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Chapter 1

1.1 History

Storage allocation 1in early computer systems consisted
of deciding where in storage the variables or arrays of
variables were to be located or deciding the relative
locations of various segments of program text. Once the
locations for the variables or program text had been selected
the items remained fixed throughout the execution of the

..................

program. This is now called static allocation. Programs

were written in machine language or in simple assembly
languages, the machines were slow relative to todays
computers, and each program was written to solve a particular
and restricted probiem. These programs had no need for any
storage allocation other than the static allocation made by
the programmer when he assigned locations to the variables,
arrays and sections of program text.

Soon general purpose programs began to appear, possibly
because programmers grew weary of writing nearly identical
programs for a number of similar problems. In some of these
programs, storage was assigned by the program rather than the
programmer. In one application of a program, 500 words of

storage might be required for array A and 5000 words for
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array B. In a slightly different application the storage
assignment might be reversed.

To allow a single program to be used in both cases
elther all the arrays had to be set at their maximum sizes,
or the space for each array had to be allocated by the
program after it determined the nature of the particular
problem it was to solve, Recomplling the program to adjust
the slzes of the arrays to a particular problem was not
desirable for programs to be used as utilities by a large
number of people. The ability to determine which arrays
should be set at which sizes would be beyond many users, and
requiring.them to do so would unnecessarily restrict the
application of the program. Also recompiliation took a long
enough time that the program would be more efficlent if it
allocated the arrays itself,
is a general purpose program ©o
solve a number of different statistical proﬁlemse Each of
these problems would require different sizes for the internal
arrays used by the program. The areas needed when the program
was doing a factor analysis might be completely unnecessary
or needed 1n different sizes when the program was computing

correlation coefficients. The program would read a set of

its storage for the required areas from a common pool. This

allocation is still static slnce the program makes the
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allocation before it begins 1ts intended job, and the allo=-
cation remains fixed throughout.

A similar static allocation 1is made by a compiler as
1t goes through the lists of variables and allocates each
to a fixed storage location. In thils case the allocatlon is
made from an imaginary storage pool since the real storage
is in use by the compiler itself. The compiler may be allo-
cating storage for data and storage for instructions at the
same time if the language is one which permits intermixing
instructions with either implicit or explicit data decla-
rations such as used by FORTRAN., If the compller is to do as
much as possible on a single pass of the source program and
the operating system does not support a link editor for
combining programs with subprograms, the data items may be
allocated by placing them one after the othér at one end of

ge
after another starting at the other end of storage.

Both of these examples show a general purpose program
allocating storage which 1s fixed and will not change
throughout the lifetime of the process for which it is being
allocated. The allocation process is different from the
storage allocation done by a programmer working in a simple

i
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used by the program and the person 1s probably similar in
this case, writing a program to do what a person does is
often difficult, especlally the first time.

As more complex and more general programs werevwritten
the ability to allocate storage and to free it as circum-
stances changed while the program was running became neces-
sary. The process of allocating and freeing storage during

the execution of a program is called dynamic storage allo-

processing languages such as LISP, SLIP, or SNOBOL which
form, modify and destroy character strings, lists, arrays,
and tree structures while the program runs., These languages
invelving complex and often large data structures such as
compfiers, theorem provers, and simulators. Since the
structures formed depend on the data presented a2t run time
static allocation at compile time is not possible,

One early attempt to resolve the problem of insuffi-
cilent storage on computers, which takes an approach different
from dynamic storage allocation, is called paging. The goal
of paging 1s to present to the programmer the appearance of
a memory as large as he would ever need. If this is done

then the programn

will fit in storage, or what parts of it are needed at the
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same time. The programmer or a compller simply produces a
program for the largest possible amount of storage which
might be needed at any time and the operating system
translates the program into real storage when the program is
run,

To accomplish the appearance of unlimited storage the
large imaginary storage, called virtual storage, 1s broken
up into small blocks called pages. Usually these blocks are
all of one size but in some systems there are several dif-
ferent sizes. These pages are placed in a file called the
page flle which is usually located on a disk or a drum. The
device holding the page flle is called the paging device.
During an interval of a program's execution, the only blocks
which need to be in real storage are the ones actually
referenced within that interval. All other blocks can remain
in the page
arrange to have the various blocks in real memory as they are
needed,

In order to have the blocks in memory as they are
needed during the execution of az program, a paging system
must know whether an address generated by an executing
program is in one of the pages located in memory or is in
one of the pages o

a page which is not in memory, the system must arrange to
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have it brought in. If the address refers to a page which
is in memory, the address generated by the program must be
translated to a real address before the data or instruction
can be retrieved. This is because the original addresses
used in the program were virtual addresses and may extend
beyond the size of the real memory. Speclal hardware is
usually used to transiate the addresses since real addresses
must be generated for every data reference and every
instruction fetch.

When the system needs to bring a new page into the real
memory some page already there must usually be replaced.
It is not usual to remove a page as soon as it has been
referenced vecause it might be needed agaln 1n the near
future. As a result the replacement provlem reduces to

deciding which block 1s least likely to be needed in the

fled since it was brought in from the page file it may be
deleted because a copy remains on the page fille. If it has

been modified then it must be copied to the page file before

b

it is deleted so that the modifications made while it was in
real storage will not be lost.

A complete 1list of the future references to all pages
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information is seldom available. As a result pages are
brought in when an executlng program makes reference to
some data or instruction in a page which is not resident in
real storage at the time. The reference to a non-resident
page 1s called a page fault and is detected by the address
translation hardware. A system which does not pre-load

pages but waits until a page fault occurs to load them 1s

The declision of which page to replace when a page
fault occurs may be made with reference to the previous
statistical behavior of the programs. Various methods of

page replacement have been tried including random, least

= eeade
ig, SCu

b3

recently used, 1Ong

¥ g
" model (Denning 1968),

Recent interest in dynamic storage allocation is due to

ing systems and the impact of inter-
active computing from remote terminals. A multi-programming
operating system must allocate storage for each of the

several programs it executes. concurrently. The programs are

n an input queue when they are submitted to the

e

placed
operating system, and as sufficient resources for each are

freed they are taken from the queue and executed. Often

Ty

“ laAa
’ Ve

executed concurrently and the system will operate for long
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pericds of time at 1ts maximum rate, limited only be the
number of prcgrams which will concurrently fit in storage.
As 1s common with gueuing problems of this type a small
increase in the number of jobs run concurrently may make a
large difference in the average turnaround time for jobs.
Remote terminal systems are often designed to operate
with certain expected'numbers of active terminals, and do
not reserve sufficient storage for all possible terminals
to be processing concurrently. In many systems each termi-
nal which 1s processing commands will need a storage area
for the command and data text transmitted to and from the

terminal, file buffers for program or data storage, and

ork areas for lntermediate results and status information.
In addition, these items may be required in different sizes

and numbers depending on the function beilng performed for

sar and th
L - e

-

e type of terminal,
which is lnactive may require no storage areas or only a
small amount of storage. To conserve storage these areas
may be allocated from a single dynamic storage allocation
reglon as needed and returned to it when no longer needed,

Even if complete and general solutions to the problems
of paging systems were to be found, dynamic storage allo=-
ig and useful.

Efficient paging systems require that a considerable amount
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of additional hardware be built into the processor and many
small inexpensive computers do nct have and probably will
not have this additional hardware for some time, There are
many computers in use today which are large, expensive and
fast but do not have the hardware necessary to economically
support paged operation; The hardware assoclated with page
replacement will usually be designed to maximize the overall
utilization of the computer system and not to favor any
particular subsystem or program. But if a remote terminal
or real time program is being run, it may be desirable to
give up some efficlency in the total computer system in

~ return for faster response time for that application. If

cation system. A real time system may not be able to

tolerate the delays in transferring data to

amount of data is varlable and potentially large, dynamic

storage allocation may be essential.
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1.2 Fundamental Principles

The general allocation prcblem consists of selecting

Q
53
®
o)
"
53
3
3
®
|
ot
®

ms from a group of avallable items, Usually
there are constraints which mus% be satisfled in selecting
the number of items requested. If the selection 1s to be
made from a pool of equipment such as cars, one suech
constraint might be the requirement to equalize the rate of
wear on all the cars so they can be replaced at one time to
yleld a better quantity discount and at the same time use
the entire pool for the longest possible time between
replacement perlods. Another example is the allocation of
classrooms to courses where one constraint might be that the
maximum number of students are to have all their classes
between 9 A.M. and 2 P.M. to allow as much unbroken time as
possible for independent study.

A special type of allocation process for computers
called the storage allocation process 1s used to select a
block of units for storing either programs or data. The
block is selected from a pool of equal size storage units
and the block must be composed of adjacent units, When
selecting blocks for programs The units are usually much
smaller than the size of the block being selected; an allo-

4 6

cation of an entire program may require 10" to 10 total

units., In other cases where storage is being allocated for
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single variables within a program, the block may be com~
posed of a single unit. A common constraint in storage
allocation is that the areas be arranged with relation to
one another in such a way that there are few unused units
between them.

While static allocation 1s used when all blocks will
remain in use for the same length of time, dynamle storage
allocation refers to a type of storage allocation where the
blocks selected are used to store something for various
lengths of time. When a block is no longer needed its
storage units are returned to the pool of available units to
be used in some subsequent allocation. Constraints which may
be used in dynamic storage allocation problems are: to keep
the total size of the pool required as small as possible;

to make the routines or programs which perform the allo-

probability that an allocation can be successfully made; or
any combination of these.

If the pool of storage units is considered to be a
finite set of elements then the dynamic storage allocatlion
problem 1s concerned with selecting contiguous subsets of
these elements in such a manner that no element is a member

= -l

of any two selected subsets. The

Yo e N
1T PgUG4L O

dynamic allocation region, 1s a set of k elements well

ordered by an index i, M= {M; | 1 < 1 < k}. When an
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allocation is made a contiguous subset B, of size n, 1s
selected from those elements of the region M which have not
been selected for any other subset., After a length of time €
the elements of the subset are returned to the pool and the
subset is deleted, making the elements available for further
allocation. Each selection is performed at some point in
time and no two allocations are made simultaneously so the
allocated subsets may be ordered by an index jJ indicating the

order in which they were constructed. Subset B, was selected

J
before BJ+1. Each subset is considered to exist only for =
the time the allocated block is in use.
BJC: M,
Bj = M, | s<i<r,n=ra-s+ 1}, and

Bjﬂ Bk=0v,j#k.

Dynamic storage allocation may alsc be represented by
an allocation function, a, which produces the allocated
subsets, The allocation functlion is depenédent on the total
region M from which the allocation is made, the number of
elements nJ which are to comprise the allocated block B, and
the length of time tj the allocated block will exist and be

used.,

Bj = a(M, nys tj)°
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