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82 Memory Systems: Cache, DRAM, Disk

2.2 Transparently Addressed Caches
A transparently addressed cache uses the same 

namespace as the backing store; that is, a cache lookup 
for the desired data object uses the same object name 
one would use when accessing the backing store. 
For example, if the backing store is the disk drive, 
then the disk block number would be used to search 
(or “probe”) the cache. If the backing store is main 
memory, then the physical memory address would 
be used to search the cache. If the backing store is a 
magneto-optical or tape jukebox, then its associated 
identifi er would be used. The mechanism extends to 
software caches as well. For example, if the backing 
store is the operating system’s fi le system, then the fi le 
name would be used to search the cache. If the back-
ing store is the world-wide web, then the URL would 
be used, and so on. The point is that the client (e.g., 
application software or even an operating system) 
need not know anything about the cache’s organiza-
tion or operation to benefi t from it. The client simply 
makes a request to the backing store, and the cache is 
searched for the requested object implicitly.

Because the cache must be searched (a consequence 
of the fact that it is addressed transparently and not 
explicitly), there must be a way to determine the cache’s 
contents, and thus, an implicitly addressed cache must 
have keys or tags, most likely taken from the backing 
store’s namespace as object identifi ers. For instance, 
a software cache could be implemented as a binary 
search tree, a solid-state cache could be implemented 
with a tag store that matches the organization of the 
data store, or a DRAM-based cache fronting a disk 
drive could have a CAM lookup preceding data access 
to fi nd the correct physical address [Braunstein et al. 
1989]. Note that this is precisely what the TLB does. 

Because the cost of searching can be high (consider, 
for example, a large cache in which every single key or 
tag is checked for every single lookup), different logical 
organizations have been developed that try to accom-
plish simultaneously two goals:

 1. Reduce the number of tags checked
 2. Keep the likelihood of a cache hit high

Note that these goals tend to pull a cache design 
in opposite directions. For instance, an easy way to 

 satisfy Goal 1 is to assign a particular data object a 
single space in the cache, kind of like assigning the 
parking spaces outside a company’s offi ces. The prob-
lem with this is that, unless the cache is extremely 
large, one can quickly run out of spaces to assign, in 
which case the cache might have to start throwing 
out useful data (as an analogy, a company might have 
to reassign to a new employee a parking spot belong-
ing to the company’s CEO). 

Basic organization for implicitly addressed caches 
has already been discussed briefl y in Chapter 1. 
The main point is that a transparent cache typically 
divides its storage into equivalence classes, or sets, 
and assigns blocks to sets based on the block ID. The 
single, unique set to which a particular chunk of data 
belongs is typically determined by a subset of bits 
taken from its block ID, as shown in Figure 2.2. Once 
the set is determined, the block may be placed any-
where within that set. Because a block’s ID, taken from 
its location in the memory space, does not change 
over the course of its lifetime (exceptions including 
virtually indexed caches), a block will not typically 
migrate between cache sets. Therefore, one can view 
these sets as having an exclusive relationship with 
each other, and so any heuristic that chooses a parti-
tioning of data between exclusive storage units would 
be just as appropriate as the simple bit-vector method 
shown in Figure 2.2. 

A cache can comprise one or more sets; each set 
can comprise one or more storage slots. This gives 
rise to the following organizations for solid-state 
designs. 

28 bits 4 bits

Block ID byte in
 block

32-bit address:

28-n bits 4 bits

byte in
 block

n bits

Cache Tag Set no.

n-bit set # (also called the cache index) 
will support a cache with 2n sets

FIGURE 2.2: Different views of an address.
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Chapter 2 LOGICAL ORGANIZATION 83

Direct-Mapped Organization: Figure 2.3 
illustrates a read operation in a direct-
mapped cache organization. In this organi-
zation, a given datum can only reside in one 
entry of the cache, usually determined by a 
subset of the datum’s address bits. Though 
the most common index is the low-order bits 
of the tag fi eld, other indexing schemes exist 
that use a different set of bits or hash the 
address to compute an index value bearing 

• no obvious correspondence to the original 
address. Whereas in the associative scheme 
there are n tag matches, where n is the num-
ber of cache lines, in this scheme there is 
only one tag match because the requested 
datum can only be found at one location: it 
is either there or nowhere in the cache. 
Fully Associative Organization: Figure 2.4 
demonstrates a fully associative lookup. In 
a fully associative organization, the cache 

•

Output

Effective Address

PFN,

Word

TLB

VPN set # byte

sense sense

TAG DATA

Byte

Permissions

Cache
Index

Tag contains

Cache Hit?

One cache block
contains multiple words

PFN, valid bit,

One cache entry

in Block
coherence bits

FIGURE 2.3: Block diagram for a direct-mapped cache. Note that data read-out is controlled by tag comparison with the TLB output 
as well as the block-valid bit (part of the tag or metadata entry) and the page permissions (part of the TLB entry). Data is not read 
from the cache if the valid bit is not set or if the permissions indicate an invalid access (e.g., writing a read-only block). Note also 
that the cache size is equal to the virtual memory page size (the cache index does not use bits from the VPN).

Output

Effective Address

PFN,

Word

TLB

VPN byte

tag data tag data

Byte in Block

Permissions

Tag contains

Hit?

One cache block
contains multiple words

PFN, valid bit,

…tag data tag data

…

coherence bits

Hit? Hit? Hit?

FIGURE 2.4: Fully associative lookup mechanism. This organization is also called a CAM, for content-addressable memory. It is 
similar to a database in that any entry that has the same tag as the lookup address matches, no matter where it is in the cache. 
This organization reduces cache contention, but the lookup can be expensive, since the tag of every entry is matched against 
the lookup address.
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84 Memory Systems: Cache, DRAM, Disk

is truly a small hardware database. A datum 
can be placed anywhere in the cache; the tag 
fi eld identifi es the data contents. A search 
checks the tag of every datum stored in the 
cache. If any one of the tags matches the tag 
of the requested address, it is a cache hit: the 
cache contains the requested data.

The benefi t of a direct-mapped cache is that it is 
extremely quick to search and dissipates relatively lit-
tle power, since there can only be one place that any 
particular datum can be found. However, this intro-
duces the possibility that several different data might 
need to reside in the cache at the same place, caus-
ing what is known as contention for the desired data 
entry. This results in poor performance, with entries 
in the cache being replaced frequently; these are con-
fl ict misses. The problem can be solved by using a 
fully associative cache, a design choice traditionally 
avoided due to its high dynamic power dissipation (in 
a typical lookup, every single tag is compared to the 
search tag). However, as dynamic power decreases 
in signifi cance relative to leakage power, this design 
choice will become more attractive.

Set-Associative Organization: As a compro-
mise between the two extremes, a set-asso-
ciative cache lies in between direct-mapped 
and fully associative designs and often reaps 

•

the benefi ts of both designs—fast lookup 
and lower contention. Figures 2.5 and 2.6 
illustrate two set-associative organizations. 
Figure 2.5 shows an implementation built 
of a small number of direct-mapped caches, 
typically used for low levels of set associativ-
ity, and Figure 2.6 shows an implementation 
built of a small number of content-address-
able memories, typically used for higher 
degrees of set associativity.

These are the basic choices of organization for 
transparently addressed caches. They are applicable 
to solid-state implementations (evident from the 
diagrams) as well as software implementations. For 
instance, an operating system’s buffer cache or distri-
buted memory system’s object cache could be imple-
mented as a large array of blocks, indexed by a hash of 
the block ID or object ID, which would correspond to 
a direct-mapped organization as in Figure 2.3; it could 
be implemented as a binary search tree, which would 
correspond to a fully associative organization, because 
the search tree is simply software’s way to “search all 
tags in parallel” as in Figure 2.4; or it could be imple-
mented as a set of equivalence classes, each of which 
maintains its own binary search tree, an arrangement 
that would correspond to a set-associative organiza-
tion as in Figure 2.6 (each row in the fi gure is a separate 
equivalence class). The last organization of software 

Output

Effective Address

PFN,

Word

TLB

VPN set # byte

sense sense

TAG DATA

sense sense

TAG DATA

Byte in Block

Permissions

Cache
Index

Tag contains

One cache block
contains multiple words

PFN, valid bit,

One set

…

coherence bits

Hit?Hit?

FIGURE 2.5: Block diagram for an n-way 
set-associative cache. A set-associative 
cache can be made of several direct-
mapped caches operated in parallel. Note 
that data read-out is controlled by tag 
comparison with the TLB output as well 
as the block-valid bit (part of the tag or 
metadata entry) and the page permissions 
(part of the TLB entry). Note also that the 
cache column size is equal to the virtual 
memory page size (the cache index does 
not use bits from the VPN).
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Chapter 2 LOGICAL ORGANIZATION 85

Effective Address

PFN,

TLB

VPN set # byte

tag data tag data

Permissions

…tag data tag data

…

tag data tag data…tag data tag data

…

tag data tag data…tag data tag data

…

Cache
Index

One set

…

decoder

Output
Word

One cache block
contains multiple words

Tag contains
PFN, valid bit,
coherence bits

Hit?Hit? Hit? Hit?

Hit?Hit? Hit? Hit?

Hit?Hit? Hit? Hit?

FIGURE 2.6: Set-associative cache built from CAMs. The previous figure showed a set-associative cache built of several  direct-
mapped caches, which is appropriate when the degree of associativity is low. When the degree of associativity is high, it is more 
appropriate to build the cache out of CAMs (content-addressable memories, i.e., fully associative caches), where each CAM rep-
resents one data set or equivalence class. For example, the Strong ARM’s 32-way set-associative cache is built this way.

cache could signifi cantly reduce the search time for 
any given object, assuming that the assignment of 
objects to equivalence classes is evenly distributed.

An important point to note is that, because 
the transparently addressed cache uses the same 
namespace as the backing store, it is possible (and 
this is indeed the typical case) for the cache to 
 maintain only a copy of the datum that is held in the 
backing store. In other words, caching an object does 
not necessarily supersede or invalidate the original. 
The original stays where it is, and it is up to the con-
sistency-management solution to ensure that the 
original is kept consistent with the cached copy. 

What does this have to do with logical  organization? 
Because the transparently addressed cache  maintains 
a copy of the object’s identifi er (e.g., its physical 
address, if the backing store is main memory), it is 
possible for the cache to keep the copy in the backing 
store consistent transparently. Without this informa-
tion, the application software must be responsible for 
maintaining consistency between the cache and the 
backing store. This is a signifi cant issue for processor 
caches: if the cache does not maintain a physical tag 
for each cached item, then the cache hardware is not 
capable of ensuring the consistency of the copy in 
main memory. 
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