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7 .2 The Basics of Cache 

The Basics of Caches 

Cache: a afe place for hidin or tori11g thing . 

Webster\; ew World Dict1011ary of the American Language, 
Third College Edition (19 ) 

545 

n our library d k a t d a af plac to tore thing 
( k ) th t w in . Cnche w n m ho en to repre nt 
th I I f th m 1 • h b tw n th and main m mory in th 
fir t omm r ial ma hin ha thi . 1i although thi 
r main th d min nt u of th word cache, th t rm i al d to ref r to 
any t rag manag d t tak ad , nt lity of ace . Caches fir t 
app r din r 1achin in th e nd in production machin 
lat r in that n de· ral-purpo e machin built 
tod , fr m th f th includ a cache. 

In thi ction, ·n • at av imple cache in which th pro-
ce or r h one word c nd th bloc o con • f ingle word. 
Figur 7.4 ho • , b for and aft r r qu ting a data item 
that i n t initi • th r qu t, th cache contain a coll c-
tion f r r 1 - 1, and th pr or r que ts a word 
Xn th t i n t in th h • qu t r ult in a mi , and the word Xn i 
br u ht fr m m · m r int h . 

X4 X4 

X1 Xl 

Xn-2 Xn-2 

Xn - 1 Xn-1 

X2 X2 

Xn 

X3 X3 

a. Before the reference to Xn b. After the reference to Xn 

FIGURE 7 .4 The each Just before and Just after a reference to a word Xn that Is not 
lnlU Uy In the cache. Thi. r f r n e aus s a mi that for e the each to fetch n from m m­
or and in. rt it into th .i h . 
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Looking at the cenano m igur 7.4, w can v qu ti n 
w must answer: H w d we know if data it mi in th each ? nd, if it i , 
how do we find it? The answer to the e two que tion are relat d. If ach word 
can go in exactly one place in the cache, then we will know how to find the 
word if it i in the cache. The implest way to a sign a location in the cache for 
ach word in memory i to a ign the cache location ba ed on the addr o 

thew rd in memory. This cache structur i called direct mapped, in ch 
memory location i mapped to exactly one location in the c h . Th typi cl 
mapping b tw n addr s e and cache 1 ati n for a dir t-mapp d c ch i 
u ually simpl . r e ampl , alm t 11 dir t-map d ca h us th 
mapping: 

(Blo k add re ·) mo ulo (. umber of each block in th 

Thi mapping i ttractiv be au e if the numb r of entrie in th ca h i a 
power of two, th n modulo can be c mputed ·mply by u in only th l w­
arder log2 (cache size in block ) bit of the addr i h nee the ache may b 
ace d dir ctly with the low-order bit . For e ainple, igure 7.5 h a 
direct-mapp d each of eight word and th m mory addr b tween 
lten (OOOOltwo> and 29ten (1110ltw ) that map to loc tion lten (001 two) and Sten 
(101n-vo> in the cache. 

Cache 

O..-i O ..-f O...-1O ...-1 
OO..-i...-lOO'rl..-f 
0000.-1.-1..-1..-1 

00001 00101 01001 01101 10001 10101 11001 11101 

Memory 

FIGURE 7 .5 A dlrect-mapped cache wlth eight entrte• showing the addre•se• of memory 
words between O and 31 that map to the same cache locations. Becau e ther ar eight 
words in th cache, an addr s X maps to th cache word X m dulo 8. That is, the l w-ord r 
log2{ ) = 3 bits are used a the cache inde . Thu , addre ' 00001 1wo, 01001 1wo, 10 Oltwo, and 
11001tw0 all map to entry 001two of the cache, while addre s 00101hYo1 01101twor 1010 two, and 
11101 two all map to entry 101 two of th each . 
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Because each cache location can contain the contents of a number of differ­
ent memory locations, how do we know whether the data in the cache corre­
sponds to a requested word? That is, how do we know whether a requested 
word is in the cache or not? We can plan for this by adding a set of tags to the 
cache. The tags contain the address information required to identify whether a 
word in the cache corresponds to the requested word. The tag needs only to 
contain the upper portion of the address, corresponding to the bits that are not 
used as an index into the cache. The reason for this is that the bits correspond­
ing to the index are used to select the unique entry in the cache corresponding 
to the supplied address, and thus we only need to ensure that the upper por­
tion of the supplied address matches the tag. For example, in Figure 7.5 we 
need only have 2 of the 5 address bits in the tag, siJlce the lowest 3 bits of the 
address select the block. 

We also need a way to recognize that a cache block does not have valid in­
formation. For instance, when a processor starts up, the cache will be empty, 
and the tag fields will be meaningless. Even after executing many instructions, 
some of the cache entries may still be empty, as in Figure 7.4. Thus we need to 
know that the tag should be ignored for such entries. The most common meth­
od is to add a valid bit to jndicate whether an entry contains a valid address. If 
the bit is not et, there cannot be a match for this block. 

For the rest of this section, we will focus on explaining how reads work in a 
cache and how the cache control works for reads. In general, handling reads is 
a little simpler than handling writes, since reads do not have to change the con­
tents of the cache. After seeing the basics of how reads work and how cache 
misses can be handled, we'll examine the cache designs for two real machines 
and detail how these caches handle writes. 

Accessing a Cache 

Figure 7.6 shows the contents of an eight-word direct-mapped cache as it 
responds to a series of requests from the processor. Since there are eight 
blocks in the cache, the low-order 3 bits of an address give the block number. 
Here is the action for each reference: 

Decimal address 
of reference 

22 

26 

22 

26 

16 

3 -
16 

18 

Binary address 
of reference 

Hit or miss 
in cache 

10110two __ 1 miss (7.5b) 

~ 1010two miss (7 .5c) 

10110tw0 hit 

11010two hit 

10000two miss (7.5d) 

00011~ miss (7.5e) 

10000two 

1 
hit 

10010two miss (7.51) 

Assigned cache block 
(where found or placed) 

(1011<:ltwo mod 8) = 11<:\v,0 

(1101<:\v,0 mod 8)::: 01<:\wo 

(1011<:ltwo mod 8) = 11<:\v,0 

(1101<:\v,0 mod 8) = 01(\w0 

(1000<:\v,0 mod 8) = OOC\v,0 

(0001'.ltwo mod 8) ::: 011tw0 

(1000<:\wo mod 8) = OOC\wo 

(1001<:\v,0 mod 8) = 01<:\v,0 
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Data Data 
~- ------- 1 I 000 N 

001 N 
I 010 N -

1 
011 N 

100 N 

101 N 

Q[f y 1101wo Memory(10110iw0) -11 N 

a. The initial state of the cache after power-On b. After handling a miss of address (10110iw0l 

Data Data 

001 N 

100 N 

010 -+--Y-+-1-1-tw_o __ -~~:_M-_em~ (1~ 

011 N ----1 

110 

111 
~ p otwo -- ~ Memory (10110twol 

c. After handling a miss of address (11010two) d. After handling a miss of address (10000twol 

Data . . Data 

t 000 l t01wo I Memory (100001wol y 
-- -

001 N I 
010 y 101wo Memory (100101wol 

l 011 y oo,wo Memory (00011twol -
100 N 

101 N 
t - 110 Y t-io;:;-- I Memory (101101wol 

I 111 I N 1 1 
f. After handling a miss of address (100101wol 

FIGURE 7 .6 The cache contents are shown after each reference request that mlSHs, with the Index and tag 
field• shown In binary. The cache is initially empty, with all valid bits (V entry in cilche) turned off ( ). The proces!>or 
requests the following addresses: 101101wo (mbs), \10101wu (miss), 10 l101wo (hit), 110 lOtw("I (hit), 100001w 0 (miss), 00011twu 

(miss), l00001wo (hit), and J00101wo (miss). The figures sho\-,' the cache contents after each miss it\ the sequence has been 
handled. When address 100101wo (18) is referenced, the entry for address 110101wo (26) must be replaced, and a reference to 
1101(\wo will cause a subsequent mis~. The tag field will contain only the upper portion of the address. The fuJl addres5 of 
a word contain d in cache block , with tag field j for this cache b j x 8 · ,, or equivalently the concatenation of the tag field 
j and the index i. For example, in cache f above, index 010 has tag 10 and corresponds to address 10010. 

When the word at address 18 (10010two> is brought into cache block 2 (010two>, 
the word at address 26 (11010two), which was in cache block 2 (0 l0tw0), must be 
replaced by the newly requested data. This behavior allows a cache to take ad­
vantage of temporal locality: recently accessed words replace less recenlly 
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referenced words. This situation is directly analogous to needing a book from 
the shelves and having no more space on your desk-some book already on 
your desk must be returned to the shelves. In a direct-mapped cache, there is 
only one place to put the newly requested item and hence only one choice of 
what to replace. 

We know where to look in the cache for each possible address: the low­
order bits of an addre ·scan be used to find the unique cache entry to which the 
address could map. Figure 7.7 shows how a referenced address is divided into 

■ a cache index, which is used to select the block 

■ a tag field, which is used to compare with the value of the tag field of 
the cache 

Hit Tag 

Index 

0 
1 

2 
.. . 

. . . 

. . . 
1021 
1022 
1023 

Address (showing bit positions) 

31 30 • • • 13 12 11 • • • 2 1 0 

I I I 8yte1I 
offset 

. 20 , 10 ..... "-

Index 

Valid Tag Data 

' 

.... 20 ... 32 .... .... 

= 

I 

Da ta 

FIGURE 7. 7 For this cache, the lower portion of the addreu Is used to aelect a cache 
entry consisting of a data word and a tag. The tag from the cache is compared against the 
upper portion of the address to detennme whether the entry in the cache corresponds to the 
requested address. Because the cache has 210 (or 1024) words, and a block size of 1 word, 10 bits 
are used to index the cache, leaving 32 - 10 - 2 = 20 bits to be compared against the tag. If the tag 
and upper 20 bits of the ,1ddres:; are equal and the valid bit is on, then the request hits in the 
cache, ,rnd the word is supphc-d to the proccs..,or. Otherwise, a miss occurs. 
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Because a given address can appear in exactly one location, the tag need only 
correspond to the upper portion of the addiess, which is not used to index the 
cache. Thus, the index of a cache block, together with the tag contents of that 
block, uniquely specify the memory address of the word contained in the 
cache block. Because the index field is used as an address to access the cache 
and because an n-bit field has 211 values, the total number of entries in the 
cache must be a power of two. In the MIPS architecture, the least significant 2 
bits of every address specify a byte within a word and are not used to select 
the word in the cache. 

The total number of bits needed for a cache is a function of the cache size 
and the address size because the cache includes both the storage for the data 
and for the tags. Assuming the 32-bit byte address, a direct-mapped cache of 
size 211 words with one-word (4-bytc) blocks will require a tag field whose size 
is 32 - (11 + 2) bits, because 2 bits are used for the byte offset and n bits are used 
for the index. The total number of bits in a direct-mapped cache is 
211 x (block size+ tag size+ valid field size). Since the block size is one word 
(32 bits) and the address size is 32 bits, the number of bits in such a cache 
is 211 x(32+(32 - n - 2)+1) = 211 x(63 - n). 

Bits In a Cache 

Example How many total bits are required for a direct-mapped cache with 64 KB of 
data and one-word blocks, assuming a 32-bit address? 

Answer We know that 64 KB is 16K words, which is 214 words, and, with a block 
size of one word, 214 blocks. Each block has32 bits of data plus a tag, which 
is 32 - 14 - 2 bits, plus a valid bit. Thus the total cache size is 

214 x(32+(32 - 14-2)+1) = 214 x49 = 784x210 = 784Kbits 

or 98 KB for a 64-KB cache. For this cache, the total number of bits in the 
cache is over 1.5 times as many as needed just for the storage of the data. 

Handling Cache Misses 

Before we look at the cache of a real system, let's see how the control unit 
deals with cache misses. The control unit must detect a miss and process the 
miss by fetching the data from memory (or a lower-level cache). If the cache 
reports a hit, the machine continue using the data as if nothing had hap­
pened. Consequently, we can use the same basic control that we developed in 
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hapt r 5 and nhanc d to accommo ate pip lining in Chapter 6. The memo­
rie in the datapath used in Chapt r 5 and 6 are simply replaced by caches. 

M difying the control of a proc or to take a hit into account is trivial; 
misse , how ver, require ome extra work. The basic approach is to stall the 
CPU, freezing the content of all th r gister . A eparate controller handles the 
cache miss, fetching th data into the cache from memory. Once the data is 
pre ent, ex cution is re tarted at th cycle that caused the cache miss. The 
each mi handling i don with the proc s or control unit and with a epa­
rat controll r that initic te th memory ccce sand refill the cache. The pro­
ce ing of a , he miss er at a tall, similar to the pipeline stall discussed in 

hapt r 6, as oppo ·ed t an intern1 t, whi h would r qufre saving the state of 
all r gi ter . For a each mis~, w can stall h ntire machine, e ntially freez­
ing the on tents of th t mporary and programmer-vi ible registers, whil we 
wait for mem ry. ln contrast, pipeline tall ·, di cussed in Chapter 6., are more 
comp I x becau e w mu t continue e cutmg ome instructions while we stall 
other . 

Let' look a little more cl ly at h w instruction mi ses are handled for ei­
th r th multicy 1 or pipelined datapath; the ame approach can be easily ex­
tended to handle data mi . If an in truction acce re ults in a mi , then the 
content of th In truction regi ter ar invalid. To get the proper instruction 
into the cache, we must be abl t instru t th lower level in the memory hier­
archy to perform a read. Since the program counter is incremented in the fir t 
do k cycle of ex ution in b th the pip lined and multicyde processors, the 
addr s of th instruction that generat an instruction cache mis is equal to 
the valu of the program c unter minu • four. We can compute this value using 
the ALU, although we may ne d additional t mporary torage in the pipelined 
impl m ntation. Once we have the address, w need to instruct the main 
memory to p d rm a r ad. We wait for the memory to respond (since the ac­
ce s will take multiple cycle ), and then write the word into the cache. 

We can now define th teps to b taken on an • nstruction cache mi s: 

1. Send th riginal PC valu (current PC - 4) t the memory. 

2. Instruct main memory to perform a read and wait for the memory to 
complete it acces . 

3. Writ th cache entry, putting th data from memory in the data portion 
of th entry, writing the upper bits of the addre s (from the ALU) into 
th tag fi Id., and turning th valid bit on. 

4. Re tart the instruction execution at the first step, which will refetch the 
instruction, this time finding it in the cache. 

The control of the cache on a data access is e entially id ntical: n a mi s, 
we imply stall the processor until the memory responds with the data. In the 
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rest of this section we describe hvo different cc1ches from real machines, and we 
examine how they handle both reads and writes. In section 7.5, we will de­
scribe the handling of writes in more detail. 

Elaboration: To reduce the penalty of cache misses, designers employ two tech­
niques, one of which we discuss here and another that we will discuss later. To reduce 
the number of cycles that a processor is stalled for a cache miss, we can allow a pro­
cessor to continue executing instructions while the cache miss is handled. This strat­
egy does not help for instruction misses because we cannot fetch new instructions to 
execute. In the case of data misses. however, we can allow the machine to continue 
fetching and executing instructions until the loaded word is required. Hence the name 
for this technique: stall on use. While this additional effort may save cycles, it will prob­
ably not s ve very many cycles because the loaded data will likely be needed very 
shortly and because other instructions will need access to the cache. A more sophisti­
cated technique is used in some modern processors; we describe it in section 7 .6. 

An Example Cache: The DECstation 31.00 

The DECStation 3100 was a workstation lhal m,ed a MIPS R2000 as the pro­
cessor and a very simple cache implementation. ear the end of the chapter, 
we will examine the cache design of a more recent computer, but we start 
with this simple, yet real, example for pedagogical reasons. 

This processor has a pipeline similar to that discussed in Chapter 6. When 
operating at peak speed, the processor reque ls both an instruction word and 
a data word oh every clock. To satisfy the demands of the pipeline without 
stalling, separate instruction and dala caches arc used. Each cache is 64 KB, or 
16K words, with a one-word block. Figure 7.8 c,hows the organization of the 
DECStatio11 3100 data cache. 

Read requests for the cache are straightforward. Because there are separate 
data and in truction caches, separate control signals will be needed to read and 
write each cache. (Remember that we need to wrile into the instruction cache 
when a miss occurs.) Thus the steps for a read reque t to either cache are as fol­
lows: 

1. Send the address to the appropriate cache. The address comes either 
from the PC (for an instruction rend) or from the ALU (for a data 
access). 

2. If the cache signals hit, the requested word is available on the data lines. 
If the cache signals miss, we end the address to the main memory. 
When the memory returns with the data, we write it into the cache. 

Writes work somewhat differently. Suppose on a store instruction, we wrote 
the data into only the data cache (without changing main memory); then, after 
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FIGURE 7 .8 The caches In the DECstation 3100 each contain 18K blocks with one word 
per block. Thi mean that th ind is 14 bits and that the tag contains 16 bit . 

the write into th ca h , memory would hav a different value from that in the 
ach . In 'uch a ca e, the each and memory ar aid to b inconsistent. The sirn­

pl t way t k cp the main memory and th each c n istent is to always write 
th data into both the memory and th ache. Thi ch me, which the DEC­
tation 3100 u e , i called write-through. 

The oth r k y a pect of write i what occurs on a writ mi s. Becau e the 
data word in th cache i b ing written by the proces or, there is no rea on to 
r ad a word from memory; it would ju t b overwritten by the processor. In 
fact, for thi imp I cache w can always just writ the word int the cache, up­
dating both the tag and data. W d not ne d to con ider whether a write hits 
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or misses in the cache. This ob ·ervation leads to the follm,ving simple scheme 
for processing writes, used on the DECStation 3100: 

1. Index the cache using bits 15-2 of the address. 

2. Write bits 31- 16 of the address into the tag, write the data word into the 
data portion, and set the valid bit. 

3. Also write the word to main memory using the entire address. 

Although this design handles writes very simply, it would not provide very 
good performance. \'\Tith a write-through scheme, every write causes the data 
to be written to main memory. These writes will take a long time and could 
slow down the machine considerably. r n gee, for example, 13% of the instruc­
tion · are stores. In the DECStation 3100, the CPI without cache misses for a 
program like gee is about 1.2, so !:>pending 10 cycles 011 every write would lead 
to a CPI of 1.2 + 10 x 13% = 2.5, reducing performance by more than a factor of 
two. 

One solution lo this problem is to use a write buffer. A write buffer stores the 
data while it is waiting to be written to memory. After writing the data into the 
cache and into the write buffer, the processor can continue execution. When a 
write to main memory completes, the entry in the write buffer is freed . If the 
write buffer is full when the proces-or rc«ches a write, the processor must stall 
until there is an empty position in the write buffer. Of course, if the rate at 
which the memory can complete writes is less than the rate at which the pro­
cessor is generating writes, no amount of buffering can help because writes are 
being generated faster than the memory -;y,;tem can accept them. 

The rate at which writes are generated may also be less than the rate at 
which the memory can accept them, and yet stalls may still occur. This can 
happen when the writes occur in bursts. To reduce the occurrence of such 
stalls, machines usually increase the depth of the write buffer beyond a single 
entry. For example, the DECStation 3100 write buffer is four words deep. As 
the difference behveen the rate at which programs can generate writes and the 
rate at which the memory system can accept them increases, even deeper write 
buffers (e.g., 10 entries) are appropriate. 

The alternative to a write-through scheme is a scheme called write-back. In a 
write-back scheme, when a write occur-, the new value is written only to the 
block in the cache. The modified block is written to the lower level of the hier­
archy when it is replaced. Write-back schemes can improve performance, espe­
cially when processors can generate writes as fast or faster than the writes can 
be handled by main memory; a write-back scheme is, however, more complex 
to implement than write-through. 

What sort of cache miss rates are attained with a cache structure like that 
used by the DECStation 3100? Figure 7.9 shows the miss rates for the instruc­
tion and data caches for two programs, which we have seen before. The com-
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FIGURE 7 .9 Instruction and data miss rates for the DECStatlon 3100 when executing two 
different programs. The combi11ed miss rate is the effective miss rate seen for the combination 
of the 64 KB instruction cache and 64-KB data cache. It is obtained by weighting the instruction 
and data individual miss rates by the frequency of instruction and data referencec;. Remember 
that dat<1 misses include only data reads because ,vtilcs nmnot miss in the DECStation 3100 
cache. 

bined miss rate is the effective miss rate per reference for each program after 
accounting for the differing frequency of instruction and data accesses. 

Remember that although miss rate is an important characteristic of cache 
designs, the ultimate measure will be the effect of the memory system on pro­
gram execution time; we'll see how miss rate and execution time are related 
shortly. First we must explore how the mem.01y system can take advantage of 
spatial locality. 

Elaboration: A combined cache of the total size equal to the sum of the two split 
caches will usually have a better hit rate. This higher rate occurs because the combined 
cache does not rigidly divide the number of entries that may be used by instructions 
from those that may be used by data. Nonetheless, many machines use a split instruc­
tion and data cache to increase the bandwidth from the cache. 

Here are some measurements for the DECstation 3100 for the program gee, and for 
a combined cache whose size is equal to the total of the two caches on the 3100: 

■ Total cache size: 128 KB 

■ Split cache effective miss rate: 5.4% 

■ Combined cache miss rate: 4.8% 

The miss rate of the split cache is only slightly worse. 
For many systems, the advantage of doubling the cache bandwidth, by supporting 

both an instruction and data access simultaneously, easily overcomes the disadvan­
tage of a slightly increased miss rate. This observation is another reminder that we can­
not use miss rate as the sole measure of cache performance. 

Taking Advantage of Spatial Locality 

The cache we have described so far, while simple, does nothing to take advan­
tage of spatial locality in requests, since each word is in its own block As we 
noted in section 7.1, spatial locality exists naturally in programs. To take 
advantage of spatial localit)'1 we want to have a cache block that is Jarger than 
one word in length. When a miss occurs, we will then fetch multiple words 
that are adjacent and carry a high probability of being needed shortly. 
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Figure 7.10 show~ a cache that holds 64 KB of data, but with blocks of four 
,-vords (16 bytes) each. Compared with Figure 7.8 on page 553, which shows 
the same total size cache with a one-word block, an extra block index field 
occurs in the address of the cache in Figure 7.10. This block index field is used 
to control the multiplexor (shown at the bottom of the figure), which selects 
the requested word from the four words in the indexed block. The total num­
ber of tags and valid bits in the cache with a multiword block is smaller 
because each tag and valid bit is used for four words. This sharing of tags 
improves the efficiency of memory use in the cache. 

How do we find the cache block for a particulc\r address? We can use the 
same mapping that we used for a cache with a one-word block: 

(Block address) modulo (Number of cache blocks) 

The block address is simply the word address divided by the number of words 
in the block (or equivalently, the byte address divided by the number of bytes in 
the block). 

Mapping an Address to a Multlword Cache Block 

Example Consider a cache with 64 blocks and a block size of 16 bytes. What block 
number does byte address 1200 map to? 

Answer The block is given by 

(Block address) modulo (Number of cache blocks) 
Where the address of the block is 

Byte address 
Bytes per block 

Notice that this block address is the block containing all addresses be~ 
tween 

and 

l Byte address J x Byte per block 
Bytes per block 

l Byte address j x Byte · per block+ (Bytes per block - 1) 
Bytes per block 

Thus, with 16 bytes per block, byte address 1200 is block address 

l l~~OJ = 75 

which maps to cache block number (75 modulo 64) = 11 . 
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FIGURE 7.10 A 64-KB cache using four-word (16-byte) blocks. The tag field is 16 bits wide and the index field is 12 
bits wide, while a 2-bit field (bits 3-2) is used to index the block and select the word from the block using a 4-to-1 multi­
plexor. In practice, the !ow-order bits of the address (bits 2 and 3 in this case) are used to enable only those RAMs that con­
tain the desired word, eliminating the need for the multiplexor. Another way to eliminate the multiplexor is to have a large 
RAM for the data (with the tags stored separately) and use the block offset to supply 2 address bits for the RAM. The RAM 
mu t be 32 bits wide and have four times a many word as blocks in the cache. 

Read misse:5 are processed the same way for a multiword block as for a 
single-word block; a m.iss always brings back the entire block. Write hits and 
mi ses, however, must be handled differently than they were in the DECSta­
tion 3100 cache. Because the block contains more than a single word, we cannot 
just write the tag and data. To see why this is true, assume that there are two 
memory addresses, X and Y, that both map to cache block C, which is a four­
word block that currently contains Y. Now consider writing to address X by 
simply overwriting the data and tag in cache block C. After the write, block C 
will have the tag for X, but the data portion of block C will contain one word 
of X and three words of Y! 
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FIGURE 7 .11 The mlas rates for gee and spice with a cache llke that In the DECStatlon 
3100 with a block size of either one word or four words. With the four-word block, we 
include write misses, which do not incur any penalty for the one-word block and are not 
included in that case. If write m.isses were induded in both cases, the difference in miss rate 
would be slightly larger than shown. 

We can solve this problem for a write-through cache by writing the data 
while performing a tag comparison, just as if the request were a read. If the tag 
of the address and the tag in the cache entry are equal, we have a write hit and 
can continue. If the tags are unequal, we have a write miss and must fetch the 
block from memory. After the block is fetched and placed into the cache, we 
can rewrite the word that caused the miss into the cache block. Unlike the case 
with a one-word block, write misses with a multiword block will require read­
ing from memory. 

The reason for increasing the block size was to take advantage of spatial lo­
cality to improve performance. So how does a larger block size affect perfor­
mance? In general, the miss rate falls when we increase the block size. This 
trend is easiest to see with an example. Suppose the following byte addresses 
are requested by a program: 16, ... , 24, ... , 20 and none of these addresses is 
in the cache. Spatial locality tells us that some pattern of this form is highly 
probable, although the order of the references may vary. If the cache has a four­
word block, then the miss to address 16 will cause the block containing ad­
dresses 16, 20, 24, and 28 to be loaded into the cache. Only one miss is encoun­
tered for the three references, provided that an intervening reference doesn't 
bump the block out of the cache. With a one-word block, two additional misses 
are required because each miss brings in only a single word. 

Figure 7.11 shows the miss rates for the programs gee and spice with one­
and four-word blocks. The instruction cache miss rates drop at a rate that is 
nearly equal to the increase in block size; this larger decrease in the instruction 
versus data miss rate occurs because the instruction references have better 
spatial locality. 

The miss rate may actually go up if the block size becomes a significant frac­
tion of the cache size because the number of blocks that can be held in the cache 
will become small, and there will be a great deal of competition for those 
blocks. As a result, a block will be bumped out of the cache before many of its 
words are accessed. As Figure 7 .12 shows, increasing the block size usually de­
creases the miss rate. However, the spatial locality among the words in a block 
decreases with a very large block; consequently, the improvements in the miss 
rate become smaller-and the miss rate can eventually even increase. 
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FIGURE 7.12 MIH rate versus block alze. For a small 1-J<B cache, a large 256-byte block size 
causes a higher mis!-> rate than the smaller block sizes. This data was collected for a direct-mapped 
cache using traces (SAVEO) collected by Agarwal for the VAX More details can be found in 
A Agarwal, A11aly~i!> of Cnche Pafommnce for Operatin8 Systems and Multiprogramming, Ph.D. thesis, 
Stanford Uni,·., Tech. Rep. o. CSL-TR-87-332 (May 1987). 

A more serious problem associated with just increasing the block size is that 
the cost of a mis increases. The miss penalty is determined by the time re­
quired to fetch the block from the next lower level of the hierarchy and load it 
into the cache. The time to fetch the block has two parts: the latency to the first 
word and the transfer time for the rest of the block. Clearly, unless we change 
the memory system, the transfer time--and hence the miss penalty-will in­
crea e as the block size grows. Furthermore, the improvement in the miss rate 
starts to decrease as the blocks become larger. The result is that the increase in 
the miss penalty overwhelms the decrease in the miss rate for large blocks, and 
cache performance thus decreases. Of course, if we design the memory to 
transfer larger blocks more efficiently, we can increase the block size and 
obtain further improvements in cache performance. We discuss this topic in 
the next section. 

Elaboratlon: The major disadvantage of increasing the block size is that the cache 
miss penalty increases. Although it is hard to do anything about the latency component 
of the miss penalty, we may be able to hide some of the transfer time so that the miss 
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penalty is effectively smaller. The simplest method for doing this, called early restart, is 
simply to resume execution as soon as the requested word of the block is returned, 
rather than wait for the entire block. Many machines use this technique for instruction 
access, where it works best. Instruction accesses are largely sequential, so if the mem­
ory system can deliver a word every clock cycle, the processor may be able to restart 
operation when the requested word is returned, with the memory system delivering new 
instruction words just in time. This technique is usually less effective for data caches 
because it is likely that the words will be requested from the block in a less predictable 
way, and the probability that the processor will need another word from a different 
ca1.,he block before the transfer completes is high. If the processor cannot access the 
data cache because a transfer is ongoing, then it must stall. 

An even more sophisticated scheme is to organize the memory so that the 
requested word is transferred from the memory to the cache first. The remainder of the 
block is then transferred, starting with the address after the requested word and wrap­
ping around to the beginning of the block. This technique, called requested word first, 
or critical word first, can be slightly faster than early restart. but it is limited by the 
same properties that limit early restart. 

Designing the Memory System to Support Caches 

Cach mi es are ati fi d from main m mory, which is con tructed fr m 
DRAMs. In section 7.1, w aw that DRAM are d signed with the primary 
empha is on den ity rather than acce time. Although it is difficult to reduce 
the latency to fetch the fir t word from memory, w can reduc th mi pen­
alty if we increa e th bandwidth fr m the memory to the cache. Thi r du -
tion allow larg r block iz to b u ed. while till maintaining a low mis 
p nalty, similar t that f r a maller block. 

To under tand the impact of different organization for mem ry, l t' define 
a et f hypoth tical memory acce time : 

■ 1 cl ck ycle to end the ddress 

■ 15 clock cycle for each DRAM acce initiat d 

■ 1 clock cy l to end a word of data 

If we have a cache block f four w rds and a n -w rd-wid bank of 
DRAM , the mi p nalty ould be 1 + 4 x 15 + 4 x 1 = 65 clock cycles. Thu 
the number of bytes tran ferred per clock cycle for a ingle mis would be 

4x4 = 02 
65 • 

Fi ure 7.13 hows three option for e igning the memory system. The fir t 
option foll w what w ha e b en a urning o far: mem ry is one word 
wid , and all ace ar m d s qu ntially. The c nd option increa th 
bandwidth tom m ry by wid ning th m m ry and th bu b tw en th 
proces or and m mory; thi allow parall I ace s t all the word f th bl k. 
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he third option incr a e th bandwidth by widening th memory but n t th 
interconnecti n bus. Thus we till p, y a co t to transmit each word, but we can 
avoid paying tl1e co t of th ac latency mor than one . Let's look at how 
much the e other two options improve the 65-cycle miss penalty that we 
would ee for the fir t option (Figure 7.13a). 

Increasing the width of the memory and the bus will increase the memory 
bandwidth pr portionally, decrea ing both the acce time and tran fer time 
portions of the mi ' p nalty. With a main m mory width of two words, the 
mi p n lty drop from 65 cl k cycle to 1 + 2 x 15 + 2 x 1 = 33 dock cycles. 
With a four- ord-wid memory, the miss p nalty i ju t 17 clock cycle . The 
bandwidth for a ~ingle mi , i th n 0.48 (almost twic a' high) bytes per clock 
cycle for a memory that i two word wide, and 0.94 bytes per clock cycle when 
th m mor i four word wide (almost four times higher). The major cost of 
thi enhancem nt are the wider bu and th potential increase in cache access 
time due to the multiplexor and control logic between the CPU and cache. 

Memory 

b. Wide memory organization 

Cache 

Memory Memory Memory Memory 
bank O bank 1 bank 2 bank 3 

c. Interleaved memory organization 

FIGURE 7 .13 The primary method of achieving higher memory bandwidth is to Increase the physical or logical 
width of the memory system. In this figure, th re are two ways in which them m ry bandwidth is improved. The sim­
plest d ign, (a), u e a memory wher all components are one word wid ; (b) shows a \\rider memory, bus, and cache; 
while ( ) how a narrow bu and each wiU, an interl aved memory. In (b), th logic between th cache and CP con i t 
of a multipl x r u d n read and c ntrol logi to update the appr priate words of th cache on write . 
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In t ad of making the entire path b tw en them mory and cache wider, th 
memory chips can b organized in banks t read or write multiple word in 
one acce time rather than reading or writing a single word each time. Each 
bank could be one word wides that the width of the bus and the cache need 
not change, but ending an address to veral banks permit them all tor ad 
simultaneously. This cheme, which is called interleaving, retains the advan­
tage of incurring the full memory lat ncy only once. For example, with f ur 
banks, th time t get a four-word block would consi t of 1 cycle to tran mit 
th addres and read request to the banks, 15 cycl for all four bank t acce 
memory, and 4 cycl t nd th f ur w rds back to the cache. This yields a 
mi p nalty of 1 + 1 x 15 + 4 x 1 = 20 clock yd . Thi • an eff tive band­
width p r mi of 0.80 byte per do k, or about three times the bandwidth for 
th one-word-wide m mory and bu . Banks are al o valuable on write . Each 
bank can write independently, quadrupling th write bandwidth and 1 ading 
to fewer stalls in a write-through cache. As we will see, there is an alternative 
strategy for writ s that makes interleaving even more attractive. 

Elaboration: As capacity per memory chip increases, there are fewer chips in the 
same-sized memory system. Memory chips are organized to produce a small number of 
output bits, usually 1 to 16, with 4 and 8 being the most popular in 1997. We describe 
the organization of a RAM as d x w, where d is the number of addressable locations (the 
depth) and w is the output (or width of each location). Thus, the most popular 16-Mbit 
DRAMs are 4M x 4. As memory chip densities grow, the width of a memory chip 
remains constant (or grows slowly), but the depth increases (see Appendix B for further 
discussion of DRAMs). Because of this, multiple banks become less attractive, 
because the minimum memory configuration increases. For example, a 64-MB main 
memory built using 4-Mbit x 1 chips can be organized into four banks, each 32 bits 
wide, and holding a total of 128 DRAMs. If we use 16-Mbit x 1 memory chips instead of 
4-Mbit x 1 chips, our 64-MB memory can contain only one bank that is 32 bits wide, 
since the entire memory needs only 32 DRAMs. Of course, four banks could be con­
structed if we used 4-Mbit x 4 chips rather than 16-Mbit x 1 chips. Likewise, a 64-MB 
memory with four banks using 64-Mbit chips would require 4-Mbit x 16 DRAMs. This 
potential requirement for increased width in DRAM chips is the main disadvantage of 
interleaved memory banks. Another possibility for improving the rate at which we trans­
fer data from the memory to the caches is to take advantage of the structure of 
DRAMs. DRAMS are logically organized as square arrays, and access time is divided 
into row access and column access. DRAMs buffer a row of bits inside the DRAM for 
column access. They also come with optional timing signals that allow repeated 
accesses to the buffer without a row-access time. One common version of this capabil-­
ity is called page mode, which has gone through a series of enhancements, the most 
recent called EDO (Extended Data Out) RAMs. In page mode, the buffer acts like an 
SRAM; by changing column address, random bits can be accessed in the buffer until 
the next row access. This capability changes the access time significantly, since the 
access time to bits in the row is much lower. For example, the total row and column 
access times without page mode is about 120 ns; basic page mode provides 60.ns 
access to data in the page, while EDO mode provides 25-ns access to data in the page. 
Figure 7 .14 shows how the density, cost, and access time of DRAMS have changed 
over the years. 
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FIGURE 7 .14 DRAM size Increases by multiple• of four approximately once every th,ee 
years. 1l1e improvcmenh- in access time have been slower but continuous, and cost almost 
tracks density improvements, although cost is often affected by other issues, such as availability 
and demand. Column access time usually determines the Hme to perform a page mode access. 
DRAMs are almost always available in narrower configuration~ initially (e.g., 4 Mbit x 4}. Wider 
configurations (e.g., 1 Mbit x 16) usually track availability of the narrower configuration, and 
they cost more. Rea~ons for this are that both the testing cost and package cost for the narrower 
configuration are slightly cheaper, the narrower configuration is usually the commodity product, 
and the die size of the narrower configuration is slightly smaller. 

The newest development are SDRAMs (synchronous DRAMs). SDRAMs provide for a 
burst access to data from a series of sequential locations in the DRAM. An SDRAM is 
supplied with a starting address and a burst length. The data in the burst is transferred 
under control of a clock signal, which in 1997 can run at up to 100 MHz.The two key 
advantages of SDRAMs are the use of a clock that eliminates the need to synchronize 
and the elimination of the need to supply successive addresses in the burst. Together 
these advantages help lower the time between successive bits from 25 ns for an EDO 
RAM to 8--10 ns for an SDRAM. 

The advantage of these optimizations is that they use the circuitry already largely on 
the DRAMs, adding little cost to the system while achieving a significant improvement In 
bandwidth. (The same is true of interleaving.) Furthermore, these DRAM options allow 
us to increase the bandwidth without incurring system disadvantages in terms of 
expandability and minimum memory size that are associated with wider memories or 
interleaving. The internal architecture of DRAMs and how these optimizations are imple­
mented are described in section 8.5 of Appendix 8. 

Summary 

We began the previous section by examining the simplest of caches: a direct­
mapped cache with a one-word block. In such a cache, both hits and misses 
are simple, since a word can go in exactly one location and there is a separate 
tag for every word. To keep the cache and memory consistent, a write­
through scheme can be used, so that every write into the cache also causes 
memory to be updated. The alten1ative to write-through is a write-back 
scheme that copies a block back to memory when it is replaced; we'U discuss 
this scheme further in upcoming sections. 

To take advantage of spatial locality, a cache must have a block size larger 
than one word. The use of a larger block decreases the miss rate and improves 
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the efficiency of the cache by reducing the amount of tag storage relative to the 
amount of data storage in the cache. Although a larger block size decreases the 
miss rate, it can also increase the miss penalty. If the miss penalty increased lin­
early with the block size, larger blocks could easily lead to lower performance. 
To avoid this, the bandwidth of main memory is increased to transfer cache 
blocks more efficiently. The two common methods for doing this are making 
the memory wider and interleaving. In both cases, we reduce the time to fetch 
the block by minimizing the number of times we must start a new memory ac­
cess to fetch a block, and, with a wider bus, we can also decrease the time need­
ed to send the block from the memory to the cache. 

Measuring and Improving Cache 
Performance 
In this section, we begin by looking at how to measure and analyze cache per­
formance; we then explore two different techniques for improving cache per­
formance. One focuses on reducing the miss rate by reducing the probability 
that two different memory blocks will contend for the same cache location. 
The second technique reduces the miss penalty by adding an additional level 
to the hierarchy. This technique, called multilevel caching, first appeared in 
high-end machines selling for over $100,000 in 1990; since then it has become 
common on desktop computers selling for less than $3,000! 

CPU time can be divided into the clock cycles that the CPU spends execut­
ing the program and the clock cycles that the CPU spends waiting for the mem­
ory system. Normally, we assume that the cost of cache accesses that are hits 
are part of the normal CPU execution cycles. Thus, 

CPU time= (CPU execution clock cycles+ Memory-stall clock cycles) x Clock cycle time 

The memory-stall clock cycles come primarily from cache misses, and we 
make that assumption here. We also restrict the discussion to a simplified 
model of the memory systen1. In real processors, the stalls generated by reads 
and writes can be quite complex, and accurate performance prediction usu­
ally requires very detailed simulations of the processor and memory system. 

Memory-stall dock cycles can be defined as the sum of the stall cycles com­
ing from reads plus those coming from writes: 

Memory-stall clock cycles = Read-stall cycles+ Write-stall cycles 

The read-stall cycles can each be defined in terms of the number of read 
accesses per program, the miss penalty in clock cycles for a read, and the read 
miss rate: 

Read-stall cycles = p Reads x Read miss rate x Read miss penalty 
rogram 

Writes are more complicated. For a write-through scheme, we have two 
sources of stalls: write misses, which usually require that we fetch the block 
before continuing the write (see the elaboration on page 607 for more details 




