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proceeds with little difficulty as long as the second page is also within main
memory. If the second page is not in main memory, the required page is
transferred into main memory as needed: this is called demand paging. or m
some cases the page 1s transferred in advance by special look-ahead opcra-
tions. Demand paging is more commonly used. Assuming that main memor,
is already full. the subsequent operations necessitate a replacement a]gorillu{]
to dcqu‘rmnc which pagc is to be removed, a mapping function to determine
wh_crc 1t 1s to be relocated on secondary storage. and means of keeping track
of its new location. Also the location of the desired page in secondary storage
must be determined. Since page replacement is a time-consuming opcrutio\n

c.ilhcr the CPU transfers operation to a different user’s program and con-~
tinues processing, or it sits idle while the transfer is performed. This is a design
option sct by the desired system cost-performance. Once a page is transferred
to main memory, many words within that page will be used more than once

such as in looping operations. Thus one rather slow transfer of informmim;
subscqucnlly results in many fast accesses to that information, with a net
gain resulting from the clustering of memory references. *

Assuming that memory references do cluster into natural page sizes of
rcasonable length, it can be deduced from the previous discussion that the
fundamental, minimum functions necessary for a virtual memory system
are as follows: )

1. Page mapping function (Section 9.5).
2. Address transtation (Section 9.6).
a. Word addressing within a page.
b. Page addressing within both primary and secondary storage.

"4

Page replacement algorithm (Section 9.7).

lp large, multiprogrammed systems, a number of additional practical func-
tions are needed to produce a feasible, efficient system. Some important
practical requirements in a multiuser system are as follows:

a. 17O processor and technique for eflicient page relocations.
b. Storage protection.

¢. Sharing of pages.

When a required page is not in primary storage. the 'O processor finds
and transfers the required page. allowing the CPU to transfer to a different
user and continue processing. These overlapping functions combined with
cycle stealing for data transfer (Section 9.2) greatly improve the CPU utiliza-

In lh‘ls case Tmemory references T means both program instructions and the actual alpha-
numeric data processed.
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tion. Yet even without this, some advantage in efficiency over a nonvirtual "
system can result becausc of the clustering of memory references,* but the
main advantage would be the virtual addressing capability. This is the situa-
tjon in some small, single user virtual system. In large. multiuser virtual
systems, speed and system efficiency are important as well as virtual addres-
sing capability.

The storage protection function ensures that any given page of memory is
not inadvertently changed or removed. nor accessed by unauthorized users.
In multiuser systems, sharing of pages that contain. for instance. the super-
visory program, is highly desirable to conserve memory space. In data bascd
systems, sharing of data between users with proper access rights becomes
a fundamental necessity, but this represents a more complex system than
that being considered here. In a simple, two-level. multiuser virtual hierarchy.
the latter three optional features are of practical importance but arc not
fundamentally necessary - -a workable, but perhaps incflicient system can be
envisioned without them. The advantages of an ;O processor, detailed in
Section 9.2, are valid here as well. Sharing of pages is a complex issue that is
not considered.

To better understand how the fundamental requirecments interact, we now
discuss a large, multiuser virtual system consisting of a disk as secondary
storage and main memory as primary storage. We consider only a multiple
virtual address space system: a single virtual address space is fundamentally
no different and is just a simpler, limiting casce. The total logical address
that addresses secondary storage consists of N bits, of which u bits are the
user identification bits. These N, bits can be contained in one or several
registers within the CPU -—typically, scveral are used. Each page is divided
into 2 words or bytes, where N, represents the lowest order address bits
(Fig. 9.3-1). The total number of pages in the virtual disk storage is thus 2%,
where

N.= N, = N, (9.3-1)

Since the number of users U must be

U =2 9.3-2)

* The main advantage is the saving in multiple access times. A nonvirtual system with improper
memory scgnientation My require RUMETrOus 4eeesses o the disk for the same number of words
processed, whereas a virtual system may use only one or few aceesses. The clustering of
subsequent memory references to pages already present climinates a large number of disk
accesses but not the data transter time.

T In practical terms, a single virtual space systen does not Tiave a separate user 1) register
(Fig. 9.5-2b and Fig. 9.8-2). Rather. the wbits are contained within N7 so cach user has avirtual
address space which is smaller than the total CPU address N but this can still be larger than

the actual main memory address 7,
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FIGURE 9.3-1  Defimitions of address bits in primary and secondary addresses.

cach user has a total virtual storage capacity of
pages/user = 2V (9.3-3)

where N. = N, — u = N, — u — N,. as shown schematically in Fig. 9.3-1.
This is equivalent to N address bits per user, where N is the standard address
length of the CPU as given by column 7 of Table 1.1-1. For instance. on the
IBM systems 360370, N = 24 bits and the additional user address bits u
are contained in a special register (see Scction 9.9). Primary storage is ad-
dressed by n, bits, where

n, < N, {(9.3-4}

Hence it can hold only 2" words, which is normally considerably less than
2N Since pages are of fixed size.

P =h, —n, (9.3-6)

The CPU can reference pages through main memory only. Since in prin-
ciple all 2%+ pages must eventually be referenced by the CPU, the page slots
in main memory must be shared by many virtual pages, at different times,
of course. The mapping of this large number o1 «iwaal pages into a smaller
number of page slots 1s performed by the mapping function (Section 9.5} as
indicated schematically in Fig. 9.3-2.

The addressing of such a system is considerably more complex than for an
ordinary memory. Each of the N bit combinations represents a unique word
in the virtual disk store therefore all these bits must be used to address main
memory. However the main memory address register can only hold #n,,.
giving a deficiency of

ny = NS - n, bits (9.3-7)
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FIGURE 9.3-2 Schematic of basic functional requirements in multtuser virtual memory
system. showing information flow during translation of virtual address to primary memory

address.

as in Fig. 9.3-1. These deficient bits must be used in addressing main memory.
hence this number of bits (but not necessarily these bit positions) must be
decoded externally. The words or bytes within a page arc addressed by the
lowest order address bits, denoted as N, in Fig. 9.3-1. These bits are real and
convert directly to n, in the primary address register (Fig. 9.3-1 or 9.3.0).*
Since many virtual pages can occupy that same page slot. the remaining N,
bits must be used to indicate IF and WHERE the desired page resides in
main memory. The various parts of the address transtation are shown in
Fig. 9.3-3. When the IF part produces a “yes,” the address residing in the
primary address register is used. When a "no " answer is obtained from the
IF part, that page does not reside in main memory and a page relocation is
necessary. The address that appears in the primary address register is aborted.

* These bits may be added to the contents of an index or base register but nevertheless are
converted directly to the real address.
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FIGURE 9.3-3  Schematic of translation of virtual logical address N, into primary address
showing F. WHERE, and DIRECT components.

and now the N, bits must be converted to the disk (secondary) address in
Fig. 9.3-2. A separatc external address translation function must be invoked
which, as before, provides an IF and a WHERE. When the [F 1s “yes,” the
WHERE address is valid. When the IF is “no,” that virtual page is not
present in the secondary store and a program interrupt is generated. The
WHERE function converts the virtual page address N, into a real disk page
address N,,. In principle N, represents the same number of bits as N,
hence any of the 2% pages of any user can be accessed in sccondary
storage. Since all words of a page are transferred, the real address bits N,
are incremented by either hardware or software from zero to N,, and the
translation must be concerned only with the page address bits N, as shown.

When main memory is full, it is necessary to remove one page before a new
one can be entered. The page replacement algorithm keeps track of page
usage in main memory and decides which page is expendable on request for
a new page not present. If this expendable page has been modified, it is
transferred back to disk. and only afterward can the new page be transferred.
These three fundamental requirements arc represented in block diagram
form in Fig. 9.3-2 with only some lines of communication and control in-
cluded. In actual implementation, these functions do not necessarily divide
into convenient, separate pieces but often are closely interleaved. The address
translation function has two major, separate components: to convert N,
into n,, if that page is resident in main memory: or, when a page fault is ob-
lained, to convert N, into a disk address. Each of these translations can be
done in several fundamental ways, as we see later. The integration of these
functions into a system can take various forms as detailed in Scctions 9.8
through 9.11. In large multiprogrammed systems, additional status and
control functions are often included to indicate whether pages have been
changed, to control each user’s access rights and sharing of pages, and to
implement other practical concerns.

Data Clustering, Paging, and Hit Ratio
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In summary, we can state that the basic functions of Fig. 93-2 are neces-
sary and sufficient to make a virtual memory work in a logical sense. From
a practical point of view, however, data clustering is nceded to make the
system efficient. If references to primary storage physical locations occurred
in a purely random fashion, page swapping between secondary and primary
storage would occur very frequently, greatly reducing the overall system
efficiency. Fortunately references to memory locations do not occur at
random but cluster into groups called pages. The clustering is not precise,
hence page size varies with the miss ratio required, size of primary storage,
and other factors. This subject is covered in detail in Section 9.4, Thus the
functions in Fig. 9.3-2 are those required to make virtual addressing logically
feasible; overlaid on these is the phenomenon of data clustering, which makes
the virtual memory economically feasible.

9.4 DATA CLUSTERING, PAGING, AND HIT RATIO

As was mentioned briefly in Section 9.1, early commercial virtual memory
systems were dominated by the use of segments of variable size. This ap-
proach evolved because in the early storage hierarchies, where program
segments were overlaid into main memory, the segments always appearcd
in widely varying sizes. In fact, the natural length varied with the problem as
well as with the programmer. Thus it seemed natural for a virtual system to
allow for variation if efficient operation was to be obtained. Later, however,
this notion proved to be incorrect. Though the natural scgment length
does indeed vary, allowing for this in any memory allocation proccdarc
leads to gross inefficiencies. A number of small, fixed size pages can ap-
proximate any segment, and since the memory allocation procedure is much
simpler, considerable improvement in overall efficiency can be obtained.
The fundamental problem with segmentation is that it requires contiguous
words in primary storage and the segments may be of varying size.* A request
for transfer of a segment into primary memory requires locating an empty
region of the proper size. The empty regions may not singly be large enough.
even though their sum may be more than suflicient. Since they are not con-
tiguous, however, they cannot be used, and on a statistical basis, many regions
of primary storage may remain unused. In a paged system with fixed page
sizes, transferring a page only requires finding or creating an empty page
slot in primary storage. This is considerably casicr than finding or creating

* Contiguous words are required just as for a page in Section 9.3, sinee the word within a segment
is obtained by catenating the lower order real address bits to the higher order segment uddress

bits.
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present in primary storage for many different user programs. Each program
is a maximum of 32 pages total size, cach page containing 1024 words. The
results for the particular set of programs indicate that relatively few pages
can give a rather small miss ratio. Four pages result in about a 1°, misw

0

ratio, whereas 10 pages can reduce this by 2 orders of magnitude. The con-’

clusion is that relatively few pages of a user’s program are required (o
achieve rcasonable miss ratios.

95 MAPPING FUNCTIONS

The secondary or virtual store contains a large number of pages that mus
be mapped or compressed into a smaller number of page slots in primary
storage. The mapping function, requirement 1 in Section 9.3, specifics how
this mapping is to be done. We consider the various mapping techniques in
their general, fundamental form and derive relationships that arc uscful
latter. The mapping function has a very significant effect on the address
translation.

In practice, mapping functions arc considered in four distinct groups
(Conti, 1969): direct, sector. set associative, and fully associative. Funda-
mentally, they form a continuum of set associative organizations, with the
direct and fully associative being two extremes and sectoring a spectal case

A point of confusion often arises in understanding mapping functions
because the mapping functions are only logical concepts that impart overall
organization to the page mapping schemcs. A given mapping function cun
be implemented in different ways and when implemented, it becomes part
of the address translation function. These logical concepts can be used 1o
visualize the mapping of logical to logical addresses. or logical address 10
physical address. The precise meaning of this and its consequences e
discussed later in this section. First we deal with the general forms of logicul
mapping functions, assuming that the page slot allocations and relationships
to follow are done in terms of logical structure withour necessarily requiring
the same physical structure.

Following the nomenclature in Section 9.3 and Figs. 9.3-1 through 9.3-%.
sccondary store contains a maximum of 2V pages. each of 2% words, whereas
primary storage contains only 2™ pages of the same size. The primary address
register has a deficiency of bits equal to n, given by (9.3-7) as in Fig. 9.3-1.
Since 2™ < 2% as in Fig. 9.5-1. it is necessary to specify how this compres-
sion or mapping is to be done. Any page slot in primary storage must hold
many diflerent virtual pages, but at different times of course. The actual
number of virtual pages that a logical page slot must accommodate varies
with the mapping function: the minimum number, however, is the total

ety

Mapping Functions SO3
(
TOTAL EFFECTIVE ‘e
SECONDARY [ N, TN, JINg
ADDRESS REGISTER |
PRIMARY { mem— SELECT
ADDRESS REGISTER v r. e /| PAGE #1 I OF 2%
= 7/ | 2Nr WORDS
ng=Ngny SELECT P e
=N,-n, i oF 2™ e PA‘iE'f_?____
// T N
) N e
s PAGES
PAGE SLOT J| COMPRESSION —
2N paces To
2" PAGES S
PAGE SLOT 1
#20% 0 pmmemmmTo
PRIMARY \\\\ ___________
STORAGE S PAGE & 2™
~
SECONDARY
STORAGE

FIGURE 9.5-1
address bits,

Compression of sccondary pages into primary page slots with associated

page capacity of secondary divided by the total page capacity of primary

storage or

minimum number of pages

loglcal page slot

AY
— AN 0y

2
E)_ —

AN
"

— ha

(9.5-1)

Thus the minimum number is determined by the deficient bits n,. The
maximum number is the total page capacity of secondary storage. or 2™
These two cascs represent the extremes of direct and associative mapping.
respectively. Between these two limiting cases are any number of possibilities.
In a more general form, we can allow a virtual page from sccondary storage
to reside in any of S page slots in primary storage as in Fig. 9.5-2¢. These S
page slots form a set, and the mapping s the general form of set associative,
There are obviously 2" total slots: hence the number of possible sets in

primary storage is

Q=5 =5 =

where

My = 24 sets

(9.5-2)

(9.5-3)
{(9.5-4)
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FIGURE 9.5-2  (a) General format for mapping secondary 1o primary storage.

But there are 2V virtual pages that must be accommodated in 2™ page slots.
The easiest way to visualize how this might be done is to think of secondary
storage as being logically divided into groups of pages, cach group of length
equal to that of primary storage or 2" page slots. Each group contains Q
sets and each set contains S pages. Each set slot in primary storage must be
shared by the Q" set in secondary storage. Thus set slot 1 is shared by sets 1,
I+ Q,....2" Likewise set slot Q in shared by sets Q, 20, 30, ..., 2™(Q.
Pages within a set are associatively mapped into any of the S page slots. All
virtual pages are thus assigned to one and only one logical set and can be
located in any one of § specific page slots within that sct. Sets from different
groups can be intermixed within primary storage; therefore not all sets from
one given group need be simultancously resident in primary storage. We
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may have, for instance, sets 1 from several different groups resident in primary
storage, which means that all these virtual pages would have the same ¢
address bits but different 1, address bits.

One reason for such a seemingly complex allocation of pages is that
knowledge of which logical set and group a page must occupy constitutes
additional addressing information that is used by the address translation
function. The total number of virtual pages that can possibly reside at dif-
ferent times in any given slot in primary storage is the total number of
virtual pages 2V divided by the number of sets Q, or

: . N e N, TN,
_virtwalpages 27 2%y, ©.

logical page slot  Q 24

hn
v
3

But from (9.5-3), ¢ — s; thus substitution gives

pOSSiblC Vll}i,ldil’gdg(;i — 2\" “es) 2"‘”‘\ (95-6)
logical page slot

= §2n4 (9.5-7)
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The logical level of organization in secondary storage of Fig. 9.5-24 starting
from the lowest to the highest is thus 2% words per page, S = 2% pages/set.
Q = 29scts/group, and 2" groups total. The analogous hierarchy in primar,
storage Is 2™ words/page. S = 2° page slots/set, and Q sct slots/primary
storage.

When the physical locations of sets in primary storage are fixed to be
cquivalent to the logical locations, the word “logical ™ can be replaced by
“physical” in all the above expressions. In the more general case, logicul
and physical allocations are not equivalent. In the most flexible case, any
virtual page can reside anywhere in primary storage, irrespective of the
logical structure of the mapping function. In such a case, the total possiblc
virtual pages per physical page slot is the total number of possible virtual
pages. Thus for the general case,

possible virtual pages Ve _ onatsta (9.5-5)

physical page slot

These relationships are important in the address translation process. The
smaller the number of slots S per set, or the larger @, the fewer logical places
a page can reside and the casier it will be to find. Likewise larger values of
S or smaller Q allow more possible slots per virtual page, and the more
difficult the page will be to find. Thus one factor in the selection of a mapping
function is the effect on the address translation.

Also important in the choice of a mapping function is the primary slot
contention problem. In any mapping scheme, all the virtual pages required
for a given problem can, statistically, reside in the same set, and the number
of required pages might exceed the size of that set. Thus contention problems
between two or more pages for unavailable slots can result in a large miss
ratio for that problem, which is undesirable. The probability of contention
problems, of course, varies with the number of page slots per set S.

The various distinct types of mapping function can be obtained by varying
the value of S. Fully associative mapping results when S is its maximum
value of 2" and Q is its minimum value of 1. Direct mapping is just the op-
posite, resulting when S is its minimum value of 1 or s = O and Q = 2™ Sel
associative occurs for any values of S and @ between these extremes. Scctor
mapping is just a special case of fully assoctative mapping with the page cn-
Jurged to encompass many pages, called sectors. Thus it is apparent that the
address parameters ¢ and s are logical entities that can be sclected by the
designer. They can be taken from the physical address registers, and the
value of cach 1s determined by the arrangement of the physical wires con-
necting the registers. The relationship between the various physical and
logical address bits is shown in Fig. 9.5-2b. Each of the mapping functions
is now considered separately.

“h

Mapping Functions 209

NV
[ ra s* § Nr JNg
nves ;e 1" SECONDARY STORAGE
A PacE# |
i ey
PRIMARY STORAGE PR S
. ///// //
[PAGE SLOT # 1) .~ A
22K 0
_______ N, ,
_______ \ 7
N 47 ANY
Q=1SET ) \\,”7" VIRTUAL
s=2" PAGES \ PAGE TO
SN ANY
7 \\\ PAGE
——————— o/ \Q\?LOT
PAGE Z2m N\
\‘\\ ‘\\‘
\\‘\ N
Y
PAGE 2Nv

FIGURE 9.5-3 Schematic of fully associative mapping: S = 2" puge slots set: s = .
Q=Lqg=0

9.5.1 Fully Associative Mapping: S = 2" Q = l.s=n.,g =0

If we allow S to become its maximum value of 2", there can only be onc sct
in primary storage (i.e., Q = 1). Under these circumstances, any virtual page
can be mapped logically into any page slot, and the mapping becomes fully
associative (Fig. 9.5-3). This mapping is the most general and provides the
minimum probability for page slot contention problems. Two virtual pages
can contend for a page slot only when the pages required simultancously
for a given problem exceeds 2™, which is most unlikely. Hence fully associa-
tive mapping provides the largest hit ratio for a given problem on a given
virtual system and is the most desired mapping function. However an as-
sociative type of compare is required in the address translation {Section 9.6).
making this the most diflicult mapping function to implement.

9.5.2 Direct Mapping: S =1,0 =2".5s=0.qy = n,

One way to completely avoid associative scarching and greatly simplify the
address translation is to let S = 1, giving only onc page slot per set. This is
referred to as direct mapping, illustrated in Fig. 9.5-4. Any given page n
secondary storage can reside logically only in a specific page slot in primary
storage. Using the rules previously described, the first logical page slot in



