.ain th ·aiu e e t bits. How can this happen? There are . ev ral ways. 

First, mosl ode i on tru t d out of calling routine and ubroutine •. 
T h re is a rea onable pos ibili ty that som of the o_de in Lhe ubroutin e wilJ 
have the same set bits as the code in the calling routine, since the calling 
routine may be nowhere near the subroutine. This is especially true for 
small caches which have fewer set bits, which makes the odds of a conflict 
higher. Next, onsider wbat happen when a subroutine is called. The pro­
gram counter and possibly lots of other r gisters are pushed onw the stack. 
Whei: is the ta k? Whal are the po ibilities that the stack's cl bits m atch 
the set bits of some of the code in the calling routine and the subroutine? 
Another place where the set bits might get confused is when the program 
uses a pointer, say, to move a block of values or to examine a text string. Last, 
think of what happens when an interrupt is serviced. Will the interrupt's ser­
vice routine ( or some subroutine called by that service routine) have set bits 
which match the set bits of a calling routine address? Any of these scenarios 
can cause the cache to thrash. 

For an example, let's reexamine the piece of code shown in Figure 1.4. 
Three addresses have the last three digits of008 hexadecimal: the beginning 
of the loop in the calling routine, the stack pointer, and the beginning of 
the subroutine. If our cache uses these three last digits as a set address, or 
uses a subset of these three digits, then the cache will thrash. The next para­
graph and the diagram in Figure 1.11 will illustrate this in detail. The stack 
pointer is a kind of "gotcha" in this instance, since it causes the CPU to over­
write other items in the cache. I'm pointing this out, because a lot of de­
signers tend to forget that instructions which push and pop items perform 
reads and writes that you have to think about in order to remember. It is 
macho for a cache designer to always know where the stack pointer is, es­
pecially under a multitasking operating system. 

First, the cache loads address 0000 1000, the "load stack pointer" in­
struction. This gets put into cache location 000, and at tag location 000 the 
tag address 0000 1 is written. All this happens at main memory cycle times, 
so the cache does not accelerate this particular cycle. Similarly, the next two 
instructions are loaded at main memory access times into cache addresses 
004 and 008, and the tags for these two newly cached copies of these in­
structions are also filled with 0000 1 at tag addresses 004 and 008. The in­
struction at location 0000 1008 is a 'Jump to subroutine" (JSR), so the pro­
gram counter is pushed onto the stack at stack location F000 0008, and, in 
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Figure I. 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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of the cache by the first instruction of the subroutine. No cache speed ad­
vantage is realized for this stack address. Finally, the calling loop is reen­
tered, and the JSR instruction from address 0000 1008 is again fetched from 
main memory, instead of cache, once again at a slower main memory cycle 
time. This whole process of the three items continually replacing each other 
in the cache is repeated 99 times. Obviously, locations with the lower ad­
dress bits matching 008 have not benefited at all from the use of cache! 

The main point of this illustration is to show that thrashing is common­
place in small caches, but fades in importance in larger caches, as the num­
ber of set bits increases, causing the likelihood of confusion between the set 
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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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. h no match between any addres bit . In Chapter 2, we will examine 
witl e architectures which fall b twe nth set-associative and the fully asso­cac 1 

ciaLive models. 
Another buzzword relating to thrashing is the compulsory miss. Some 
che misses will occur no matter h w good 1.he cache de ign i ·, im ply b -ca 

caHSC 1.be cache i b ing a ·k d Lo provid data which il had n r asoa to 
have previously contained. Since lh re is no way t av id u h mi s, the 
are call ,d ompulsory mi ses. Thrashing never cau es compul ory 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 I01 105 500 
On-chip cache 104 104 300 
Off-<:hip cache 105 I01 100 
Main memory 107 10° 50 
Hard disk JOB 10-1 15 
Magnetic tape Infinite 10-2 

Source: Dataquest 1997. 
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On reason for adding a cache to a system has not yet been rnenti ned in 
this chapter: Multipro essors an take advan.ta e of cache mem rie LO im­
prove the effective bus bandwidth into their main memories. Bus band­
width, also called bus traffic or simply traffic, is a measure in byte 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 wiclt.h 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 econd. The percent.age of the bus' 
bandwidth 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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Figure 1.12. (a) A loosely 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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em rn.ight hesitate to sp nd extra money to improve the hit rate of a cache 
~esign from 96% to 98%. The effect on benchmarks would be negligible. In 
a mulciple-proce sor system, however the difference between a hit rate of 
g6% and a bit ra te of98% translates to a difference in miss rates of 4% and 

2%, or doubt . In other words, one d sign would require half the bandwidth 
or the o ther, so half the number f 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
gwnen t, I ' t ' assume that the pr cessor used in th example u es two cycl 
per instruct..i n, that all instructions require a single memory a cess (an un­
realistically low number), and that main memory has zero-wait performanc 
With a single processor, half of the main memory's bandwidth is used, and 
we can achieve a normalized performance level of 100%. Ifwe 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 rolloffwhen 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 oflooking 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 at a 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 ofa 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 l.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, 
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curve is based on a wal performance data for National Semiconduttor 's 8060 CP . (b) 
Performanc of a similar system using ached proces.~ors. By r ducing each pro e • ·cJr 's bus 
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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 itselfreduces the DRAMs' power 
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ar a cess cl for every mem I de near! off tting Lh p w 1· di ipation 
ofan equal number of RAM. Furt.h r, ifth numberof'DRAMswbic.h a r 
ac ,s d a l an on Lime i larger than th numb r r RAMs\ ·bi h a r 
turned on for the cache Lhe power con_ ·mned will ne essaril be lower when 
the proc s or operates from cache tban when it op rates from main mem-

0 1 . Las ly, th fewer wait Lates incurred by Lhe P b tween its shutdown 

1 
eriods, tJ1 lower th· P ' overaHpower con,umpti n will be. 
Thejw i noL yet in on Llti ne. M , o, n u pi ion i that the advantage 

ofa cache as a power-saving device is small ifit even exists, and is highly soft­
ware dependent. Imagine a system manufacturer boasting that the battery 
life of a certain model was typically three hours running Lotus 1-2-3 but up 
to five hours running Microsoft Word! 

In certain hand-held systems, the processor's internal cache can be used 
in conjunction with hand-tailored software to reduce power consumption. 
First of all, software is chopped up to fit into the cache in modules, so that 
an entire module will reside in the cache when it is needed. When the mod­
ule is being loaded into the cache, the main memory (sometimes a ROM or 
other nonvolatile memory) runs at normal power. When the module is 
being executed within the cache, the main memory need not be powered 
up, so it is either put into a reduced-power mode, or it is turned off com­
pletely. In this way, the power consumption can be reduced through the use 
of the cache, and if the software is properly tuned to minimize cache ac­
cesses, power consumption can be minimized. 

1.10 AN EXAMPLE CACHE 

Figure 1.15 shows an example cache just to assure you that cache designs are 
not that difficult. The cache is an old one designed for a 68020, a 32-bit Mo­
torola processor with no on-board cache. The cache is designed using dis­
crete logic rather than programmable logic, which is an advantage to us 
since it makes the design easy to understand. 

Figure 1.15a shows two memory arrays, the cache-tag RAM at the left, 
and the cache data RAM on the right. With more modern parts the entire 
cache data RAM could be implemented using only one-quarter of a single 
32Kx32 SRAM chip. The cache-tag RAM has been implemented with inte­
grated resettable cache-tag SRAM chips, devices which will be explained in 
detail in Chapter 2. Fundamentally there is little difference between these 
ICs and standard 8Kx8s. 

~oving to Figure 1.15b, we see all of the logic required to implement the 
entll"e cache. This amounts to six storage elements, 16 two-input gates, and 
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five inverters. The address decoder UIO is simply used to map addresses 
into software cache reset commands. The name of the cache's policies is ac­
tually far more intimidating than this handful oflogic would lead you to be­
lieve. This cache is a direct-mapped write-through unified logical cache. As 
you can see, there is more to the name than there is to the logic. 

Still, don't be led astray by the logic's simplicity! There are many ap­
proaches which at first seem quite simple, and require very little logic to im­
plement, but they involve so many interdependencies with the rest of the sys­
tem that the problem soon dissolves into a mind-numbing exercise, and 
many designers fail to get their cache designs right the first time. Chips & 
Technologies was hurt badly by delays in the M/PAX chipset stemming 
from cache policies, and Intel had shipped millions of Pentium processors 
before they had all the bugs worked out of their multiprocessing cache pro­
tocol. CHAPTER 2 

HOW ARE CACHES DESIGNED? 

In this chapter we will examine some of the methodology or "tricks of the 
trade" used in cache design. Although no especially complex design tech­
niques are used, a substantial amount of thought has been devoted to un­
masking the obvious, and the typical designer will end up having to make 
mental notes about a lot of cache-specific rules of thumb in order to prop­
erly perform cache designs. 

2.1 THE CPU-TO-MAIN-MEMORY INTERFACE 

A CPU cache actually is inserted between the CPU and the system's main 
memory, as discussed in Chapter 1. Because of this, the interface between 
the CPU and main memory must be matched by the cache in order for the 
cache to deceive the CPU into believing that the cache access is actually a 
main memory access and nothing more. 

2.1.1 Why Main Memory Is Too Slow for Modern CPUs 

It seems that all portions of the computer system are speeding up simulta­
neously, so the system designer might very well come to the conclusion that 
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Figure 2.1. A typical computing system, illustrating the delay paths be tween the CPU and 
main memory. In this example system, there is a backplane between the main memory and 
the CPU. 

any increase in CPU clock speed will be matched by an increase in memory 
speed adequate enough that the system throughput can be increased by 
50%, for example, simply by combining a 50% faster main memory and a 
50% faster CPU. The same upgrades in semiconductor processing technol­
ogy which made the processor capable of handling a 50% faster clock rate 
should be able to produce a like increase in memory speed, so there should 
be no problem. 

The error in this line of thought is that it oversimplifies the problem. 
Quite obviously, from Figure 2.1, we can see that there are logic elements 
which isolate the CPU from main memory. Examples of such devices would 
be the buffers required to isolate the CPU from main memory during DMA 
accesses or DRAM refresh cycles. Buffers are also necessary in most systems 
simply because CPUs are not designed to support heavy loading on their 
output pins. Microprocessor timing and output current are usually specified 
into loads which are far smaller than the collective input capacitance of ten 
or more other ICs, so the address output buffers become a necessity. 

Now each of these buffers adds a delay, which does not scale very well 
with the speed increases of the memories or CPUs of a similar semiconduc­
tor process technology. A 5ns gate in one technology would do well to lose 
0.5 to Ins by a change to the next generation process. Part of the reason for 
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this is that it takes a finite amount of time just to move an output pin up and 
down. This action takes around 3ns for TTL 1/0 levels. As the CPU gets 
faster, buffer delays consume a larger and larger percentage of the main 
memory's allowed cycle time. 

Other timing which does not scale to process and further compounds the 
problem consists of specifications like data set-up time and data hold time. 
Although microprocessor manufacturers will often slightly reduce their 
products' set-up times for faster speed grades, the reduction is anything but 
proportional to the change in clock frequency and often runs into a brick 
wall at the faster CPU clock rates, showing no change between the fastest 
and the next lower speed grades. 

Figure 2.2 illustrates the squeeze put onto main memory speeds by these 
less flexible parameters. Taken to the absurd, a fast enough processor would 
require a main memory with a negative access time in order for that proces­
sor to run at its fastest throughput. So far, dynamic RAMs have not shown 
any capability to predict the future. 

2.1.2 How the CPU Handles System Bus Delays 

Present-day microprocessors nearly all follow a similar bus protocol. Split 
transactions are only used in the most advanced processor interfaces. In a 
split transaction, the processor issues a command, then removes itself from 
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the bus until a memory or I/O device issues a response. In systems not using 
a split-transaction protocol, once the address is issued, the processor stays in 
control of the bus and waits until the transaction is terminated. Should an­
other bus master override this transaction, then the entire process is 
restarted once the processor regains control of the bus. 

Microprocessors use an input signal to determine whether or not the 
data returned from main memory has settled and is valid. The micro­
processor is then allowed to terminate the cycle. The name of this signal 
varies from processor to processor, but is generally referred to as a Ready sig­
nal. We will use the global term "Ready" in this book, even with processors 
which use a different naming convention. 

The Ready input is generated by a device whose response time is set to 
match the access time of main memory or any other bus device over which 
the processor has control (i.e., I/O devices). In slower systems, tl1e CPU al­
lows ample time for all devices to respond. This would especially be true of 
processors running at clock frequencies of 1 to 10 MHz. In systems whose 
bus devices all respond as fast as the processor requires, the Ready input is 
often hard-wired to an asserted state, indicating that the data will always be 
ready in time for the CPU's request. Systems which require the CPU to pace 
itself to the memory or I/O devices might use monostable multivibrators 
(one-shots), short shift registers, or counters to generate varying length de­
lays to account for different speed memory or 1/0 devices (see Figure 2.3). 
The delay times of these timing generators are triggered by the command 
from the processor to the memory or I/O device which tells that device to 
initiate a bus transaction. The timing generator is set to match or exceed the 
time required by the memory or 1/0 device to allow the bus transaction to 
be completed. Highly tuned systems will use one timing generator for each 
different delay in the system. Less speed-critical applications will use a sin­
gle timing generator for all response times, and simply set the delay to 
match the slowest device on the bus. 

Should the Ready input respond, when the CPU samples it, that the bus 
data is not ready, the CPU will wait for a clock cycle, then sample the signal 
again. All processor output signals are static from the time that the Ready 
input is expected until the time when it is asserted. Cache designers realize 
that their systems cannot realistically run without wait states, so they attempt 
to bring the number of wait states to an absolute minimum for a given 
processor clock frequency. 

2.1.3 The Cache's Interface to the CPU 

The cache has to be in control of the CPU. If the cache contains a valid copy 
of the data requested by the CPU during a CPU read cycle, then the cache 
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allows the CPU to progress at the cache's speed. If the cache does not con­
tain a copy, then the cache initiates a main memory read cycle, copies the 
data supplied by the main memory (which the main memory has indicated 
is valid via a Ready output from the main memory to the CPU), and permits 
the CPU to continue. Data fed to the CPU is routed by the cache controller 
from either the cache, in tl1e case of a cache hit, or the buffers which isolate 
the main memory from the cache/CPU bus, in the case of a cache miss. 

The cache must intercept all of the CPU's signals, both inputs and out­
puts, and determine whether these signals are to be routed to/from main 
memory or whether they should stay local to the cache. In a way, the cache 
is an insulating layer between the CPU and the outside world. 
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There are four basic sorts of cache/CPU interaction, all of which are con­
trolled by the cache controller: read hit, read miss, write hit, and write miss. 
These are illustrated in Figure 2.4. In a cache read hit, the buffers are turned 
off to isolate the CPU/ cache subsystem from the rest of the computer, and 
the cache controller generates the Ready signal to the CPU. No interaction 
is required between the CPU/ cache subsystem and the main memory bus, 
and certain systems take advantage of this by allowing OMA or other devices 
to control the main memory while the CPU operates out of the cache. 

Occasionally, a designer will allow the CPU address to propagate through 
the address buffers to the bus at the beginning of every cycle, whether the 
cycle turns out to be a read hit or a read miss. The cache is designed in such 
a way as to initiate a main memory access at the same time as the cache ac­
cess, rather than to wait for a cache miss before commencing the main mem­
ory access. This approach can shorten the main memory access time in the 
event of a cache miss and will serve to improve the operation of single­
processor, single-tasking systems, but can work to the detriment of multi­
tasking systems and multiprocessing systems, since the cache will allow the 
CPU to waste considerable amounts of main memory bus bandwidth. Such 
caches can be referred to as look aside designs. Since the processor has the 
option of going to either the cache or main memory at all times to request 
data, the look aside cache can be an add-on to the computer system. 

Caches which place themselves right in the middle of things and inter­
vene in all CPU to main memory transactions are called look through or in­
line caches. A look through cache first looks in the cache for the location to 
be accessed. Only after a miss is detected can the cache trigger the start of 
a main memory cycle. There is a plus and a minus to this. The plus is that a 
look through cache dramatically reduces main memory bus traffic. This is 
really important in systems where other processors must access the main 
memory bus. The minus is that all main memory accesses due to cache miss 
cycles are now lengthened by the time it takes to determine that a cache miss 
has occurred. Fortunately, this doesn't happen very often, and since the 
cache is designed to respond as quickly as possible, the delay is not large. 
Still, this is enough of a consideration to have earned its own buzzword, 
which is lookup penalty. 

The read miss cycle, where the contents of the directory are found not to 
match the address being output by the CPU, is handled in just the opposite 
manner. The cache outputs are turned off, and the address and data buffers 
are turned on, allowing main memory data to be fed to the CPU. The cache 
controller's Ready signal is also turned off, and the system's Ready is di­
rected to the CPU instead. As the CPU reads the main memory data, the 
cache controller commands the cache data RAM to grab a copy, and com­
mands the cache-tag RAM to copy the tag bits of the CPU's address outputs, 
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)!us ven 'lri ting any pre iously existing line of cache data and dire tm ad­
\ress whi ·h previously r ided at the same se t address. T liis "read from ma.in 
~nemo / wii t to a he" ycJe i called a line update, update, copy-in, fetch, 
Jine fill r line replacement cycle. I'll try t ti~k wiLh just "lin fill " LO keep 
th on usion to a minimum. (Although we will not defin the word "line" 
in specific d tail until Section 2.2.5, for now we will u th I os definiti n 
that an en u in a ache corre pa neling to a ingl e t addr s i ca he 
1iJ1C. ) The new data is nm available from th ca h wher it mo L probably 
will b accc sed several more times during subsequent cache hit cycles be­
fore it, too is ov rwritten. his paragraph d scribes the major, major con­
cept b hind cache memory design, so you don't want to skip ahead if you 
feel like it didn't soak in. 

Just as there are compul 01-y misses, as de.fin d in Section 1.6, where 
missed data could not have been expected to have previously resided within 
the cache, a compulsory line fill is a line fill which could not have been 
avoided by using a better cache strategy. 

Write hit cycles are handled in either of two ways. These are complex 
enough to warrant their own section, so a full explanation of these two 
strategies is given in Section 2.2.4. In the example in Figure 2.4c, the match­
ing cache line and main memory are both updated with the new data. 

Write miss cycles are a free-for-all and are handled in any of a number of 
different ways. In caches like the one in Figure 2.4d, write misses are ig­
nored by the cache and are passed directly through to the main memory. In 
others, the write data is used to overwrite a line in cache as it is written to 
main memory. A third way of handling write misses is to overwrite a line in 
cache and to disallow the write cycle from being copied into main memory. 
In Section 2.2.4, I will try to justify these and other approaches and show 
which fit into which write strategy. 

Designers who have wrestled with problems of ill-defined restart se­
quences have probably already wondered how a cache comes up after a cold 
start. Obviously, all the data in the cache data RAM, as well as all of the ad­
dresses in the cache's directory, are completely random. How do designers 
avoid the possibility that this random data will be mistaken for good data 
and will generate false cache hit cycles? There are actually two easy methods 
of handling this situation. The least expensive method is to disallow the 
cache from supplying data to the processor until a bootstrap routine (usu­
ally in programmable read-only memory [PROM]) has had an opportunity 
to overwrite all cache data and tag addresses. A one-bit, hardware-resettable 
flag feeds into the cache controller, signifying that the entire cache is to be 
ignored. The bootstrap routine reads a memory block of a size equivalent 
to the size of the cache, from the bootstrap PROM itself, and each of these 
read cycles will be treated by the cache controller as a read miss cycle, so the 
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cache controller will write a new copy of the bootstrap into the cache. Once 

the entire cache has been overwritten with this new data, the one-bit flag is 

set via software, and the cache controller now allows the cache to supply 

zero-wait data to the processor. 
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A more common method of signifying the validity of the contents of the 

cache is to provide a Valid state indicator for every line in the cache. Al­

though validity is usually indicated by a dedicated Valid bit, some of the 

more sophisticated coherency protocols detailed in Chapter 4 allow four or 
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3 1 Address Tag 3 Valid Data ,__ 
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6 1 Address Tag 6 Valid Data ,__ 
7 1 Address Tag 7 Valid Data ,__ 

Figure 2.5. Typical contents of a cache data RAM and its matching cache-tag RAM and 
Valid bit RAMs. 

five states to exist for every cache line, and the Valid state is one of many en­
coded onto two or three state bits. Figure 2.5 shows the memory organiza­
tion of a cache-tag RAM and the corresponding cache data RAM in one type 
of system using Valid bits. Alternatives to this particular layout will be de­
tailed in Section 2.2.5. 

The problem still exists of how to assure that every line's Valid bit is reset 
to an Invalid state after a cold start. There are two easy answers to this prob­
lem. First, the cache with one Valid bit per line could replicate the cache In­
valid flag just described, where the cache would be turned off until all Valid 
bits had an opportunity to be validated or invalidated. This may seem not to 
make sense, but we will see in Chapter 4 that such a scheme can prove ben­
eficial if the Valid state is part of a more complex line status scheme. Sec­
ond, all Valid bits can be reset after a cold start. There are three simple ways 
to perform this. One is to purchase specialty static RAMs which have a reset 
feature built in. The application in Figure 1.15 uses this method. Another 
method is to use a standard static RAM to hold the Valid bits and to use a 
small state machine to run through all addresses, writing an Invalid state to 
the Valid bits of all addresses after a system reset, while holding the proces­
sor in an idle state . This type of reset sequence is performed internally by 
certain CPUs. The last method is very similar to the method first described, 
where all cache locations are set to Valid states before the cache is enabled, 
but, with this last method, the entire cache is written to Invalid states dur­
ing the cache's disabled state. The difference between this method and the 
one described at the beginning of this paragraph is negligible and would 
probably depend only on whether the bootstrap program was or was not 
cacheable. 

There is an extremely simple method of generating Valid bits which is 
used in many commercially available cache designs. Cache-tag RAMs are 
constructed using a comparator and a standard static RAM. Certain inte-
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grated cache-tag RAMs contain a comparator and a resettable static RAM 
(Figure 2.6). The reset pin on these RAMs clears every bit in the entire mem­
ory array to zeros. The trick is to tie any spare data bit inputs on these de­
vices to a logic high level, so that, on a compare cycle, these inputs will ei­
ther be compared to a zero, indicating that no tag address has been written 
into the RAM since it was reset, or a one, which means that a write cycle has 
indeed occurred, and the high level on these data inputs has been written 
into the selected RAM set address. 

2.2 CHOOSING CACHE POLICIES 

There are numerous cache policies, only the most common of which will be 
dealt with in this book. Cache policies are the rules of operation of the 
cache. Which cycles will be read from the cache instead of main memory? 
Where does the cache fit into the system? How associative is the cache? What 
happens during write cycles? All of these questions must be answered for all 
cases before the design is even started. 
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Cache policies are chosen for a single motive. The designer wants to get 
the most performance for the lowest cost. Two variables play into this equa­
tion: 1) Which is more important, to save engineering time or to save over­
all system parts cost? 2) Is the cache to be integrated or constructed frorn 
discrete components? 

After reading this chapter, you should have gotten the impression that 
certain cache designs are pretty trivial and can be designed in little time. On 
the other hand, the last drop of performance can be eked out of a cache if 
the designer spends a near-infinite amount of time on its development. An­
other point I will be making where applicable is that certain architectures 
don't combine well with standard RAM organizations. In a few cases, this 
problem has been addressed by static RAM manufacturers, but, for the most 
part, more sophisticated architectures can best be handled in a dedicated 
single-chip cache design. This avenue has been explored by the designers 
of the in tern al caches on processor chips. 

One problem in trying to produce the optimum cache design is the ex­
ercise of optimizing an equation which has about 20 variables. We will ex­
plore these variables in this chapter. 

Cache policies may be chosen in a number of ways, depending on the 
generality of the system and the amount of resources available to improve 
the design. In the best case, the hardware and software of the system are 
being designed together, and the software contains few enough cases that 
the hardware can be optimized to a very good degree, based on a large 
amount of empirical research on the effects of different cache policies on 
the software's performance. In the worst case, the hardware designer is 
asked to design a cache without any knowledge of the software to run on the 
system, no empirical data, nor any chance to develop any, and with very lit­
tle education about the trade-offs of various cache policies. Real-life sce­
narios tend to follow the financial strength of the company producing the 
system and the openness of the system. Closed systems designed within prof­
itable firms will usually follow the best case scenario, while less profitable 
firms designing systems to compete in an open systems market will have to 
suffer with a scenario very similar to the worst case. 

The following examples should help those designers who cannot afford 
much in the wa c,f empirical studies and will serve to illustrate the trade-offs 
of various policies to those just learning the art of cache design. 

2.2.1 Logical vs. Physical 

In systems using virtual addressing, caches can reside either upstream (on 
the CPU side) or downstream (on the main memory side) of the processor's 
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,ncmory managem nL unit (MMU). Both configurations are illustrated in 
FigLII' 2.7. The addresses upstream fthe MMU_are all logical or virtual ad­
dl'e se , and die addresses down tream are phys1eal addresses. If the cache 
i pla ed upstream of the MMU, iL i called a logical cache or virtual cache, 
,ind if th ache is down Lream of th MMU, it is called a physical cache. Ei­
Lher pla ement has pro and c ns. 

incc th logical cache is up Lr am of a delay-causing device (the MMU), 
a logical desi n can run faster than a physical design .A logical cache for the 
Motorola 68020 PU was shown in Figure 1. 15. The 68020 used a separate 
chip for its MMU, and Figure l.15's cache was placed on the processor side 
of the MMU chip. 

Problems arise in logical caches with a phenomenon called address alias­
ing, simply aliasing, or synonyms. In virtual memory systems, the same phys­
ical address may be mappe l t two or more completely different logical ad­
dresses. Say that both of these logical addresses were cached and that a write 
cycle occurred to one of them. The cache would update on cached copy of 
the physical address as well as the main memory itself (policies permitting), 
but the cached copy of the other logical address would remain unchanged 
and would subsequently contain erroneous data. Several solutions for this 
problem exist, and one will be documented thoroughly in Section 4.2.2, but 
these solutions are not trivial. 

2.2.2 Associativity 

In Section 1.5, we saw the difference between a set-associative and a fully as­
sociative cache. In a fully associative cache, there was one comparator per 
line in the directory, and all lines were examined at once for a match. In the 
set-associative cache, only one comparator was used, and the directory was 
divided into set bits and tag bits, the set bits determining exactly where 
within the cache a piece of data would reside. Since there was such a limi­
tation, no two cache lines in the set-associative design could use the same 
lower address or set bits. This could lead to thrashing, a process where two 
addresses were continually displacing each other in the cache at the ex­
pense of through put. You may recall that thrashing occurs not only because 
of instructions stepping on each other's toes, but also when something gets 
pushed into a stack location, or data is read or written, and the set bits hap­
pen to match the set bits of a valid cached location. 

A middle ground lies between the two extremes of a fully associative de­
sign and a set-associative design. By adding comparators to a simple set­
associative cache design, higher degrees of associativity can be achieved. By 
adding a single degree of associativity to the design of a cache, there will be 
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another location into which main memory addresses with shared set bits 
can be mapped. If two locations would ordinarily thrash with each other in 
a single-comparator design, they will no longer need to thrash in a design 
with a second degree of associativily. The cache of Section 1.6 used a single 
comparator, a single cache-tag RAM, and a single cache data RAM, giving it 
a single degree of associativity. This is the simplest, most common way to de­
sign a cache and is called a direct-mapped implementation. 

In smaller caches, a significant hit rate improvement can be realized 
through the implementation of greater degrees of associativity or more 
Ways (sometimes called banks) in the cache. Each Way in a cache is preuy 
much another cache which is a carbon copy of the others (Figure 2.8). 
Where a direct-mapped cache consists of a cache data RAM, a cache-tag 
RAM (built out of a RAM and a comparator), a cache controller, and isola­
tion buffers, an N-Way set-associative cache uses N cache data RAMs and N 
cache-tag RAMs (built out of N RAMs and N comparators), a cache con­
troller, and isolation buffers. In a set-associative cache, a main memory ad­
dress can be mapped into as many different places in the cache as there are 
Ways. (One-Way caches are always called clire l-mapped caches.) 

Here's an example: A 16K-byte, dire t-mapped cache for a 16-bit micro­
processor could be designed using two 8K x 8 SRAMs for the cache data 
RAM, and possibly one more 8K x 8-bit SRAM and comparator for the 
cache-tag RAM (depending on the number of address bits used in the sys­
tem, 20 for this example). To build a two-Way, 16K.-byte cache for the same 
system, four 4K x 8-bit data RAMs would be needed, and two 4K x 9-bit 
RAMs and comparators would be required to implement the tag. 

The reason that there are more tag bits in the two-Way design is that each 
cache acts independently, so they must each behave as if they were the only 

K-byte cache in th . ystem. You can piece Logether a trend from lhi im­
ple exam pl . For a given each ize, ino·easing the associativity decreac;es the 
depth of th cache, thus deer a ing the numb r of set bits. The disp laced 
bits must in t1un be made int n w tag bit , so th cach e-tag RA! '1s and com­
parators must be made wider. Giv n the numb r faddr bits we have as-
urned (20), a 161<.-byte cache would require th we ofl3 e t bits, even tag 

bits, and a Valid bit, whereas an 81-b te cache would need to have 12 t bits, 
ight 1.ag bits, plus a alid bit. In a similar mann r, a four-Way, 16K-byt 

ca h would r quire 11 et bits and nine tag biLS. Tf you Lake this to the ex­
u· me, you o m right back around to lhe ntent addressabl memory of 
Figure 1. 7. Ea h cache data RAM has b • en redu ed down lo a single loca­
ti n, and th r are 2' each la.ta RAM· in the fully a~sociative a.ch . Like­
wise , there are 2"' separate ach -tag RAMs (and omparal r ), each of 
which stores only a single address. The numb ~r of t bits bas be n redu ed 
to zer , and the address now consist'> emir Iy of tag bits. In a folly as ·ocia· 
tive cache, every cache line is a different Way. 
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In an N-Wa ache, all of the set bits ar sent simultaneously to every, ay s 
;1chc-tag RAM and c che daLa JU M , so th final decision of which Way to 

. mes down t oabling the appropriate Way' · each data RANrs data 
u c put pins wh n Lhat Wa ' ca h Lag RAM indicate that a hit ha ccuned. 
out O • unfortunate ·a ·ualt of the confli ts of tennin J gy in Lhi .field is 
tl word page. To an MMU, a pa is the cti.oo of mai:n m m I rcfencd 
ieb th trans.lated bits. Thi is the t nninology we used in lh preceding 

t\oon. To certain cache designers t.h word "page" refers to a Wa in an 
a:so ial.i e ca he and to o_thers, the w~rd "page' means a single entry in the 

he. (n this book pag J nJ u ed 111 th sense. 
ca Ba kin ecti u 1.4, I briefly menlioned Intel' · analogy tl1at a cache was 
like a r •frig rator, hich ould b much mor readily a cessed from home 
than could a groce tore for a limiLetl ub L of th cont n ts of the grocery 
wre. In the same analogy, Intel clever] liken · a o iativit to helves in the 

refrig raLOr, which neither increase nor decrease Lhe space in the refriger­
ator itself, bLtl r du e t.he competition for places to pUL th e contents of the 
refrigerator, thus increasing the likelihood that you can get more inside. If 
we look back to the filing system analogy, higher associativity could be 
likened to adding file drawers to the desk. 

As the cache's size increases, the hit rate improvement realized by in­
creased associativity rapidly decreases (see Figure 2.9) . In this example, 
once a cache transcends a certain size (around 4K bytes), doubling the size 
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of the cache improves the hit rate more than does increasing the associa. 
tivity of a given size cache . Although a slightly better hit rate may be ob. 
tained for a 32K-byte cache through the use of higher degrees of associativ­
ity, the component count needed to implement such a cache would increase 
in proportion to the number of degrees of associativity and probably not be 
justifiable against going to a 64K-byte implementation. This is because each 
Way of a cache needs a separate cache-tag RAM as well as a separate cache 
data RAM. This is a key point in discrete cache designs, but is far less of an 
issue in integrated designs, since integrated caches aren't concerned with 
chip count, but are rather concerned with the maximum hit rate attainable 
within a certain die size. 

You may want to keep in mind some commonly quoted statistics, however 
far they may actually be from the way your own system performs. The first is 
that a doubling in associativity decreases the miss rate by about 20%. This 
comes from research done by M. D. Hill in his thesis, "Aspects of Cache 
Memory and Instruction Buffer Performance," done in 1987 at the Univer­
sity of California, Berkeley. The second rule of thumb is that doubling the 
size of a cache decreases the miss rate by about 69%. This is from research 
done by Anant Agarwal at Stanford University. Looking at Figure 2.9, or at 
any similar chart, it is difficult to rationalize these numbers. Still, it does in­
deed appear that, above certain cache sizes, it is much better to increase the 
size of the cache rather than the associativity when the opportunity presents 
itself. As always, I will simply say that your cache must be designed for your 
system and your software. You just can't take advantage of anybody else's sta­
tistics for anything more than simple guidance. 

There is another key difficulty in designing discrete multiway caches. 
Most caches are designed to support the highest possible processor clock 
rates, and consequently they tax the capabilities of even the fastest static 
RAMs and cache-tag RAMs. In a direct-mapped cache, the critical path for 
the cache-tag RAM runs through the static RAM and the address compara­
tor, to the cache control logic, and eventually back to the processor's Ready 
input pin (Figure 2.10). The cache data RAM in direct-mapped designs is 
usually enabled onto the processor's data input pins as soon as the proces­
sor has indicated that a read cycle has begun, and is only disabled upon the 
detection of a cache miss, so the timing on the data RAM's output enable 
pin is not tight. In a discrete implementation of a multiway cache (Figure 
2.11), neither ( or none) of the different Ways' data RAM outputs can be en­
abled until after a cache hit has been detected. This means that the critical 
timing path now flows through the cache-tag RAM, then the comparator 
and cache controller, as before, and then through the cache data RAM's 
output enable pin, adding the "output enable to valid" data delay to the 
critical timing path. This is usually significant (around 5ns at the writing of 
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Figure 2.10. The iitical tint ing paths in a direct-mapped cache ;tre from CP • address 
outpuL LO CP cl ai,a input through the ca he data.RAM alone. and from P address out to 

p Ready in. which runs throug h the cache-rag RAM, the comparator, and the cache 
controller logi T he Ready palh is usual! the trickiest from a timing scandpoim. 

this book) and steers designers away from multiway implementations of dis­
crete caches at the onset of the design. 

Some mention needs to be made about the methods used to select which 
Way in a multiway cache should be replaced when a line needs to be up­
dated. This policy is called the replacement algorithm, although some sim­
ply call it placement. A replacement algorithm selects which Way is to be up­
dated when a new line is to be brought into the cache. (Recall that any main 
memory address can be put into as many locations as there are Ways in the 
cache.) Ideally, any stale piece of cached data which is no longer needed by 
the processor would be chosen to be overwritten. Some cache controllers 
watch over the accesses into the cache, and categorize the order in which 
each Way was accessed, making a note of which Way's line was accessed least 
recently. This is called a least recently used (LRU) algorithm. LRU statistics 
are maintained separately for each cache line. 

In a two-Way system, a single bit per line can be used to implement an 
LRU (see Figure 2.12). When a cache hit occurs, the Way which was hit 
makes sure that the LRU bit is written to point to the other Way. When a line 
is to be replaced, that line's LRU pointer already points to the Way where 
the replacement should happen, and the pointer is rewritten to point at the 
?ther Way. The power-up state of these bits is insignificant, since everything 
111 the cache is unusable. 
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Figure 2.11. In a multiway cache, the outpulS of all cache data RA,\<{ are rfisabled until a hit 
has been detected. The most cri tical timing path the n runs front the CPU, 1.hrough the 
cache-tag RAM and controller logic, the,n through the output enable path f the cache data 
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One interesting point is that true LRU replacement can quickly gobble 
up lots of bits of memory. It can be easily observed that there are N! orders 
in which Nletters of the alphabet can be ordered. A four-Way cache must 
have five LRU bits for each line to represent the 24 ( 4!) following possible 
states of use of the cache contents (order in which Ways A, B, C, and D were 
used): 

ABCD 
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BCAD 
BCDA 
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BDAC 
BDCA 

ACBD 
CABD 
CBAD 
CBDA 

ADBC 
DABC 
DBAC 
DBCA 

ACDB 
CADB 
CDAB 
CDBA 

ADCB 
DACB 
DCAB 
DCBA 

since these 24 states require five bits (25 = 32 > 24) to encode. 
Similarly, an e ight-Way cache's LRU would require adequate bits to rep­

resent the 8! states of the use of the eight Ways of the cache. This amounts 
to 40,320 states, requiring 16 bits of LRU information per cache line. A 16-
Way cache would require 45 bits per cache line, and a fully associative cache 
wilh 256 lines (which is ess ·nt.ially a 256-Wa seL-ass dativ • memory) would 
requir mor LR bits than my pock L calculator i apable fr pre ntingl 

An Lher pr blem fa ing de igners of true LR -y tern is that if th LRU 
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were accessed, then both a read cycle and a write cycle must be performed 
on the LRU bits during each processor cycle. Another way to see it is that if 
the LRU currently states the order as ABCD, and then D is accessed, the 
order must be changed to DABC. The ending order is inextricably tied t 
the initial order. The last sections of this chapter are devoted to timing proi 
!ems in cache designs, and we will see that performing a simple read cycle 
is taxing enough in a cache, so a read/ write pair could easily become im­
possible. Many alternatives to a true LRU algorithm have been tried, and the 
following paragraphs will briefly describe a few of them. 

One alternative is that used by Intel in the company's Inte!Architecture 
microprocessors. Intel calls their method a "pseudo-LRU." Three bits are 
used per cache line, as shown in Figure 2.13. The top bit in the tree 
(AB/ CD) is set when there is a hit in A or B, and is cleared upon a hit to c 
or D. Only one of the bits in the second level of the diagram will be set or 
cleared on a cache hit. If A is hit, the A/ B bit will be set, and nothing will 
happen to the C/ D bit. IfB is hit, the A/B bit will be cleared, and once again 
nothing will happen to the C/ D bit. The same scenario occurs for the C/ D 
bit upon hits to the C or D Ways. The scheme can be implemented as write 
only; a simple write cycle can be used to update the pseudo-LRU bits dur­
ing cache hits, instead of a time-consuming read/modify/write cycle. This 
can essentially double the speed with which the cache can be accessed over 
the speed of a true LRU algorithm. The only time that the pseudo-LRU bits 
must be read is during a line replacement, which will be a slower cycle sim­
ply since it involves an off-chip access. 

The difference between this method and a true LRU is small and can be 
simply illustrated. Say that a certain line contains valid data in all Ways, A, 
B, C, and D. If the CPU executes a loop in which that line is continually ac-

Figure 2.13. The pseudo-LRU scheme used in certain Intel processors to get away from 
timing and housekeeping difficulties posed by true LRU implementations for highly 
associative caches. 

CHOOSING CACHE POLICIES 
2.2 

61 

d in th • ord r A, B, , A, B, C, then the D Way would obviou ly be th 
ccss . . 

st r entl u cl . rte r th ac ess, t.h ugh , lhe AB/ D bit would pmnl 
1 \ 13 ,rncl the / B bit would point to A, forcing th updat · data to over­
LO·ite ~h A Wa , rather than the D Wa . Th like lihood of this occwTing is 
\\\-y sofrware dependent, but i apt to be statisti ally small , and cc1-t.ainly 
;: des in comparison to the possibilit that the entire processor's clock speed 
,ight hav to be lowed to accommodate a true LRU algorithm. lmel 's 
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~wproving the proce sor's overall throughput. 

On interesting pointis thatlnte l's cmb dimentof his three-bi ts heme 
require· the use ofa dual-port RAM. o matte r whi h Way is hit, two of the 
bits wiU b made to point away from the Way that was mo L re ently used , 
and the third bit will ·tay where it was left by a prior operation. Intel's ap­
proach to k eping th third bit intact wa~ to pei-fonn a read/ modify/write 
on all three bits, which eems to bring the complexity back to near that of a 
more straightforward scheme. Rather than the write-per-bit memory that 
one would assume designers would have chosen, a technique which makes 
each bit behave as if it resides in a different memory chip, each with its own 
write control, Intel's PC processors read/ modify/ write the three LRU bits, 
causing the unmodified bit to get written back to the value it held at the start 
of the operation. The dual-port SRAM has one port dedicated to reading 
the LRU bits early in the cycle, and the other port dedicated to writing the 
modified LRU bits back into the SRAM late in the cycle. 

An alternative, which is called the least frequently used (FRQ) method, is 
less often used in cache designs than in memory management units. This 
method is used to control replacement of the contents of the MMU's CAM. 
It is still useful in a cache architecture and should be illustrated here. Each 
cache line has its own pointer, which points to a random Way. In a four-Way 
cache, there would be a two-bit pointer at each line which would point to Way 
A, Way B, Way C, or Way D. When a line is accessed in this scheme, the 
pointer is also accessed. If the pointer is currently pointed at the Way which 
generates the cache hit, the cache controller would increment the pointer so 
it would finish by pointing to the next Way. On successive cache hit cycles to 
that line, the pointer is bumped every time it is found to be pointed at the 
Way being accessed, until it comes to rest upon a Way which no longer gen­
erates any cache hits. When this line is accessed during a cache miss cycle, the 
pointer will therefore be pointing to the most reasonable candidate Way for 
replacement. During the replacement cycle, the pointer is again bumped so 
that the most recently updated data is not immediately overwritten. 

Although the least frequently used method is simple and elegant, it once 
again requires the use of both a read and a write cycle during every cache 
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hit. This slows things down every bit as much as the true LRU. This means 
that the only advantage to using this method is that the overall number of 
bits required to implement it is significantly less than the number we worked 
out earlier for implementing a true LRU. 

One of the most popular alternatives to a true LRU is the random re­
placement algorithm. It doesn't take any explaining for the reader to un­
derstand that the basis for this algorithm is that the Way to be replaced is 
chosen at random. Implementation is simple, especially if the designer is 
not worried about exactly how random the replacement really is. Somewhat 
random numbers can be drawn at almost no cost from a number of places. 
Naturally, in a four-Way random replacement cache, the cache controlJer 
runs a one-in-four chance of overwriting the most recently used Way, but 
this is still better than the 100% chance of overwriting a thrashed location 
in a direct-mapped cache. A big advantage to the random replacement al­
gorithm is that, while true LRUs for a four-Way cache consume six bits per 
line, and Intel's method consumes three bits, and the pointer method con­
sumes a mere two, random replacement requires no bits to implement. 

Between the least frequently used method and random replacement lies 
a method called not last used (NLU). Like FRQ, NLU also uses a pointer, 
but the pointer points at the most recently used Way and is simply a stored 
copy of the number of the Way which was last hit for any particular set ad­
dress. The Match output of each cache-tag RAM is simply captured in a RAM 
which is as deep as the cache-tag RAMs. This can be done in a write-only 
cycle at a zero timing penalty. The idea behind the NLU replacement algo­
rithm is that random replacement is fine, but it's a tad better if you can 
avoid the inherent possibility that you'll randomly step on the last-used Way 
for any set address. Since there is no penalty for using true LRU for a two­
Way cache, this method would only be used for caches of more than two 
Ways, and then there would only be one chance out of (N-1) (in an N-Way 
cache) of the random replacement algorithm stepping on the second more 
recently used Way of an address. NLU is probably a hair better than strict 
random replacement, but it's hard to imagine that it offers noteworthy im­
provement in cache performance. 

There is nothing magic that requires a design to use a number of Ways 
which ends up being a power of two. Although the most common degrees 
of associativity are one (direct-mapped), two, and four, you can add or sub­
tract associativity in the exact manner which best fits your system. Sun Mi­
crosystems has used a five-Way internal instruction cache plus a four-Way in­
ternal data cache in one processor design . But we're getting ahead of 
ourselves. Split instruction/ data caches will be discussed in the next section . 

A piece of code like the example in Figure 1.4 might do best in a four-Way 
design simply because it is using the same set address for the data table, the 
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2.2.3 Unified vs. Split Caches 

One way to realize some of the benefits of a two-Way cache, without incur­
ring the problems, is to split the cache into two parts, one for instructions, 
called the instruction cache, and one for data, called the data cache. This is 
called a split cache architecture, and the alternative is, not surprisingly, 
dubbed a unified or unified instruction-data cache. All discussions so far 
have assumed that the cache is a unified design. The advantage of the split 
cache is immediately obvious if you look at the piece of code given as an ex­
ample in Figure 1.4. The code thrashes at times when data accesses conflict 
with code accesses and vice versa. If a split cache were used in the example 
of Figure 1.11, the stack push/pop in steps 5 and 7 would not conflict with 
any of the other steps shown, and the copy of the program counter would 
still reside within the cache at the Return instruction at the end of the sub­
routine. In a split cache, accesses to the data space, as well as to the stack, 
would occur through the data cache, and the instructions would be accessed 
through the instruction cache, reducing the thrashing about the same de­
gree as it would be reduced by using a two-Way architecture. The disadvan­
tage is that one of the caches might fill up faster than the other, and there 
is no way that the full cache could gain access to unused lines in the oppo­
site cache. Worst case would be that the instruction cache would thrash sig­
nificantly while the data cache would rarely be accessed, or the other way 
around. Either case is extremely software dependent. 

Probably the nicest attribute of split caches is their inherent simplicity. 
Split caches are simpler to construct than two-Way caches for several rea­
sons. First, each side can be designed as a simple direct-mapped cache, com­
pletely independently of any considerations of the other half of the cache. 
Second, most processors indicate whether the current read cycle is an in­
struction or a data fetch via a pin which becomes valid as soon as do the ad­
dress outputs. This means that the outputs of the appropriate data RAM can 
be enabled as soon as the cycle begins, much the same as in a direct-mapped 
unified design, loosening the timing constraints not only on the cache-tag 
RAM, but also on the cache data RAM and the control logic. Some split­
cache architectures simply treat the instruction/ data output from the 
processor as the most significant set address bit. Third, in a split cache, there 
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is no decision about which Way to replace a line in . Instructions are auto­
matically put into the instruction cache, and data is automatically placed 
into the data cache. Fourth, the caches do not have to match each other in 
size. Instruction caches should be larger than data caches in most genera] 
computing applications, but when real number crunching happens in such 
applications as array processing, small instruction caches will be adequate, 
while large data caches are a requirement. Another unusual benefit is that 
altogether different policies can be used in the two caches. There is no rea­
son why the data cache cannot be a highly associative design, while the in­
struction cache might be direct-mapped. Should you choose to implement 
a split-cache architecture, look through this book once to help decide on a 
set of policies for the instruction cache, then do it again for the data cache. 
Your design might look unorthodox, but will be more likely to outperform 
your competitors'. 

You can look into different ways to split the cache. Most processors not 
only indicate whether the current access is for an instruction or data, but 
many will also disclose user/supervisor mode and whether or not the re­
quest is for a stack operation. You just might be able to realize a lot of the 
advantages of a multiway cache without incurring the speed headaches sim­
ply by using any or all of these status signals to enable different split caches. 

2.2.4 Write-through vs. Copy-back 

Way back in Section 2.1.3, I deferred explaining what action the cache took 
during a write cycle. This was because there are several means of handling 
write cycles in caches, or write strategies, and the decision impacts the cost 
as well as the complexity of the cache. Even in this section, I will be defer­
ring until Chapter 4 the explanations of some of the more specific problems 
involving write cycles. 

There are two fundamental strategies defining the behavior of the cache 
during a write cycle. One is called the write-through, or store through (ST) 
cache, and the other is a copy-back, write back, deferred write, nonwrite­
through, or store-in cache (SIC). Given all these options, this book will ex­
clusively use the terms write-through and copy-back, since they are both 
common and are not easily confused with one another. Naturally, once a 
write strategy is implemented in hardware, it becomes a write policy. 

In a write-through cache design, either of two courses of action is taken. 
This is key in designs which can process some write cycles in no-wait states, 
some of which will be described in Section 2.2.6. In many designs, the cache 
is updated if a hit occurs, and the cache ignores the write cycle if a miss oc­
curs. In others, the line is automatically invalidated (write invalidate). This 
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Intuitively, it seems that most programs would read data before writing it, 
with the exception of data being pushed onto the stack, and with the ini­
tialization of memory-based pointers, where an immediate value would be 
written to a main memory location before being read, then rewritten a num­
ber of times. If the cache designer has the option of choosing either of these 
two approaches, it would be wise to discuss it with the programmers. No mat­
ter which approach is used, the write-through cache always updates main 
memory during all write cycles. 

The copy-back cache does not always update main memory, but reduces 
main memory accesses by writing data to the cache alone at a much higher 
speed than that data could be written to main memory. This has three major 
advantages. First, write cycles become much faster than they would be if a 
main memory cycle were the penalty for every CPU write; second, some 
write cycles, like loop counters and stack entries, will only be written to the 
main memory a fraction of the number of times that the CPU tries to write 
them. Third, the processor is on the main memory bus a lower percentage 
of the time. This last factor is a concern in tightly coupled multiprocessing 
systems, where the speed of the entire system depends on the main memory 
bus traffic (we'll handle this in depth in Section 4.2). 

These advantages come at a cost, however. Housekeeping in copy-back 
caches requires a lot of thought, especially in multiprocessing systems. The 
most basic concern is how to handle the data which has been written to the 
cache, but not to the main memory. At some point, the main memory will 
need to be updated with the fresher data which is in the cache. An opportu­
nity for this usually occurs when the updated line is to be removed from the 
cache. Obviously, if this data were simply overwritten, as it would be in a 
write-through cache, new data would be destroyed, and the data integrity of 
the entire program would suffer. Therefore, a method must be implemented 
for the updated line to be transferred to main memory once it is to be re-
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Figure 2.14. The Dirty bit signifies whether a cache line contains data which is more up t 
date than the matching address in the main memory. 
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move~ ~rom_ the cache. ~he process of writing data back to main memory 
when 1t 1s bemg replaced m the cache is called eviction or deallocation. (The 
evicted line is called t~e victim.) Some less-often-used terms for eviction cy­
cles are copy-back, wnte-back, copy-out, and victim write. I'll stick with the 
word "eviction" so that there will be no misunderstanding about whether I'm 
talking about the cache's write policy or the cycle being processed. 

One very simple method of implementing a copy-back cache would be to 
write every Valid line which was being replaced back into main memory, 
whether or not it had actually been written to by the processor. This would 
make the cache waste a considerable amount of bus bandwidth with un­
necessary main memory write cycles, due to all the evictions of lines which 
had not been written to by the CPU. Another problem with this method is 
that all line replacements would take twice as long as would line replace­
ments in a write-through cache, since write-through line replacements re­
quire only a main memory read cycle. To avoid this burden, the cache is usu­
ally implemented with a means to signify whether a line in cache is more 
current than the main memory location it represents. The simplest method 
is to use another bit for each line in the cache, and this bit is called the Dirty 
bit. Data which has been written in the cache, but has not been updated in 
the main memory is tagged as Dirty by the cache controller's setting this bit. 
Like the Valid bit, there is usually a Dirty bit for every line in the cache (Fig­
ure 2.14). During· a cache miss cycle, the line to be replaced is examined, 
and, if its Diny bit is set, the current contents of that cache line are evicted 
back into main memory. 

The Dirty bit is not the only means of signifying the Dirty status of a cache 
line. More complex methods are in wide use and will be examined in Chap­
ter 4. In general, these other methods take advantage of the fact that more 
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tion . each line i • L11 smallest portion ofth ca h wbic.h has a unique ad­
dr . tag. Som re ear her call this unit a block, I.hers an entry. Those who 
u the term "b16 k" tis th , or I "block fill" to le rib th Ii rte rm d •­
fined in Section 2.1.3. 

In the caches in our illustrations so far, all lines have been one word long. 
Another way to describe them is to state that each word in the cache has its 
own address tag. 

There are two reasons to use line sizes longer than a single word. First, if 
the line is two or four words in length, the cache-tag RAM need only be one­
half or one-quarter of the depth of the cache data RAM. Although this is not 
a big money saver in discrete caches since static RAMs of different densities 
don't differ too widely in price, the reader can appreciate the savings in die 
size if a longer line is chosen for an integrated cache design where the die 
area consumed by a static RAM is directly proportional to the size of the 
RAM array, and where die cost is more than proportional to die size (see Fig­
ure 2.15). 

The second reason to choose a longer line size is because multiword 
transfers from main memory (burst or burst refill transfers) can be designed 
to perform much faster than the number of individual transfers which 
would be required to fill the same number of cache words. If the whole 
cached system is designed around multiple-line transfers from main mem­
ory to the cache, the design can make superior use of available bus band­
width. This is easy to see and is illustrated in Figure 2.16. With individual 
transfers, the processor/ cache subsystem must output an address for every 
transaction at the beginning of that transaction. After a bus latency time, the 
data for that address is placed upon the bus, and the processor subsequently 
can change the address to request the next word. This is shown in Figure 
2.16a. Figure 2.16b shows a burst transfer cycle. The address of the first word 
of the burst transfer is output, and the data for this word is transferred with 
the same latency as before, but the main memory realizes that a burst trans-
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a) Slngle-word llne. 

SET VALID 
ADDRESS BIT CACHE-TAG RAM CACHE DATA RAM -0 1 Address Tag O Valid Data Line 0 -1 0 N/A Garbage Line 1 -

2 1 Address Tag 2 Valid Data Line 2 
3 1 A,ctdress Tag 3 Valid Data Line 3 -4 1 Address Tag 4 Valid Data Line 4 -
5 0 N/A Garbage Line 5 -6 1 Address Tag 6 Valid Data Line 6 
7 1 Address Tag 7 Valid Data Line 7 ,_ -

b) Four-word llne. 

SET VALID 
ADDRESS BIT CACHE-TAG RAM CACHE DATA RAM 

0 [] Address Tag O Valid Data 
I :~ Valid Data 

2 Valid Data 

3 I Valid Data 

4 lI] Address Tag 1 ,.... Garbage 

5 I 

!~ Garbage 

6 Garbage 

7 Garbage 

Line o 

Line 1 

Figure 2.15. The difference between single-w rd and multiple-word lines. (a) ln a cache 
with a single-word line, every word stored in ca h e has a con · sponding cache-tag c ntr , and 
Valid bit. (b) In a multiword line cache, there is on! one Valid biL and onl one tag entry for 
every Nwords stored in the cache. 

fe r i occurr ing and uLputs Lhe econd , third and founb ( or more) words 
a single CPU lo k cyci apart from eacb Lb.er to aUm that line LO be re­
filled at th maximum possible rat . F r a four-cycle refil l, this is dubbed a 
2: 1: 1: 1 refill, since the first data is returned after the second cycle, and every 
following cycle presents data to the cache without wait states (if there were 
a wail state on each cycl Lh e refill would be dubbed 3:2:2:2) . 

Thi approa h ol viou l takes advantage of the principle of I caLit , and 
it is easy l illustrate lhaL Lb.er is a point afte1· which it stops helping the sy 
tem and be om a bmden. Th ·ubject of exaclly where it becomes a bur· 
den is of quite some debate. I will argu my point from two extreme cases. 
First, look at the cache with sing! -word lines. As just mentioned, it takes an 
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address output and a data input to update any single word in the cache. 
After this, the CPU can start to run again, perhaps without incurring an­
other cache miss. However, there is a latency cycle for each and every word 
updated within the cache. On the other extreme , let's look at an example 
where the entire cache is a single line, no matter if the cache is 512K bytes 
deep! A single address represents the entire cache, and either the entire 
cache is a hit, or the whole thing has to be replaced. A couple of mecha­
nisms will make the system with this cache perform worse than any un­
cached system. During a read miss cycle, the CPU will be held up as the en­
tire line is being replaced. For a four-word line, the 512K-byte cache 
example would require 131 ,072 (128K) bus cycles to comple te, which is 
probably longer than most loops which the processor would exe u te . The 
other problem is easy to see if you look at a typical piece of code, Like the 
one shown in Figure 1.4. Most programs execute simultaneously out of sev­
eral spaces. This is what makes associativity work. If there is only one line in 
the entire cache, any stack access would require a line refill, then the code 
pointed to by the stack would require a refill, then the data space accessed 
by that code would require a line refill, and so forth ad nauseum. Although 
a certain degree of thrashing will occur in a one-word-per-line cache, it is 
pretty intuitive that anything we might do to reduce the number of distinct 
addresses contained in the tag RAM would produce more thrashing. It's as 
if the different spaces, which seemed to occasionally step upon each other, 
were given bigger shoes in order to step upon each other even more. Un­
fortunately, there is no globally optimum line size. According to some mea­
surements, a line size of two words is optimum. Other researchers will swear 
by an eight-word line size. Som e researchers point out that the miss rate can 
continue lo decrease with in reasing line length even though the perfor­
mance of the system stops improving. 

One very nice approach which some designers use to increase the speed 
of line replacement is to make the cache-to-main-memory interface use a 
wider word than the CPU-to-cache interface. As an example, assume that the 
processor uses a 32-bit word and that the cache 's line size is four words. The 
cache can be designed to actually be 128 bits wide ( 4 x 32), but will only pre­
sent 32 bits to the CPU through some sort of multiplexer (Figure 2.17) . Every 
time there is a cache miss, the cache will conduct a 128-bit interaction with a 
128-bit main memory in a single latency. This quickly solves the problem of 
the CPU's waiting for burst cycles to complete, but does not solve the prob­
lem of increased thrashing. Most designers assume that thrashing is the lesser 
of the two evils. Mitsubishi semiconductor has taken this same approach with 
a chip they call the "Cache DRAM." This IC is a 4-m gabit DRAM with an ad­
ditional 4K x 4 SRAM element. On a cache miss a 64-bi t cache line is moved 
from DRAM to SRAM and vice versa within a single clock cycle. Since the ex-
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L rnal data path is 4 bilS, a ·yst rn with a 32-biL bus wo uld u ighl d vi es, 
au ing the line replaceme nt to be a tota.l of sixteen 32-bit word , all in asin­

gl I ck cycle! This ma ke s nse mo tly because the array inside any SRAM 
r DJ M i oflen ·quar and ub ·equeo tly has a ve1 wid inter nal word 

whjch it internally narrows for th outsid wor ld (like the multiplexer shown 
in Figure 2.1 7) , a:ucl also be aus within a single chip, the pen al tie of wide 
words a.re not nearl ev re as th hoard pa e and chip oun t pe.nalti e • 
im plement d using i.ndtt u-y- tandard disa·e tc devices. 

t tbe tim e of this writing, there a.r two dilferem amp in micropro es­
sor internal cache line burst refill sequences. The first is the one used by 
IBM and Motorola for the internal caches on the Power PC microprocessors, 
where the lower two word-address bits are used to specify which word is being 
replaced within a four-word line . The bits count upward, starting with the 
exact address of the cache miss. The other camp consists of the Intel PC 
pr cessors. These caches will either count up or down, depending on 
il'he1.h r the missed address is an odd or an even number. B th counters 
wrap around the two lower bits of the missed address and don ' t carry any in­
crement into the higher order bits. At first flush, the Motorola algorithm 
might appear to be mo.re practical, since code executes in a forward order. 
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Figure 2.17. Using a wide bus between main memory and cache to allow single-cycle, 
multiple-word line replacements. 
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This viewpoint neglects the fact that stacks, which are also stored in the 
cache, count backward when being read, as do certain other data structures. 
Another less obvious point is the fact that since the counter wraps around 
after overflowing, any cache miss will necessarily fill the cache line with the 
same four words, no matter which sequence is used. Although I am sure that 
someone will perform a study at some time in the future which will show a 
marginal difference between the two sequences, I honestly doubt that line re­
fill sequences make much difference to the performance of the cache. 

Long lines make a lot of sense in older systems designed using ECL 
CAMs. Recall that high-speed CAMs only come in a 4 x 4 density, forcing any 
32-bit address system to use eight of these devices simply to decode four 
lines' worth of addresses. If such a system had 2K lines of cache, the cache 
directory would have to use over four thousand parts! There is an over­
whelming incentive in such a system to use a smaller cache and to make the 
line size as long as possible. A cache with a 16-word line could automatically 
use one less CAM per four lines. A 256-word line would use two less CAMs 
for a total of six CAMs per four lines. Actually, most processors use only th~ 
lower two address bits for byte addressing, so the latter case would even work 
with line sizes as short as 64 words. 

Write policy is also a factor in line size decisions. If a write update rather 
than a write invalidate policy is chosen (in which a write miss overwrites an 
existing line in cache), and if the write is shorter than the line length, how 
does the cache signify that only a portion of the line is valid? There are sev­
eral methods of handling this, and we'll explore two here. 

The first method is write allocation. When a write miss occurs, the bal­
ance of the cache line being written is fetched from main memory, and the 
write data is merged into the line as that line is written into the cache. In 
more discrete steps, once a write miss has been detected, the cache con­
troller starts a line replacement cycle, possibly evicting a Dirty line from the 
cache, performing a main memory read of the data which will be copied 
into the replaced line . Data from the address which is being written to is ei­
ther not transferred from main memory or is immediately overwritten by the 
CPU's output data. At the end of the cycle, the cache line is filled with main 
memory data with the written word updated. Some designers also call this 
function a merge. Figure 2.18 shows write allocation graphically. In this ex­
ample, the CPU encounters a write miss while attempting to write a byte to 
an address which is not represented in the cache. The line is updated from 
main memory, then the appropriate byte is overwritten in the cache. 
Whether or not the write data is sent to the main memory depends upon the 
write policy of the cache, but, in any case, the first write miss to any cache 
line will incur a significant penalty, since an entire line must be fetched be­
fore the processor can proceed. One way some designers have gotten 
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Figur , 2.18. Write allornlio11 in a write-thr ough cache. 'A'h en a cache wri t • mis.~ is de tected, 
the w,i tt' cycl is aborted (a), and the pro es~or is put into a wait late. A line is Ll1cn read 
froJII main memo, into the cache data RAM (bl , and the corresponding tag is updmed. The 
processor is then allowed to proceed with the write cycle, writing simultaneously to the 
updated cache line and to main memory (c). 

around this problem is to post writes to the cache, but this can cause the 
cache hardware to become inordinately complex. 

The second method involves sectoring. Those who call lines blocks call 
sectors sub-blocks. In the preceding example we assumed that all cache to 
main memory transactions involved entire lines. When the CPU encoun­
tered a miss while trying to write to a portion of a line, the line was replaced 
by a matching line via write allocation. That line used a single Valid bit to 
indicate its authenticity. A sectored cache design allows the smallest write­
able data unit (usually a word) to have its own Valid bit, so that each cache 
line contains several Valid bits, one representing each sector or sub-block. 
This is illustrated in Figure 2.19. Readers will note a strong similarity be­
tween this diagram and Figure 2.5, where the line is a single word long. The 
cache data and the Valid bits for every word have been kept, but the cache­
tag RAM has been economized to have only one-fourth as many entries. 
This approach is often used to save silicon on integrated cache controllers. 
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When a cache read miss occurs, the target line is invalidated, and the re­
qt1esl d word i brougbL in and add cl Lo the cache. Onl I th alid bit for 
thal w rd is . et. By paLiaUo ality, we would be drawn Lo n lud that some 

11 earb , w rd would b rcque ed b lh CP ·oon. When this word was ja­
de d reque ted, if it fit wit.hi11 the sam line, the ca he conu·oll r w uld up­
date 1,bc cache and sei- th Valid bit for that word wit11in th lin , so that now 
two Valid bits would be set. Only those words that the CPU actually re­
quested would be brought in from main memory; howe er, each word 
would require an entire bus cycle, rather than the abbreviated cycle af­
forded by burst refills. In our example of a write miss, all Valid bits for the 
line being replaced would be cleared, and the Valid bit would be set only for 
the word being written into the cache (Figure 2.20). This allows cache write 
miss updates to occur at the same speed as the write cycle would if the cache 
were not updated. This beats having to wait for the multiword read cycle re­
quired in a wire allocated system. If a write buffer is used, or if this method 
is used with a copy-back policy, the write cycle can happen as fast as the CPU 
can operate. An added benefit in systems using sectoring is that the main­
memory-to-cache interface can now be handled on a word-by-word basis, 
which is important if the cache is added to an older bus architecture which 
cannot support burst read cycles. 

Looking back on the last few paragraphs, we see that a lot of trouble 
arises from trying to cache write miss cycles. Of course, the simplest way to 
handle the entire problem is to disallow line replacements on write misses 
in the first place. Write-through caches are unlikely to realize much benefit 
from cacheing write misses, since data is usually read first, then written to 
the same location unless it is the first stack push to a given address. Although 
a policy of disallowing line replacements on write misses could cause an in-
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Figure 2.19. The organization of the cache-tag RAM, Valid bit RAM, and the 
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corresponding cache data RAM in a sectored cache design. Each line has a cache-tag entry, 
and each sector has a Valid bit. This is similar to the long line cache in Figure 2.15b but adds 
a Valid bit for each sector. 
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Figure 2.20. Line replacement in a sectored cache. Before the miss (a), the tag bits for set 
addresses 0-3 do not match those output by the CPU. The CPU's output address should be 
mapped into the cache's set address 0, causing the replacement of the tag ,incl data for that 
address and the invalidation of all the other sectors in that line. When a second sector (c) is 
read into the same cache line, the data and Valid bits are updated, but the matching tag is 
left alone. 
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crease in bus traffic in copy-back caches, even here the penalty would be 

slight. 

2 6 Write Buffers and Line Buffers 2 .• 

simple write-Lhrough cach e de ign work<; with a mi roprocess r to r du e 
th effective mai11 memory read cycl e time· however it ha no effe t upon 
mah, 111e0101y write cycl tim · . Ef"fi ctive main memory wri te c cle time can 
be improved Lhrough the addi ti n of a posted write buffer or, more simply, 
a write buffer, to perform (quite naturally) a buffered write. 

In a write-through cache designed without a posted write buffer, the mi­
aoproces or must omplete a main memory bus transaction every time it 
performs a write eye.I . This will cau. e it L suffer th a ociated ystem bus 
delays. However, in as stem using a write buffer, the microprocessor writes 
the data to the cache and writes the data, address, and pertinent status sig­
nals to the write buffer (but not to the system bus) during a write cycle. The 
microprocessor then continues to access the cache, while the cache con­
troller simultaneously downloads the contents of the write buffer to main 
memory. This reduces the effective write memory cycle time from the time 
required for a main memory cycle to the cycle time of the high-speed cache. 

The use of write buffers can nearly remove the performance differences 
between write-through and copy-back caches.Just as studies have been per­
formed to determine the most cost-effective cache size and associativity, sim­
ilar studies have focused upon the appropriate depth of write buffers. For 
economy's sake, many designs use a single level of depth. Some semicon­
ductor companies have produced four-level write buffers and claim that this 
configuration will allow zero-wait write cycles 99.5% of the time, but it is 
patently obvious that the appropriate depth of write buffers, like most other 
cache design trade-offs, depends greatly upon such phenomena as main 
memory access time and the write cycle activity of the program being run. 

Write buffers cause their own set of problems. Let's examine the case of 
a stack push followed shortly by a pop, where the push was a write miss which 
was not written into the cache. Naturally, the pop will also suffer a read miss 
cycle. Even if the write buffer is only a single level deep, there is the possi­
bility that the data from the push will not have made it into main memory 
before the pop is executed. Unless care is taken, the pop will read main 
memory before main memory is updated with the pushed data. A simple way 
around this is to disallow the cache from performing a line update until the 
write buffer's contents have been loaded into main memory. A forced write 
from the write buffer to main memory is called a drain of the write buffer. 
Another answer is to always update the missed line on a write miss. 
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The problem gets far trickier when a multilevel write buffer is used. Ei­
ther the write buffer must be entirely depleted before the cache can con. 
tinue with the line update, or the write buffer must satisfy the request for 
data. Certain commercially available write buffers allow this last approach 
and behave as if they were fully associative caches for any data they contain 
which has not been written to main memory. This is sometimes referred to 
as a victim cache and is touted as a one- or two-line fully associative cache 
used to reduce thrashing one or two lines at a time. No matter where the 
data is in the queue, if a read cycle requests that data, the write buffer will 
supply the data back to the CPU rather than the cache or main memory. A. 
version of this approach is also known as a pollution control cache. 

Byte gathering is a nice feature which is offered on certain multilevel 
write buffers. In programs which perform text manipulation, and in some 
older revisions of programs which might have been written for an architec­
ture which previously supported only narrow data, the processor might find 
itself writing twice or four times to the same word address in order to update 
individual bytes or pairs of bytes within that address. As an example (Figure 
2.21), let's say that a four-letter word was being written, one byte at a time, 
to address 09AF 45ED. In this example, the processor outputs the same ad­
dress four times and outputs a separate byte write command each time. If 
our write buffer had four levels, all four would quickly become filled during 
this operation. A byte-gathering write buffer notices the similarities between 
the addresses and keeps updating bytes within the word, which has yet to be 
written to main memory. The hardware for doing this is the same as is used 
by the write buffer to satisfy read requests with pending write buffer data, 
since either one is enabled by address matches. In a more severe case, a 
string might be written to two locations, with the same data being written al­
ternatively to two addresses. Byte O goes to 0000 0000, then to FFFF FFFF; 
then byte 1 is written to 0000 0000, then FFFF FFFF, and so forth. In a byte­
gathering write buffer, two buffer locations would collect the data to these 
two locations, no matter what the order in which the data were presented. 
In caches which use multiword cache lines a similar mechanism called write 
combining combines separate word writes into a single cache line write. 

One outcome of all of this is that the traffic on the main memory bus 
doesn't look a thing like the traffic on the CPU's pins. A cache miss which 
is unfulfilled by the write buffer data can place a read request on the main 
memory bus before the preceding write cycles have been downloaded from 
the write buffer. A succession of alternating byte writes like those just illus­
trated would slim down to two simple four-byte word writes. To put it an­
other way, a string of eight single-byte writes, followed by a read cycle, might 
appear on the main memory bus as a read cycle followed by two four-byte 
word writes. This greatly disturbs the order in which events occur on the sys-
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Figure 2.21. Operation of a byte-gathering write buffer during interspersed multiple-byte 
writes to the same address. 
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tern bus (as if the randomness of the main memory read cycles was not bad 
nough due to the each '· absorbing mo t of th program 's lo ality) . The 

de :,ree to which th write and r ad cy les arc out of ord r is referred to a 
write ordering, read ordering, sequential consistency, r ju L consistency. 
Write ordering is call cl strong wh n wrjt yci • and read cycle o ur on 
the sy, t m bu in a sequence close Lo that foll wed by the PU. The 
trongest ordering is call d processor ordering, indicating tha t de ap­

pear in exacll tl1e same order on the bus as on the proce sor. If lhe se­
quence is ompl tely jumbled, th · write ordering is referr cl t as weak. 
Without overing this in too much depth, let's simply obser e that write or­
dering can become important in 1/0 or multiple-processor transactions 
where a location is read, and, according to its value, a correction factor is 
written to a different address. A subsequent read, to determine the effect of 
th prec ding write, could conceivably be placed upon th sy tem bus be. 
for the preceding write had made it through the write buffer. Naturally, 
ther are few systems where thi will actually occur, but in real-time systems, 
this could cause some hard-to-find instabilities. 

Write buffers are not used only at the CPU-to-main-memory interface. 
Certain pro essors have ucb unforgiving write cycle timing thaL their 
caches cam10t possibly accept write cycles ac zero wait states. Some design­
er solv tms problem by putting a single-I vel write buffer between the CPU 
and the each . ln tber designs the apparent speed of main mcm ry can 
be accel rated through the addition of a write buffer to the main memory 
itself. AIL11 ugh write cycles are still delayed by the system bus latency, the 
main memory writ cle time is hidden from the processor. 

Write buffer can also be used pr fitably in a copy-back architecture in 
what is known as concurrent line write-back, fly-by write-back, or back­
ground write-back. Concurt" nt line write-back i a meth d of hiding evic­
tion cycle from Lhe proce sor. The are hard enough to xplaiJ1 that the di­
agram in Figure 2.22 will be used to help. In a typi al r ad mi s evi tion 
cycl , the evict cl li n is copied back to main memory before the read cl 
for the repla ·ment line is allowed to 1 egin. This amounts to a doubljng in 
the effe tive main mem ry ac ss time, wbic.h i a preLty bad deal. ln a con­
cu1Tent line write-back, U1 read cle i th e firsl to occur. This can be ac­
complished in either of two way . In the firsL, whi h. i ai led buffered line 
fill the replacement line is read imo a line buffer (something Hke an in-
omingwr.it buffer, writing main memory data int the cache) and is used 

t sa ti fy d1e CP 'sjm m diat needs. Later on when the P i ff doing 
someLhing el e, the evicte I line is written into main memory, and th line 
buffer is \,Vrilten into the ca h . This can involve orne pretty tri ky timing, 
espe ially sin e th each is n arty n vcr left alone by the P . 

The s ond approach performin a n ·urr nt line write-back is sim· 
pl r, but an ·low down line repla • menlS if th main memory is signifi-
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Figure 2.22: Concurrent line write-back implementations using line buffer for read data 
(a), and wnte buffer for evicted line (b). 
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ti fast and the cache lin e is long enough. With this method, once the 
an d th • d I • • • • d Lb ,,cl miss is cl tc . e mam memory rea c cc 1S wi□ate . t e same 

r_e, e thaL L.h ache ona·oller is waiting for a response fro m th main rnem-
un1 d 1· • b • J d d • • • b ff' H tbe evict me 1s emg oa e mto an oui.gomg wn t • u er. p -~it' , the write buffer tak s le ·s time to fill than the main memory's a ce s 
~ne, so that th · main m mory data is notJangui bing, waiting for the ·ache 
~nu·oller to finish moving the evicted Line into tb write buffer. As o n as 
~oth th mai n memory data i • available and the evi ted li:n i c mpl t ly 
copi d into ~he \ 1ite buffer the ~a.in m emory da ta i pr~en tcd to ~ e PU 
and copied mto the cache as a lme update. Once the line update 1s com­
pleted, the PU can continue ~ perate ut of th · cache, wh ile the write 
buffer copi its on tent in to ma in memory as a b ackground task. 

While either of these methods is pretty complex, the advantage of halv­
ing the effective main mem ry access time is well worth the effort. For this 
reason, the approa b of allowing two things to happen at once is called con­
currency or bus concurrency and is a sought-after feature in cache designs. 
Just like write ordering, concurrency is called strong if a high number of 
events can overlap and weak if few events overlap. If you think about con­
currency a little, it will become clear that one means of increasing concur­
rency, namely, write buffers, serves to mess up the write ordering, or con­
sistency, of the cache. In other words, systems with weak concurrency will 
exhibit strong consistency, while systems with strong concurrency will ex­
hibit weak consistency. Good griefl 

Line buffers are not only helpful in mastering concurrency, they tend to 
speed up line replacements in any sort of cache which supports multiword 
lines. The designer has two options when deciding on a line refill strategy. 
An option which does not require a line buffer is to hold the processor in a 
wait state until the entire line has been refilled. After the complete refill, the 
processor is allowed to continue. This stands to reason, since the data path 
into the processor's internal cache is tied up with the cache line refill and 
cannot be easily made to service the needs of the CPU as the data is being 
fed in from outside. It is not uncommon for such systems to use a line fill 
order or sequence of lines burst into the cache of data requested last (also 
called desired word last and critical word last). The line fill starts with a dif­
ferent address than that required by the cache miss, and ends with the 
missed word. 

Line refill strategies based upon line buffers can be called streaming 
caches. The missed word is fed to both the line buffer and the CPU simul­
taneously, then the CPU is allowed to continue, perhaps to request the next 
word in the line, which might be the next word being updated in the line 
buffer at that exact moment, or even to read from a completely different 
cache line as the rest of the missed line is being read into the line buffer. 
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Other streaming cache designs which are based on sectored caches without 
line buffers allow simultaneous execution and cache line update at the ex. 
pense of the line update possibly being interrupted by CPU-to-cache inter­
action at a location away from the address of the line update, resulting in the 
cache only updating a portion ofits line. This is dubbed an aborting line fill 
since the CPU has the capability of discontinuing the line fill in order to ser~ 
vice a miss at a different address. Of course, this can also be done in a non. 
sectored cache design if the designer doesn't mind invalidating the entire 
line on the miss which aborts the line fill. On the other hand, if the line fill 
is allowed to continue, and the CPU is caused to wait for the second miss to 
be serviced, the line fill is called nonblocking (the CPU cannot block an on­
going line fill) . Most caches with line buffers use a nonblocking strategy. It's 
anything but intuitive why one strategy would be any better than the other. 
Streaming caches go by a variety of names (like everything else in this book) 
such as bypass, load forwarding, early continuation, or early restart designs. 
Examples of streaming caches are found in most modern processors. 

In general, if a line buffer is used to accelerate a cache line replacement, 
a wrapping fetch is used ( the miss may happen at the middle of the line, in 
which case the burst wraps around until the entire line is fetched) . The line 
fill order of wrapping fetches is called desired word first, data requested 
first, or critical word first. 

Certain caches perform prefetches in anticipation of the next line to be 
missed by the cache. In general, the line following the last line fetched is 
prefetched and stored in the line buffer, with the assumption made that all 
misses are compulsory; that is, the fetched line has not previously resided in 
the cache. Caches which prefetch in anticipation of the next miss are called 
fetch always or Class 2 caches. Conversely, caches which only fetch missed 
lines are called Class 1, fetch on demand, or fetch on fault caches. 

After you've read through this section, look it over and count all of the 
new buzzwords shown in bold print. And then decide whether you would 
rather be a cache designer or a Tibetan monk! 

2.2.7 Noncacheable Spaces 

Certain spaces in main memory should not be cached. The most obvious ex­
ample is portions of the main m emory address range which are used as de­
vice inputs. This is especially important in processors which don't differen­
tiate between memory and 1/ 0 addresses, like Motorola's 680x0 series. 
Should the processor be looping while awaiting a change in the status ofa 
switch panel, for example, no change will be noticed if the first reading 
from the switch panel was cached. Some processors also use a portion of the 
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. nielll ry addrcs' rang fi r commun ication with copr cessors. Once 
111'11.11 

1 he data cannot b a um d Lo b static so a cach ed opy might bc-
ag,11n, • 1 . f . . 

e out of dale. Lastly, mu llpro essor ystems o ten ommu.m c.a1.e via 
om d I d • d d' d • I • 

5 which a re set an are 111 1cate marn mem ry o a t::Jo n . o 
n3g rnunicaLion can c ur if the main memory flag tha t one processor e ts 
com,ot b read by another ince th o ther is reading a cached copy. 
can• 

All uf th e examples are reasons for accommodating uncached ad-

dresses or no~cach~a~le ad~esses (NCAs) within the c~chc. The method 
fiinpl cmennng th.1 1s very nnple. An addres decoder signals to the cache 

~iat the ·urre.iH men_iory reque ti · within_ a noncach~abl pace. T~c ~ache 
conu·oller , in tum, disallows the ele ted !me from bem g updated w1thm the 
each . Jn a wa , the cache c.onu·olle r trea t the cycl as neither a hit nor a 
miss hut causes tl,e cach e t b ehave a if it did not xist during this partic-

ular cycle. 
The exact implementation depends on the freedom of the system de-

signer to change the system architecture. In some systems, all of either high 
or Jow memory can be declared noncacheable, and the cache will ignore ad­
dresses with the top bit either set or cleared. In other systems, each add-in 
1/0 board will signal which portion of its own address space is noncacheable 
through a dedicated signal on the backplane. The most difficult case is the 
addition of a cache to an architecture which previously existed without 
caches. In such systems, the usual approach is to implement an address de­
coder as a part of the cache, right next to the CPU, and to feed all possible 
noncacheable addresses to the cache controller, even for devices which 
might no t be installed in the system. Naturally, this will impact cache per­
formance if the decoder disallows the cacheing of several spaces where the 

1/0 device in question does not exist. 

2.2.8 Read-only Spaces 

Along the same lines as the noncacheable space is the read-only space. This 
is a cacheable address where the cached line is updated during cache miss 
reads only, and not on write hits. Read that last sentence again because it 
doesn ' t seem to make sense. Why would a cache want to contain the last data 
read from a main memory address and not to update that data when the 
same main memory address was written? 

This peculiar concept owes its existence to the fact that certain I/0 board 
designers overlay the main memory write addresses of their 1/ 0 devices' 
output registers with a PROM containing the I/0 device's driver. There are 
actually two memory spaces residing at the same address: a read-only space 
and a write-only space. The write-only space is the output registers of the 
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1/ 0 d vi e. The r ad-only space i the I/ O driver PROM. Naturally, th<: 
PROM would d well t b ached, but since the PROM'· ontems don't ge 
r vis d as th PU writes to th 1/ 0 device' registers, Lb cached ver io l 

of Lhe PR M' • contenr.s cmmot be chang d when Lb.is wrjte cycle occttr:
1 

This problem, sometimes called write side effects, tends to occur largely i~ 
PCs, whose main memory space is limited, so designers use the PROM-I;o 
overlap to save room. 

The simplest method of handling this problem is to mark all addresses 
within a certain range with a read-only or write protect bit as they are 
cached. Once again, an address decoder is used, but this time the decoder's 
output is sent directly into a separate bit, similar to another Valid bit, as the 
cache line is being updated. This bit automatically disallows any change to 
the contents of the cache data RAM during any write hit cycle at the read­
only address. 

This approach is used in certain secondary cache controllers. The write 
protect bit is used to allow an address to be cached, but not overwritten, in 
the secondary cache. The secondary cache controllers further use this bit to 
disallow the processor's internal primary cache from even containing a copy 
of the location. This prevents the inevitable updating of the primary cache's 
copy during a CPU write cycle, since the CPU's internal primary cache usu­
ally does not have a read-only bit (see Section 2.2.10). 

2.2.9 Other Status Bits 

All of the housekeeping bits described in the preceding sections can be 
called status bits. This category includes Valid bits, Dirty bits, read-only bits, 
LRU bits, and anything else which is stored along with every other cache 
line, but is not data or an address tag. 

If you do a little math, you will find that you can reduce your cache's over­
all bit count through judicious use of status bits. A good example is the use 
of sectored lines, or longer lines, to get rid of tag entries. While these ap­
proaches might not help out much with discrete cache designs, on--chip 
caches can really take advantage of any opportunity to reduce transistor 
count. This makes it even more important to measure the actual perfor­
mance of all of your design options before committing to a specific cache 
design. Another way to save memory bits is to disregard more significant tag 
bits if these represent address bits which are not used by the system. 

There are other reasons to add status bits to a design. Control domain 
identifier bits can be used to identify the user level of a cache entry. Some­
times these are used to determine which cache entries should be invalidated 
during a task switch in a multitasking operating system. In some cache de-
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. ns, task numbers are stored to counter aliasing problems which might 
51

~1cf\~ r pup in a logical each design. The logical cache in Figure 1.15 
0 

t.hi approach with th pro essor's fonction code bits FC0-FC2. 
ti 

Lock bits ar used to fore an entry not to be r m ved from th each 
Thi can help sp ed up int JTupt response in lime- ritical software appli a­
tlons, such as real-Lime operating systems. Lock bits make m st ens in a 
inultiway ca he, but can als find their wa into direct-mapp d designs. 
reader' / writer's lock i a bit which can keep unaut.h riz d proce ors or 
pro esses from overwriting the contents of a cache line. 

0 doub you will run into other caches which use status bits in some 
unique manner. They are easiest to understand if you just think of them as 
markers for the individual lines of the cache. We'll see designs in Chapter 
4 where cache line states are encoded to reduce the number of status bits 
used to store a line's state. 

Now let's move on to some approaches which do not interplay with the 
number of status bits in each cache line. 

2.2.10 Primary, Secondary, and Tertiary Caches 

You can't have gotten this far in the book without having determined that 
caches do a good job during their hit cycles, but don't really speed up miss 
cycles at all. The question then becomes one of a cost/ performance trade­
off, pitting the optimum cache size and speed against the practicalities of 
building such a system. Microprocessor designers are confronted with the 
trade-off of die size versus cache size for a processor with an on-chip cache, 
since an on-chip cache can naturally be made to run significantly faster than 
anything that involves signals being routed off of and onto the processor 
chip itself. 

Let's work with a hypothetical case where the processor has been de­
signed with a small, but very good cache, and slow DRAM is used to imple­
ment main memory in order to keep the memory array's cost down. How 
can such a system be made to operate faster? The designer is going to try to 
minimize the access time of the main memory during on-chip cache miss cy­
cles, and although tricks like interleaving main memory help, they are ef­
fective only to a certain point. A very valid approach to this problem is to 
build a larger but slower cache outside of the chip and to use this cache to 
accelerate the apparent access time of main memory during an on-chip 
cache miss cycle. In a system where two caches are cascaded in this way (see 
Figure 2.23), the cache more intimately tied to the processor is called the 
first-level or primary cache, and the cache which is placed between the 
CPU/primary cache subsystem and the main memory is called the sec-

., 
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ondary or second-level cache. More levels may be added, of course, anct 
these would be called third-level or tertiary for the cache between the sec­
ondary cache and main memory, and so on. Some architects use the terms 
Level 1 or Ll for the primary cache, Level 2 or L2 for the secondary cache 
Level 3 or L3 for the tertiary cache, etc. Whichever terminology is used, th~ 
cache which is closer to the processor than the one being discussed is called 
the upstream or predecessor cache, and the cache closer to the main mem­
ory is called the downstream or successor cache. 

Rest assured that the world has not become all that complex yet. Although 
the author has seen a number of systems with secondary caches, systems 
which use more than two cache levels are extremely rare at the time of this 
writing, although some multiprocessor systems use a shared tertiary cache for 
processors which each have their own primary and secondary caches. 

There are other reasons to use a multilevel cacheing scheme than the 
one just mentioned, such as saving die size on the CPU chip. Certain proces­
sor architectures have designed-in cache controllers which automatically 
limit the size and policies of the primary cache. Another reason is that the 
size or type of cache which is desired to fit between the CPU and the main 
memory might not be implementable with state-of-the-art static RAMs. 
Large RAMs tend to be slower than small ones, so a designer might be 
caught compromising between a small, fast cache and a large, slow one. The 
problem can be broken down so that both a small, fast cache and a large, 
slow one are used together as the upstream and downstream caches in the 
system, thereby reducing the level of compromise which must be made. This 
same approach has been discussed as an approach to be used within a sin­
gle chip, where the processor chip contains the CPU plus a small primary 
and a large secondary cache. Wait a minute, you say. Won't both on-chip 
caches operate at the same speed? Not really. The larger a RAM grows, the 
more levels oflogic required to implement its address decoder. Followers of 
the RISC argument, where the cycle time of a CPU is reduced by minimiza­
tion of the critical path logic delay elements (Section 3.1), will observe that 
by reducing the cache size the critical path can be made that much faster. 
In this sort of chip, the cache and CPU are designed closely together, with 
all efforts going to the reduction of cycle time. We'll show some examples 
in Section 5.2. 

One last reason, and probably the most common one used to rationalize 
the use of a secondary cache, is that the system designer is chartered to use 
an industry-standard CPU which has an internal cache which was not de­
signed with the current system in mind. A good example is that of a multi­
ple-processor system designed around any of the many currently available 
processors featuring write-through caches. Caches in multiple-processor sys­
tems are usually designed to minimize system bus traffic far more than is 
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possible using a write-through cache, so designers of such systems often 
choose to supplement the on-chip write-through cache with a secondary 
copy-back cache. 

Naturally, the design of the secondary cache depends greatly upon the 
kind of traffic expected out of the primary cache. It is safe to say that the ac­
tivity demanded of the second cache will look nothing at all like that re­
quired of a primary cache. A secondary cache is generally idle, while a pri­
mary cache is almost never idle. The balance of read to write cycles can be 
completely reversed between a primary and a secondary cache, the hit rate 
will probably be significantly lower, and the sequence of requests will prob­
ably exhibit a much more random behavior, with both temporal and spatial 
locality playing a smaller role. How can it all be so different? We'll examine 
this one piece at a time. 

First, let's assume that the processor normally would perform one write 
cycle for every ten read cycles (this once again is a function of the code 
being run on the machine) and that the primary cache is a write-through de­
sign which satisfies a flat 90% of all read cycles. This is a pretty typical sce­
nario. Since the design is write-through, the primary cache will not intercept 
any of the write cycles, so that 10% of the processor's cycles automatically 
get passed through to the secondary cache as writes. How many read cycles 
does the secondary cache see? Well, if the other 90% of the processor's cy­
cles are reads, and 90% of these are satisfied by the primary cache, then 10% 
of them make it to the secondary cache, or 10% · 90% = 9% of the overall 
CPU cycles. This means that the secondary cache will see more writes than 
reads, and, if the primary cache has a higher hit rate than 90%, the balance 
will be even more skewed toward write cycles. This flipflop would not occur 
in a system using a copy-back primary cache; however, the writes from the 
primary to the secondary cache would only occur upon cache evictions, so 
there would be no bearing for temporal locality as far as write cycles were 
concerned. The eviction might occur either a very short or a very long pe­
riod after the write cycle actually had occurred. 

Downstream caches never exhibit anywhere near the hit rates of the pri­
mary cache, and with good reason. As we saw in Figure 2.9, the cache's hit 
rate tapers off with increasing cache size. The impr vement in hit rate can 
be viewed as a differential, !:,,.H/ t:,,.S, where His the hit ra te and Sis the size 
of the cache. If the primary cache offers a hit rate of90%, and the secondary 
a h bring th hit rate up to 5% (Figure 2. 24). then the secondary cache 

is only cutting the miss ra t in hal[, thus exhibiting a hit rate of 50%. T his 
brings up que ti ns about lhe value of secondary ach es. Why pay for so lit­
tle an improvement? Ifwe look at the problem from the bottom up, we see 
that the miss rate of the single-level cache system is 10%, and the miss rate 
of the two-level cache system is 5%, meaning that the bus traffic in the two-

2
_
2 

CHOOSING CACHE POLICIES 93 

100¾ 

75% 

70¾ 
Primary Cache Size 

0.5K 1 K 2K 4K SK 16K 32K 64K 128K 

Figure 2,24, Incremental hit rate of a secondary cache. A very large secondary cache can 
exhibit a really small hit rate in comparison to the hit rate of the smaller primary cache. Most 
designers focus on miss rate improvements in order to rationalize using multiple levels of 
caches. 

level system is half that of the traffic in the single-level system. This is a key 
improvement in multiprocessing systems, as was discussed in Section 1.8, 
and is also very important in systems which have long main memory laten­
cies. (By the way, Figure 2.24 is fictitious data, so don't try to use it to prove 
any points or to design your own cache.) 

If the downstream cache has the same line size as the upstream cache, 
then it stands to reason that the only hits the downstream cache will have 
are from the upstream cache misses which are caused by conflicts. This is 
simple to see. The secondary cache will only be filled with the same data as 
is requested by the primary cache at the same time that it is being loaded 
into the primary cache. The only way that this data will stay in the secondary 
cache but will be removed from the primary cache is if the primary cache 
has a conflict which causes its copy of that line to be overwritten, yet the 
same conflict does not occur in the secondary cache, due to either a larger 
line size or a larger address space. For this reason, the downstream cache 
should either be considerably larger than the upstream cache or should use 
a line size much larger than its upstream neighbor. 

Some designers choose to assure that the contents ofa primary cache are 
excluded from being contained in the secondary cache. Why hold redun­
dant data in both of these places? This is a more efficient use of the two 
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caches, but sometimes this added efficiency gets in the way of the irnpte. 
mentation of other good cache policies. We 'll examine one called "inclu. 
sion" in Section 4.1.1. Sometimes, too, the exclusion of primary cache data 
from the secondary cache becomes extremely difficult, and the alternative 
not only shortens the design cycle, but also might reduce the complexity 
and chip count of the cache control logic. 

Secondary caches can also be used to implement good screening mech. 
anisms in multiple-processor systems, a topic which will be described in 
depth in Section 4.1.3. In a nutshell, the less often a system intrudes on the 
CPU / primary cache ub stem, the faster that subsystem will operate. A sec­
ondary cache can filt r ystem intrusions from the primary cache and only 
allow interaction by potentially meaningful transactions. 

2.3 STATISTICAL PREMISES 

Figure 2.9 was used to illustrate both the diminishing returns of increasing 
cache size and the hit rate improvements offered by increasing the associa­
tivity of a cache of a given size. Although the figure gives a good impression 
of the potential of cached systems, it is not at all accurate. True cache sta­
tistics are highly dependent upon the exact target system, both hardware 
and software, and there is no substitution for determining the exact char­
acteristics of your own system. Unfortunately, most designers don't have the 
resources available to test the various combinations of caches which they 
might implement, so a graph like this one might be the fallback for certain 
design decisions. 

In general, the curves are a reasonable estimate of the performance to be 
expected of a cached system. Several papers have been written in which ac­
tual measurements are provided, and they usually don't follow curves as 
smooth as those in the graph. Many exhibit lumps which may be attributable 
to the maximum size loop which a programmer is comfortable writing, or 
limits to the size data set being used, and some performance curves actually 
cross each other, showing a cache using certain policies performing better 
than another for small cache sizes, but worse for larger caches! 

2.3.1 The Value of Choosing Policies Empirically 

If we are to be pmists, the cache must be de igned only after ·ignifi anl La· 

l:!Sll bav been olle tcd to incli ate the p rfonuance o·ade-offs of crtain 
p Ii ies and c ch iz . again t a ll th r . or pr bably, the designer will 
g on from th.is text to r ad a few ftl.1 availabl pap rs, th n mak de i ion 
based on statistics whi h -wer mea tu-ed upon an altoge th r differ nL • stem 
running software completely unlike the programs the target system is to use. 
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This can lead to bad decisions, since the statistics in these papers have 
b .11 olle ted on st ms whi b are o complet I diff r nt than the cur­
ren I d • ign that som f the more sub tle trade ffi which wer determined 
LO make Lb paper's system perform b tt r might a tuall impede the opcr­
atlon f tb newer ache. ReaJ-time multiprogrammed systems tend to do 
better with high r as. ciati, it levels than are required in imple ingle-ta k­
ing operating systems like MS-DOS. The main memory bus protocol can 
have a significant impact on the choice of replacement algorithms. 

The following section should be discussed with the system programmers 
in the hopes that they can help you out by providing tools to help measure 
the cache's true performance. 

2.3.1.1 Simple Methods of Measuring Performance Software modeling 
is an inexpensive way to test possible cache strategies against each other. 
Usually, the target processor is used in an uncached system, with a simula­
tor actually intercepting all memory accesses. The simulator is made to em­
ulate different sorts of caches, and the model is made to run programs 
which will be run on the target system. A great disadvantage to software 
modeling is that it runs more than an order of magnitude (and quite possi­
bly two orders of magn itude) more slowly than the same program would run 
on the uncached system without using the model. This is pretty easy to un­
derstand, since each instruction of the target code must be hand-fed via the 
model software to the processor, and statistics must then be stored for each 
reference made. The large addition to the execution time means that the 
exercise of trying several different cacheing strategies on a large software 
base can consume quite a bit of time. Nonetheless, the low cost and ease of 
implementation of this method make it a popular alternative. 

A less popular and considerably more expensive alternative is hardware 
modeling. A typical hardware cache simulator consists of the most full-blown 
cache the designer could hope to use, with the addition of switches to change 
or remove one variable or another (examples might be cache size, write pol­
icy, or associativity). The target programs are then run with the various fea­
tures enabled or disabled, and the resulting execution times are used to de­
cide upon a system's implementation. Naturally, such a system can take a 
considerable effort to debug. To simplify the designer's life, such systems are 
sometimes run at a scaled speed, like half or one-quarter of the final system 
clock speed. As long as all parameters are scaled equally (CPU clock, main 
memory latency, bus clock, etc.), valid measurements can be obtained, and 
good decisions can be made regarding the optimum cache strategy. 

Two other simple methods involve the use of traces of example execu­
tions. There are two sorts of traces: hardware and software. Hardware traces 
usually are performed by placing an apparatus upon the bus which will mea­
sure real-life address activity in such a way that statistics can be compiled to 
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reveal an optimum cache strategy. One method is to make a hardware 
model of the example cache-tag RAM for a possible alternative and to mea­
sure the miss rate it would have. The cache-tag RAM only has to run as fast 
as main memory, so making one which allows the simulation of several dif­
ferent cache architectures is a simple task. Although it would be reasonably 
easy to design another sort of trace machine which counted simple statistics 
on the number of main memory accesses within certain address ranges (pos­
sibly by using nothing more than a logic analyzer), these statistics reveal 
nothing about the locality of the program being run, and end up not being 
very useful. 

Software traces, often called code profiles, are even simpler to imple­
ment: however, they lack somewhat in resolution. Those used in most cache 
research are implemented in microcode, but can only be run in systems 
which allow the microcode to be modified. The simplest sort of software 
trace is driven by the nonmaskable interrupt in a real-time system. If the sys­
tem being used for traces doesn't have an interrupt of this sort, it is often 
not too difficult to set one up. At the beginning of the interrupt routine the 
program counter is pushed onto the stack. The trace routine is layered into 
the normal interrupt service routine, and looks at the stack to keep statistics 
on the location of the program counter. The program counter is not the 
only address generator which can be traced by software tracing. All other 
pointers can be examined as well, once again at the expense of latency in 
the interrupt service routine. 

As with the simpler hardware method just mentioned, care will have to 
be taken to assure that the interrupts are not so widely spaced that issues of 
locality are lost. On the other hand, causing too many interrupts migbL low 
the system down to the point where it would operate as slowly as a software 
model. 

One good reason to use traces is if the scenario in which the target sys­
tem is to run cannot be simulated adequately at a much lower speed and if 
the cost of a hardware model cannot be justified. Examples include a single 
node in a network of other computers or a widely used multiuser system, ei­
ther of which depend greatly upon timely interaction, with uncontrollable 
outside sources to be measured realistically. 

Certain compilers support profiling by inserting extra instructions into 
th ompiled code when a profiling option is invoked . This is a great way to 
gather infon:naLion about the program coun ter ,mcl what the c de is doing, 
but does not often do a lot t help you see what's happening in the data 
space. lfyour ma.in thrusL is to optimize code acce ses, this is a workable ·o­
lution . At least one programmer I know of proiil s his code by measuring th 
length of loops using a ruler on an assembler li sting (generated e ither by a 
compiler's output or from disa sembled o~ject code) and figuring th aver-
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age number of times each loop is executed. He can use this to determine the 
percent of time the program counter resides within any single location. 

2.3.2 Using Hunches to Determine Policies 

Of course, now that you have an understanding about how you can measure 
your own cache statistics, that doesn't mean that you are going to do it. 
Maybe you don't have the time, or, quite possibly, your marketing depart­
ment has told you the only features which a customer will buy (sadly 
enough, hardware specifications are usually more deeply scrutinized by po­
tential customers than are benchmarks). This is where you must depend 
upon your (or somebody else's) intuition. 

For those who haven't the time, I hope that the intuitive approach taken 
in this book is found to help. As an example, it should be pretty clear from 
what has already been discussed that a design which falls downstream of a 
write-through cache should focus more attention on write cycle perfor­
mance than on read cycles, or that an increase in the associativity or even 
size ofa write-through cache often pales in comparison to the benefits (or 
complexity) of converting the design to a copy-back cache, or that wait states 
are so bad that there is no cache strategy which is worth incurring one. I 
should also hope that the reader has the time to read some of the more aca­
demic studies on cache performance. Although this book does not try to cat­
egorize which papers are of value, there are plenty of them out there, and 
it is a simple task to find one paper you feel good about and to get copies of 
every paper in its bibliography. Still, remember that the papers were written 
about a different system than yours, running different software on a differ­
ent CPU across a different bus structure. In cache design, the only absolute 
truths are the ones describing how your cache works with your software on 
your system. Nothing else really matters. One step to be sure of is that you 
argue every decision with your peers. Nothing helps work out the bugs in ad­
vance more than having to defend your assumptions. 

For those of you who have to design a cache to some arbitrary specifica­
tion because somebody told you to, don't despair. Look a little deeper. 
Maybe there is something you learned in this book which can be coupled 
with the restrictions you have been placed under which can turn a less op­
timal strategy into a near-stellar one. You are probably learning that there 
are so many variables in cache design that there must be one or two options 
you have so far neglected to take advantage of. One of the nicer points is 
that many of these options require little or no additional hardware and can 
be had for the simple price of a little more effort in the design/ debug 
cycle. 
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2.4 SOFTWARE PROBLEMS AND SOLUTIONS 

So far, we have assumed that the cache designer is burdened with solving the 
cache design problem without any help from the software side of the house. 
This usually happens to be the case, but in those instances where the pr0 . 

grammers and design ers are able to work together to s~lve th~ pr~blem, 
there are certain simple rules which can be used to drastically s1mphfy the 
design of the cache . 

Most often, the real challenges encountered are due to the fact that the 
cache is being designed to accelerate the performance of a system which has 
been around for several years. The software is already written in a certain 
way, and the cache might n ed to main tain compatibility with existing hard­
ware which has anomalies whi h rntLSl b accommodated. In altogether new 
designs, however, the cache designer has the lu~ury ~fworking with the de­
sign team to help define the overall system spec1ficauon. 

2.4.1 Trade-offs in Software and Hardware Interaction 

It is easier to understand hardware/ software cache design trade-offs with 
some examples. One good example is the problem of cache validity, as de­
scribed in Section 2.1.3. The software solution is to disallow the cache from 
satisfying any CPU bus cycles until a bootstrap ~outine h~s m ad. certain that 
all cache lines have been overwritten with vahd data, after which the same 
program sets a flag which nablcs the cache to respond. The hardw~re ~o­
lution is to maintain a Valid bit for every line and to reset all Vahd bits 
through a hardware reset mechanism before allowing the cache to respond. 
Obviously, the hardware method will be more co lly r produ . 

This sort of valid/ invalid criterion is not only a problem at ·tart, 1p, but also 
occurs during direct memory access (DMA) activity, where an o ut id device 
modifies the contents of main memory, but not necessarily the c rrespond­
in c nLen ts or th ach m mo1y. The brute-force hardware method of han­
dling thi probl m i t invalidat th entire ache when ever the bu_s signal 
supporting OMA wii d es o cur (se,,eral more •Jegant met.bods will b~ de­
tailed in Chapl r 4) . T he oftwar 111 tl1od of handling l11e pr bl rn is 1.0 

have the operating 1stem inva.lida t either lh -ntire ca h r tJ1 e appro-
priate section of the cache whenever a context switch is invoked. . . 

Another example is a bit tougher to explain here, mostly because it 1~­
v Iv s mullipro ess r Lh ubj cl of Chapter 4 . ln a mullipro~e ·in~ en_vi-

·sors ofl n ommuoi ate via locked rcad/ mod1fy/ wnt 111-
slru ti n . n pro e sor wri tes to a main m mo mailbox location to t H 
ano th er pr c ssor whaL it i loing. Thi prob! •m i imila r t the ~ro~I !TI 

ofl/ O addresse • mention d in S ·ction 2.1 .3. If Lh prnces ·or wb1 h is LO 
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d r..he mailbox localion refers to a copy fth e lo au n in its ache in Lead ~a . . . 
f r ading the actual main mem ory the roam mem o1 wt.II !J. updated ~ 

the writing processor without the reading proce sor e~e r no uc111~. The soft­
, . •olution to this probl em i_S ,1lwa 1s LO m ap 1.h mailbox locaaons to tl1c 

w,u · · ' LI ch d . . e pl'l'ysical m morv addr s. [L will th en be ·1mpl l·o r 1e ca e c s1g11 r s,t!ll ' • I • • . . 

l disallowthat , dd1: s · rang from bcm~ca heabl~. ln multtprocessmgsy-
s Which are not m control of the mailbox locat10ns, some extremely so­tern 

bisticated int r a he communications protocols must be worked ou~. 
ihese are sufficiendy complex that I won't go into them here, but will wait 
until we arrive at Chapter 4. 

2.4.2 Maintaining Compatibility with Existing Software 

Jfyou review several cache de ·ign , you will start to n~tice t_he biz_ar:e twists 
which sometimes must be added Lo account for ways m which ex1stmg soft­
ware has been written. 

Probably the biggest headache for many cache designers is the software 
timing loop. The timing loop runs at exactly the right speed as long as the 
pro c , or is clocked at exactly such and such _a frequency, and m_ight even 
dep od on a certain main memory latency. This type of programm1~g pretty 
well does away with the possibility that the hardware can undergo improve­
ments. The only really clean way to deal with such a problem is to nail down 
the location of the timing loops for the program(s) under question, and to 
disallow these from being cached, meanwhile assuring that the processor 
clock is never improved. A simpler alternative is to allow the user two oper­
ating modes. It has become the terminology in the IBM PC world to dub the 
two operating modes in systems so equipped as normal mode and turbo 
mode. 

In certain real-time systems, interrupt latency must be exactly the same, 
no matter when the interrupt occurred. This is not easily accomplished in 
cached systems. Say the interrupt service routine were written to count the 
number of interrupts and to respond to the interrupt with a high or low out­
put, depending on the previous interrupt activity. Naturally, the interrupt 
routine and the record of previous interrupt activity will be stored in main 
memory. The routine runs the possibility of thrashing on certain interrupt 
cycles and not thrashing on others, meaning that the interrupt latency will 
be variable. Add to this the chance that the program being run between the 
interrupts will at some times ovenvrite some of the interrupt routine and at 
other times will leave it alone. Two simple approaches to this problem are 
to disallow the cache from working during the entire interrupt response or 
to disallow the cacheing of those locations involved in the interrupt service 
routine. The latter solution might be a little too drastic, since the interrupt 
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service routine, at a minimum, involves not only the service routine's code 
space and an associated data space, but also the stack. Disallowing the 
cacheing of the stack will have a negative impact on the performance of the 
entire program! 

For those who have chosen to use a logical cache implementation, care 
must be taken to understand any tricks which programmers may have played 
with the logical to physical address mapping. Address aliases can be used 
very artfully to improve the communication between routines, but they are 
really tough to account for in a logical cache design. Once again, a heavy­
handed, but useful, approach is to simply disallow the cacheing of any page 
which might be used in this manner at some time. 

2.5 REAL-WORLD PROBLEMS 

Compared to the rest of the book, this is a really mundane section. Here, we 
will not cover the tricks and techniques of artful cache design, but will tackle 
the tougher problem of getting the hardware to run, and to run reliably in 
such a way that it can be mass produced. 

It's pretty reasonable to assume that the cache designer is going to use 
the fastest processor available. After all, caches are a way to make up for the 
disparity between true main memory access time and the access time re­
quired by the CPU to run at maximum throughput. This disparity does not 
become a problem until the designer uses the fastest CPU speeds. Also, the 
cache is usually a more expensive means of increasing throughput than is 
the use of a faster CPU (although this might not be the case, as was shown 
in Figure 1.1) . 

At the fastest CPU bus speeds available, the CPU/cache subsystem can­
not be examined only as a digital system with the problem oflogic bugs, but 
the timing must be scrutinized and derated, circuit boards must be designed 
to accommodate high frequencies, and the designer must be resigned to a 
lot of sleepless nights. 

Most high-speed system designers allow themselves time to get the system 
working thoroughly at a scaled-down speed, like 10% of the maximum CPU 
speed, then to gradually increase the clock frequency to full operation until 
all timing bugs have been found and removed. Although this sounds slow, 
less methodical methods seldom can be used more profitably. 

2.5.1 Parasitic Capacitance and Bus Loading 

Designers who are working for the first time with cycle times of under 50ns 
are often surprised at the care and attention required by high-speed sys-
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tems' bus signals. At lower speeds, the few nanoseconds consumed by ca­
paci tive loading might have been mentioned in a thorough timing analysis 
(if on were performed), but could easily be accommodated by using a 
slightly faster, slightly more expensive part. At 20ns cycle times, once the 
processor's outpul delay and set-up times are ace unt d for, the designer 
finds that th -' cache will require the use of leading- dg component speeds 
even before derating calculations are made. Inaccurate derating can hurt in 
two ways. Overoptimistic derating can cause the cache simply not to func­
tion, whereas overconservative derating might keep the cache from ever 
being designed, possibly allowing a competitor to beat you to the punch. 

High-speed processors tend to be specified into small (50pF) loads for 
three reasons. First, processor manufacturers don't want to lose yield sim­
ply because they tested their parts under overly stringent loading, possibly 
on a pin which nobody uses anyway. This is a way for them to cut themselves 
some slack. Second, to drive large output loads at high speeds, high-current 
output drivers must be used. The consequences of designing these high-cur­
rent drivers into a processor chip are many. All ICs are designed within strict 
power budgets. Fast circuits require more current, so the more of the bud­
get's current which is diverted to the output drivers, the less there is avail­
able for the faster parts of the processor; hence, the processor must be made 
to run more slowly. That's not a good deal for a processor which is being 
pushed to the highest speeds. High-current output drivers also generate a 
lot of noise on the processor's internal ground, which can confuse some of 
the internal thresholds, leading to slower performance or even bit errors 
and lockups. The last reason for the CPU manufacturer to specify outputs 
into a light load is that the test equipment tends to come from the tester 
manufacturer looking like a light load, and the addition of heavier loading 
is somewhat of a burden and a puzzle to the CPU manufacturer. If addi­
tional loading is to be put onto the tester, what exactly should it look like? 
It seems that no two system designers can agree on what the "typical" out­
put load looks like to a CPU chip. 

A generally accepted method of derating is to add Ins of propagation 
delay to a signal for every 20pF of loading above the specified output load­
ing of the processor or other driving device. This works for light drivers like 
CPUs and memories, but some logic outputs can drive either more or less, 
and the device's data sheets should be consulted if that data is given. Al­
though I've never heard a consistent number to use for the capacitive effects 
for printed circuit card traces, one number is lpF per inch. This adds up re­
ally fast, so careful layout is a must. 

As an example, let's derate a CPU output which is driving the address in­
puts of four 128Kx 8 cache data RAMs and three 128Kx 8 cache-tag RAMs, 
plus an address buffer along a 30-inch trace (this sounds huge, but is about 
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Table 2.1. Capacitive derating on the address bus ofa typical cached system. 

Load 

Tag RAMs 

Data RAMs 

Address buffer 

PC board u-aces 

Capacitance (pF) 

21 

28 
7 

+30 

Total capacitance 86 
Less: CPU rated output drive -50 

Derating capacitance 36 

Times: Derating factor 

Derating 

*0.05ns/ pF 

1.8ns 

Notes 

Three 7pF inputs 

Four 7pF inputs 

30 in.· Ins/ in. 

Ins for every 20pF. 

All tags, etc., must be l.8ns faster 
than figured in timing calculations 
without derating. 

as short as you can run such a trace on a two-sided PC board). The address 
buffer and all the RAMs will be given 7pF input capacitances, and the 
processor is specified into 50pF. Table 2.1 shows how the typical derating 
equation would look for the lower address bits in this system. 

Why does this only apply for the lower address bits? Remember that these 
are the set bits, so each set address bit must be routed to the address inputs 
of all the tag RAMs plus all the data RAMs. The tag bits only must go to one 
tag RAM and the address buffer (unless a discrete comparator is being used, 
which will add a load). Remember that no tag bits are used in accessing the 
cache data RAM. Also, the loading will be different for the address bits 
which are lower than the set bits in a system using multiword lines or sec­
toring. Further, bidirectional buses must have these equations performed 
for each driver on the bus. This may sound as if it only pertains to the data 
bits, until you realize that the addresses in a copy-back cache are obtained 
from the tag RAMs during line evictions. We will see in Chapter 4 that there 
can also be episodes in which the CPU/ cache subsystem's address inputs will 
be driven by the address buffer. There will be an awful lot of these little cal­
culations in a high-speed system! 

One method to get around some of these derating issues is to use multi­
chip modules (MCMs). Multichip m dules are a hoL topic of conversation 
at the wti.ting of hi bo k, bul haven t b en pul int ·widespread use. The 
Intel Pentium Pro i one of few wid ly available MCM . In an MCM, the 
CPU, the cache, and all buffers to the outside world are mounted on to a sub­
strate, preferably without pr vi.ously having been packag d. Th advantages 
to this techniqu are that the input capacitanc is low r for devi es which 
~- not pa kaged, and the module substrate is capable of carrying signal 
using horter conn ction at a lower capaci anc per inch. Further, if all of 
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h signal which are not required to be pla ed on a module outpul pin ar 
~lowed lo u e smaller I/ swings, Lhe charg / discharge c d e of the nod 
apacirnn becomes smaller, allowing the module's chips to be run at a 

~iigher sp ed. Th dovm ide to MCM i thaL the manufa Lure of module 
is cost! and tends to require 1.h use of ol -sourc d RAMs and logic. Add 
tot.hi the o t ofr work hould a singl chip upon th module fail, and t.he 
co ts go through the roo.f1 T st.abilit i als a big problem. In the near tern1 ,. 
il appears that MCMs will remain tbe domain of vertical.I integrated firm ' 
highest performance and highest cost • stems. A reasonable compromi j 

to 11• a car fully design d module made of packaged parts on a standard 
ircuit card, a i b ing done b Intel with their tandard processors. 

Another nagging real-world cone mis lock kew. l ck kew can result 
from mechanisms as obvious as the use of different buffer outputs to drive 
two different devices' clock inputs, usually motivated by heavy loading on 
the clock lines. The worst case of this is if two different buffers in two dif­
ferent packages are used to drive two versions of the same clock signal. One 
device may be particularly fast and be mounted in a cooler part of the board, 
while the other device is allowed to get warm and, even at cooler tempera­
tures, runs at the slow end of the devices shipped by the component manu­
facturer. Heat slows silicon down. Less obvious are the times that clock skew 
comes from mismatched loading on two identically buffered but separate 
clock lines, or from deviations in trace length between two clock paths. 
Sometimes, the skew which causes the problem comes from two different 
taps on the same signal line, where these taps are simply too distant from 
one another. The methods often used to prevent clock skew from becom­
ing a problem are to drive carefully placed underloaded clock lines with 
hefty signals all coming out of the same package. Some designers simply use 
the same octal buffer for all clock outputs (pin-to-pin skew is not tested or 
guaranteed on these devices), but there are devices available which are de­
signed and tested specifically for this function, which have much stronger 
current drive than the octal buffer, and are tested and guaranteed to maxi­
mum pin-to-pin skew. Certain clock driver circuits go so far as to use a phase­
locked loop to synchronize one of the clock driver's output pins with the ref­
erence input. 

Resistive loads can also help systems avoid pitfalls due to delay-line effects. 
Any conductor, unless properly terminated, will reflect power back in the 
direction from which it came. This is fundamental transmission line theory. 
If both ends of a PC board trace are improperly terminated, the waveform 
can adopt a severe ringing which may even pass back and forth across an 
!nput threshold, causing false triggers of registers, erroneous write cycles 
mto RAMs, or even a reading as the opposite logic state of the value repre­
sented on a data line. Once again, there are many schools of thought on this 
subject, all of which will be left to better qualified sources to explain. PC 
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board layout techniques are neither the forte of the author nor the subject 
of this book. Still, don't overlook this important issue. 

Designers whose products are aimed at the U.S. market must worry about 
complying with Federal Communications Commission (FCC) radiofre­
quency emissions regulations. This ties in with the clock skew and termina. 
tion issues just discussed and is a challenge which will be noted but not dis­
cussed here. Let's just say that it is one more in the list of concerns facing 
the high-speed cache designer. 

2.5.2 Critical Timing Paths 

Figure 2.10 shows the critical timing path of the cache-tag RAM in a direct­
mapped cache. For most systems, this is the real hot spot and will be the 
most difficult timing problem to solve. The use of integrated cache-tag 
RAMs and cache controllers is often determined by the speed required of 
the cache-tag RAM. In some architectures, the cache controller is a single 
chip which accepts address inputs, and outputs a Ready signal back to the 
CPU. Although this is a fast approach, it is usually implemented using ASICs, 
so the cache-tag RAM is never as large or as fast as the state of the art in sta­
tic RAM design. Other implementations involve putting all of the cache con­
trol logic except the cache-tag RAM within the CPU chip itself to reduce 
chip transitions, or to include the tag comparator into either the cache con­
troller chip or the cache-tag RAM chip. Only the slowest designs have the 
luxury of allowing the use of a discrete cache-tag RAM, followed by a discrete 
comparator, followed by the cache control logic. 

One observation which pops out when considering the problem of de­
signing a cache-tag RAM and downstream logic with sufficient response time 
is that the problem might be difficult for direct-mapped caches, but with 
multiway caches it becomes really nasty. 

Back in Section 2.2.2, we saw that the tag on a multiway cache is used to 
gate the output of the data RAM, whereas the data RAM in a direct-mapped 
system starts the cycle in an enabled state. An approach used by at least one 
cache controller is to implement the two-Way architecture using a most re­
cently used (MRU) bit to signify the Way most recently accessed for the line 
being read. The MRU bit is just an inverted version of the LRU bit discussed 
in Section 2.2.2. Using this approach, the cache data RAM starts the cycle 
with the most recently used Way's outputs enabled,just as a direct-mapped 
cache starts a cycle. This allows the cache-tag RAMs to be as slow in this sort 
of two-Way design as they would be in a direct-mapped architecture. Time 
is only lost on a Way miss where the Way which was initially enabled is the 
wrong one, and the CPU is delayed until the proper Way can be selected. It 
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. easy to conclude that the highe ·t miss rate which would be likely to occur 
~n such a cache would be about SO% and with the operation of this partic­
\iar design, tbal. Way rniss only cost~ a sing! cycle. ]ntel's designers seem to 
~ lieve tbat the Way mi rate i • a tually significantly lower than 50%. The 
iiclllal p rformanc ben fit of a two-Way architecture over a direct-mapped 
v•rsion would ne d L ov rwhelm the detrim nt to overall each bandwidtl1 
of these add d wail stales in ord r for this c nc pt to imprnv system p r­
formance. It is not intuitive!)' obvi us that the MRU-based, two-Way cache 
would outperform an equivalent-size direct-mapped cache. Only measured 
statistics could prove or disprove this argument. 

Other vexing timing difficulties can occur in the data loop. Figure 2.10 
shows the path of the addresses out of the CPU, through the cache data 
RAM, and into the processor's data input pins. If the processor has no in­
ternal cache, it will tend to consume a few CPU clock cycles every time it re­
quests memory data, and the cache data RAM's timing might be tight, but 
not impossible. Processors which have internal caches tend to use multi­
word lines and fetch the entire line at one time, using the burst cycle de­
scribed in Section 2.2.5. Naturally, there is a speed benefit of allowing the 
burst refill to run just as quickly as possible, so the designer will attempt to 
implement a zero-wait data RAM in the design . The first cycle is easy to 
match. The address is output over a full CPU cycle time before the data is 
required. However, the address stays valid until after the first word is 
fetched, skewing the timing on the other cycles to the point that the access 
time of the remaining cycles is the CPU clock cycle time less the CPU ad­
dress output propagation delay and the CPU data input set-up time. 

Some designers use interleaving to solve this timing problem, where the 
cache or main memory is four times as wide as the CPU's data bus, and mul­
tiplexing is used to perform the burst sequence automatically, based on the 
CPU clock rather than on the CPU address outputs. (A DRAM which is in­
terleaved this way will usually have a couple of wait states only at the begin­
ning of the cycle and will thus be called 4: 1: 1: 1.) Other designers place out­
board burst counters between the CPU and the RAM, so that they can 
reduce the clock to burst count propagation delay. Today's most popular 
cache data RAMs have included the counter on-chip. 

Back in Section 2.2.6, we spent a lot of time and buzzwords on describ­
ing the use ofline buffers and early continuation (where the CPU is allowed 
to continue to operate as a multiword line is being updated in the cache). 
It might save you some time and effort to find out whether or not the in­
ternal cache of the processor you're designing with uses early continuation. 
As a case in point, one acquaintance of the author went to lengths to design 
a secondary cache around the Motorola 68030, which supported the 68030' s 
burst cache line refill mechanism. Oddly enough, the burst design under-
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performed a similar design without burst support. Why? Because the 68030's 
internal cache does not support early continuation. To better understand 
the problem, look at Figure 2.25. If all instructions execute in the minimurn 
amount of time, and if the instructions all execute in line without interven­
ing accesses to other addresses, as is shown in the figure, the burst will work 
no faster than the discrete cycles. In a lot of instances (prnbably 75%, since 
the line is four words long), however, only a portion of the line will be used 
before the processor needs to access a completely different address. With 
the 68030's nonblocking design, the burst must be completed before the 
CPU's need to look elsewhere can be accommodated, thus stopping the 
CPU from performing any work during this contention. 

Another point of difficulty in the design of high-speed caches is the pro­
duction of well-timed write pulses, especially for cache write cycles which are 
allowed to occur at zero wait-states, either because the cache adopts a copy­
back policy or because a write-through design employs a write buffer. There 
are two sources of problems with high-speed write cycles: skew and noise. 
Write pulse skew is caused by the use of separate silicon to time the write 
pulse and the data and address inputs to a RAM. If the write pulse is gener­
ated by the same clock on the same piece of silicon as the data and address, 
all of these signals move together over temperature, voltage variations, and 
IC manufacturing process variations. No matter what the environment, the 
timing is accurate to a fare-thee-well. In systems which buffer the address in­
puts or the data 1/0 to the cache, or systems which use different silicon to 
generate the cache data RAM's write pulse than that used to generate the 
RAM's address and data inputs, the designer must assume the possibility 
that these different I Cs will come from different manufacturers and will ex­
hibit different propagation delays, different temperature tracking (not to 
mention that each chip will probably be at a different temperature at all 
times), and all other worst case possibilities which will cause the data, ad­
dress, and write pulse inputs to arrive at wildly fluctuating intervals with re­
spect to each other. A common way to get around this problem is to use syn­
chronous static RAMs in the cache design, since the synchronous SRA.i\1 
uses no write pulse, but instead uses a separate clock input to sample ad­
dress, data, and write enable inputs all at once. We won't go into synchro­
nous SRA.Ms in depth here, but the timing waveform of a write cycle of a syn­
chronous, l M is shown in Figure 2.26, and it is easy to see that the write 
cyd ,. can ha e a I t of margin and still be performed at very high sp ed •. 

Synchron us RAMs aJ o neauy o lv th noi ·ea peet of high-speed w1ite 
pul s. urn that ou have ucceede I in co llecting the appropriate lo i 
to pr ci el time the write pul to th add r · ·and data inputs Lo the each 
data RAlvt. t 50 MHz cl k frequcncie , th trar1smi ·io n lioe eff:i cts of a 
printed circuit card become signilicant, and fastidiou board layouts be-
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Clock 

Data 

Address 

Write 

Enable --+-......,i--<--+------
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Address, Data, and Write Enable inputs 
all share the same timing constraints. 

The Write Enable signal need not be stable 
outside of a small sampling window. 

Figure 2.26. A synchronous write cycle. The write enable input is not sensitive to random 
edges or ringing which occur outside of the sample window. Also, write cycles can be decided 
upon much later in the memory cycle with synchronous parts. 

come a must, as well as proper termination with impedance-matched loads 
at both ends of the write pulse line. Still, reflections will occur at every 
change in the trace due to a solder joint, a device pin, or even a corner of 
the trace, and when these reflections are added to the original signal, they 
might cause the write pulse to appear to ring, not being stable as a high or 
low level at the onset of the write cycle, and hanging around or recurring 
after the cycle is over. This causes headaches because the write enable must 
be a precisely timed pulse, rather than a voltage level. Synchronous SRAMs 
look at the write enable input as a level, which can go through countless 
transitions before the sampling window and which can bounce up and down 
without consequence after the window has passed. 

2.5.3 Bus Turnaround 

There are three main reasons that a cache design would have a potential for 
bus contention. The first is if the cache design satisfies a burst cycle using in­
terleaved RAMs. The second is the case where a multiway architecture is 
used, and the cache controller must decide, in the minimum amount of 
time, which of two RAM banks is to be used to satisfy a data request. The third 
is in caches which interleave data and instruction caches to simulate a Har­
vard architecture. In all of these examples, the problem is to turn one RAM 
off and the other on in the minimum amount of time. Overlap of the out­
puts of two or more RAM banks is to be avoided at all costs, since the result-
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. g cont ul.ion auses high power dissipali n ground noise, radiofrequenc 
'.
0 

terferenc (RFI), tress on the RAMs' ou tpuL pin and other concerns. 
10 

one problem with attempting lo interleave RA.Ms thi way is that th sp c­
•fications for static RAMs arc not adequately tight to ensu.r that bus c n-
1
~nuon will not ccur. Some manufacwr rs are addressing this issue by 

I. uaranteeing minimum and maximum turn-on and turn-off tim s, but Lhi f die xceptioo, rather than the norm. Because of this, designers ar ft n 
forced to assum that the 1:1.u-n-on and turn-off tim s wi ll lie anywhere b -
tween zero and th maximum specified for tJ1e part. Morn venturesome de­
sigµers as ume Lhal th parts cannot r pond in On , and will find some 
number whjch mak them comfortabl , but the margin in the maximum 
and minimum numb rs till slow dmvn Lh interleav d sy t m unl ss th 
designer chooses to ignore the effects of bus contention (at least until the 
system needs to be debugged). 

Certain CPUs use separate data input and output pins, at quite a cost in 
package pin count,just to get around the problems of contention caused by 
bus turnaround, when the CPU stops inputting data and starts to write. This 
approach helps to solve the problems of synchronizing the outputs of the 
CPU to the outputs of the cache data RAM. 




