
Chapter 04- Memory Management

Memory is an important resource that must be carefully managed. While
the  average  home  computer  nowadays  has  a  thousand  times  as  much
memory as the IBM 7094, the largest computer in the world in the early
1960s, programs are getting bigger faster than memories. To paraphrase
Parkinson’s  law,  “Programs  expand to  fill  the  memory  available  to  hold
them.”  In  this  chapter  we  will  study  how  operating  systems  manage
memory.

4.1 Basics of Memory

Memory management systems can be divided into two classes: Those that
move  processes  back  and  forth  between  main  memory  and  disk  during
execution (swapping and paging), and those that do not. 

4.1.1 Monoprogramming without swapping or paging
The  simplest  possible  memory  management  scheme  is  to  run  just  one
program at  a  time,  sharing the  memory  between that  program and  the
operating system. Three variations on this theme are shown in Fig. 4-1. The
operating system may be at the bottom of memory in RAM (Random Access
Memory), as shown in Fig. 4-1(a), or it may be in ROM (Read-Only Memory)
at the top of memory, as shown in Fig. 4-1(b), or the device drivers may be
at the top of memory in a ROM and the rest of the system in RAM down
below, as shown in Fig. 4-1(c).
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4.1.2 Multiprogramming with fixed partition

Except on simple embedded systems, monoprogramming is hardly used any
more. Most modern systems allow multiple processes to run at the same
time.  Having  multiple  processes  running  at  once  means  that  when  one
process is blocked waiting for I/O to finish, another one can use the CPU.
Thus  multiprogramming  increases  the  CPU  utilization.  Network  servers
always have the ability to run multiple processes (for different clients) at
the same time, but most client (i.e., desktop) machines also have this ability
nowadays.
The easiest way to achieve multiprogramming is simply to divide memory
up into  n (possibly unequal) partitions. This partitioning can, for example,
be done manually when the system is started up.
When a job arrives,  it  can be put  into the input queue for  the smallest
partition  large  enough  to  hold  it.  Since  the  partitions  are  fixed  in  this
scheme, any space in a partition not used by a job is lost. In Fig. 4-2(a) we
see how this system of fixed partitions and separate input queues looks.

Figure 4-2. (a) Fixed memory partitions with separate input queues 
for each partition.

(b) Fixed memory partitions with a single input queue.

The  disadvantage  of  sorting  the  incoming  jobs  into  separate  queues
becomes apparent when the queue for a large partition is empty but the
queue for a small partition is full, as is the case for partitions 1 and 3 in Fig.
4-2(a). Here small jobs have to wait to get into memory, even though plenty
of memory is free. An alternative organization is to maintain a single queue
as in Fig. 4-2(b). Whenever a partition becomes free, the job closest to the
front of the queue that fits in it could be loaded into the empty partition and
run.  Since it  is  undesirable to waste a large partition on a  small  job,  a
different strategy is to search the whole input queue whenever a partition
becomes  free  and  pick  the  largest  job  that  fits.  Note  that  the  latter
algorithm discriminates against small jobs as being unworthy of having a
whole partition,  whereas usually it  is  desirable to give the smallest jobs
(often interactive jobs) the best service, not the worst.



4.2 Swapping
With a batch system, organizing memory into fixed partitions is simple and
effective. Each job is loaded into a partition when it gets to the head of the
queue. It stays in memory until it has finished. As long as enough jobs can
be kept in memory to keep the CPU busy all the time, there is no reason to
use anything more complicated.

Two general approaches to memory management can be used, depending
(in part) on the available hardware. The simplest strategy, called swapping,
consists of bringing in each process in its entirety, running it for a while,
then putting it back on the disk. The other strategy, called virtual memory,
allows programs to run even when they are only partially in main memory.

The operation of a swapping system is illustrated in Fig. 4-5. Initially only
process A is in memory. Then processes B and C are created or swapped in
from disk. In Fig. 4- 5(d) A is swapped out to disk. Then D comes in and B
goes out. Finally  A comes in again. Since  A is now at a different location,
addresses contained in it must be relocated, either by software when it is
swapped in or (more likely) by hardware during program execution.

Figure 4-5. Memory allocation changes as processes come into memory 
and leave it.
The shaded regions are unused memory.

The main difference between the fixed partitions of Fig. 4-2 and the variable
partitions of Fig. 4-5 is that the number, location, and size of the partitions
vary dynamically in the latter as processes come and go, whereas they are
fixed in the former. The flexibility of not being tied to a fixed number of
partitions that may be too large or too small improves memory utilization,
but  it  also  complicates  allocating  and  deallocating  memory,  as  well  as
keeping track of it.
When swapping creates multiple holes in memory, it is possible to combine
them all into one big one by moving all the processes downward as far as
possible. This technique is known as memory compaction. It is usually not
done because it  requires  a lot  of  CPU time.  For example,  on a  256-MB
machine that can copy 4 bytes in 40 nsec, it takes about 2.7 sec to compact
all of memory.



A  point  that  is  worth  making  concerns  how  much  memory  should  be
allocated for a process when it is created or swapped in. If processes are
created with a fixed size that never changes, then the allocation is simple:
the operating system allocates exactly what is needed, no more and no less.

If it is expected that most processes will grow as they run, it is probably a
good idea to allocate a little extra memory whenever a process is swapped
in or moved, to reduce the overhead associated with moving or swapping
processes  that  no  longer  fit  in  their  allocated  memory.  However,  when
swapping processes  to  disk,  only  the  memory  actually  in  use  should  be
swapped: it is wasteful to swap the extra memory as well. In Fig. 4-6(a) we
see a memory configuration in which space for growth has been allocated to
two processes.

If processes can have two growing segments, for example, the data segment
being  used  as  a  heap  for  variables  that  are  dynamically  allocated  and
released and a  stack segment  for  the  normal  local  variables  and return
addresses, an alternative arrangement suggests itself, namely that of Fig. 4-
6(b). In this figure we see that each process illustrated has a stack at the
top of its allocated memory that is growing downward, and a data segment
just beyond the program text that is growing upward The memory between
them can be used for either segment. If it runs out, either the process will
have to be moved to a hole with enough space, swapped out of memory until
a large enough hole can be created, or killed.
4.2.1 Memory management with Bitmaps

When memory is assigned dynamically, the operating system must manage
it. In general terms, there are two ways to keep track of memory usage:
bitmaps and free lists.
With a bitmap, memory is divided up into allocation units, perhaps as small
as a few words and perhaps as large as several kilobytes. Corresponding to
each allocation unit is a bit in the bitmap, which is 0 if the unit is free and 1
if it is occupied (or vice versa). Figure 4-7 shows part of memory and the
corresponding bitmap.



Figure 4-7. (a) A part of memory with five processes and three holes. The
tick marks show the memory allocation units. The shaded regions (0 in the
bitmap) are free. (b) The corresponding bitmap. (c) The same information as
a list.
The size of the allocation unit is an important design issue. The smaller the
allocation unit, the larger the bitmap. However, even with an allocation unit
as small as 4 bytes, 32 bits of memory will require only 1 bit of the map. A
memory of 32n bits will use n map bits, so the bitmap will take up only 1/33
of memory If the allocation unit is chosen large, the bitmap will be smaller,
but appreciable memory may be wasted in the last unit of the process if the
process size is not an exact multiple of the allocation unit.
A bitmap provides a simple way to keep track of memory words in a fixed
amount of memory because the size of the bitmap depends only on the size
of memory and the size of the allocation unit. The main problem with it is
that when it has been decided to bring a  k unit process into memory, the
memory manager must search the bitmap to find a run of  k consecutive 0
bits in the map. Searching a bitmap for a run of a given length is a slow
operation (because the run may straddle word boundaries in the map); this
is an argument against bitmaps.
4.3 Virtual Memory

Many years ago people were first confronted with programs that were too
big to fit in the available memory. The solution usually adopted was to split
the program into pieces,  called  overlays.  Overlay 0 would start running
first. When it was done, it would call another overlay. Some overlay systems
were highly complex, allowing multiple overlays in memory at once. The
overlays were kept on the disk and swapped in and out of memory by the
operating system, dynamically, as needed.
The  method  that  was  devised  (Fotheringham,  1961)  for  swapping  and
splitting has come to be known as virtual memory The basic idea behind
virtual memory is that the combined size of the
program,  data,  and  stack  may  exceed  the  amount  of  physical  memory
available for it.
The operating system keeps those parts of the program currently in use in
main memory, and the rest on the disk. For example, a 16-MB program can



run  on  a  4-MB  machine  by  carefully  choosing  which  4  MB to  keep  in
memory at each instant, with pieces of the program being swapped between
disk and memory as needed.
Virtual memory can also work in a multiprogramming system, with bits and
pieces of many programs in memory at once. While a program is waiting for
part of itself to be brought in, it is waiting for I/O and cannot run, so the
CPU  can  be  given  to  another  process,  the  same  way  as  in  any  other
multiprogramming system.

4.3.1 Paging

Most virtual memory systems use a technique called paging, which we will
now describe. On any computer, there exists a set of memory addresses that
programs  can  produce.  When  a  program  uses  an  instruction  like  MOV
REG,1000
it does this to copy the contents of memory address 1000 to REG (or vice
versa,  depending  on  the  computer).  Addresses  can  be  generated  using
indexing, base registers, segment registers, and other ways.

Figure  4-9.  The  position  and  function  of  the  MMU.  Here  the  MMU is
shown as being a part of the CPU chip because it commonly is nowadays.
However, logically it could be a separate chip and was in years gone by.

These program-generated addresses are called virtual addresses and form
the  virtual  address  space.  On  computers  without  virtual  memory,  the
virtual address is put directly onto the memory bus and causes the physical
memory word with the same address to be read or written. When virtual
memory is used, the virtual addresses do not go directly to the memory bus.
Instead, they go to an MMU (Memory Management Unit) that maps the
virtual addresses onto the physical memory addresses as illustrated in Fig.
4-9.
A very simple example of how this mapping works is shown in Fig. 4-10. In
this example, we have a computer that can generate 16-bit addresses, from
0 up to 64K.



These are the virtual addresses.
The  virtual  address  space  is  divided  up  into  units  called  pages.  The
corresponding units in the physical memory are called  page frames. The
pages and page frames are always the same size. In this example they are 4
KB, but page sizes from 512 bytes to 64 KB have been used in real systems.
With 64 KB of virtual address space and 32 KB of physical memory, we get
16 virtual pages and 8 page frames. Transfers between RAM and disk are
always in units of a page.

Figure 4-10. The relation between virtual addresses and physical memory
addresses is given by the page table.

When  the  program  tries  to  access  address  0,  for  example,  using  the
instruction

MOV REG,0
virtual  address  0  is  sent  to  the  MMU.  The  MMU sees  that  this  virtual
address falls in page 0 (0 to 4095), which according to its mapping is page
frame  2  (8192  to  12287).  It  thus  transforms  the  address  to  8192  and
outputs address 8192 onto the bus. The memory knows nothing at all about
the  MMU and  just  sees  a  request  for  reading or  writing  address  8192,
which  it  honors.  Thus,  the  MMU  has  effectively  mapped  all  virtual
addresses between 0 and 4095 onto physical addresses 8192 to 12287.

Similarly, an instruction
MOV REG,8192
is effectively transformed into
MOV REG,24576
because virtual address 8192 is in virtual page 2 and this page is mapped
onto physical page frame 6 (physical addresses 24576 to 28671). As a third



example, virtual address 20500 is 20 bytes from the start of virtual page 5
(virtual addresses 20480 to 24575) and maps onto physical address 12288
+ 20 = 12308.
By itself, this ability to map the 16 virtual pages onto any of the eight page
frames by setting the MMU’s map appropriately does not solve the problem
that the virtual address space is larger than the physical memory. Since we
have only eight physical page frames, only eight of the virtual pages in Fig.
4-10 are mapped onto physical memory. The others, shown as a cross in the
figure,  are  not  mapped.  In  the  actual  hardware,  a  Present/absent  bit
keeps track of which pages are physically present in memory.
What happens if the program tries to use an unmapped page, for example,
by using the instruction

MOV REG,32780
which is byte 12 within virtual page 8 (starting at 32768)? The MMU notices
that the page is unmapped (indicated by a cross in the figure) and causes
the CPU to trap to the operating system. This trap is called a page fault.
The operating system picks a little-used page frame and writes its contents
back to the disk.  It  then fetches the page just referenced into the page
frame just freed, changes the map, and restarts the trapped instruction.

4.3.2 Page tables
The virtual address is split into a virtual page number (highorder bits) and
an offset (low-order bits). For example, with a 16-bit address and a 4-KB
page size, the upper 4 bits could specify one of the 16 virtual pages and the
lower  12 bits  would  then specify  the  byte  offset  (0  to  4095)  within  the
selected page.
However a split with 3 or 5 or some other number of bits for the page is also
possible. Different splits imply different page sizes.



The virtual page number is used as an index into the page table to find the
entry  for  that  virtual  page.  From the  page  table  entry,  the  page  frame
number (it any) is found.
The page frame number is  attached to the high-order end of  the offset,
replacing the virtual page number, to form a physical address that can be
sent to the memory.
The purpose of the page table is to map virtual pages onto page frames.
Mathematically speaking, the page table is a function, with the virtual page
number as argument and the physical frame number as result. Using the
result  of this function,  the virtual page field in a virtual address can be
replaced by a page frame field, thus forming a physical memory address.
Despite this simple description, two major issues must be faced:
1. The page table can be extremely large.
2. The mapping must be fast.
The first  point  follows from the fact  that  modern computers  use  virtual
addresses of at least 32 bits. With, say, a 4-KB page size, a 32-bit address
space has 1 million pages, and a 64-bit address space has more than you
want to contemplate. With 1 million pages in the virtual address space, the
page table must have 1 million entries. And remember that each process
needs its own page table (because it has its own virtual address space).
The second point is a consequence of the fact that the virtual-to-physical
mapping must be done on every memory reference. A typical instruction has
an instruction word, and often a memory operand as well. Consequently, it
is necessary to make 1, 2, or sometimes more page table references per
instruction, If an instruction takes, say, 4 nsec, the page table lookup must
be done in under 1 nsec to avoid becoming a major bottleneck.
The need for large, fast page mapping is a significant constraint on the way
computers are built. Although the problem is most serious with top-of-the-
line machines, it is also an issue at the low end as well, where cost and the



price/performance ratio are critical. In this section and the following ones,
we will look at page table design in detail and show a number of hardware
solutions that have been used in actual computers.
The simplest design (at least conceptually) is to have a single page table
consisting of an array of fast hardware registers, with one entry for each
virtual page, indexed by virtual page number, as shown in Fig. 4-11. When a
process  is  started up,  the operating system loads the registers  with  the
process‘  page  table,  taken  from  a  copy  kept  in  main  memory.  During
process execution,  no more memory references are needed for the page
table.  The advantages  of  this  method are  that  it  is  straightforward and
requires no memory references during mapping. A disadvantage is that it is
potentially  expensive (if  the page table is large).  Having to load the full
page table at every context switch hurts performance.
At the other extreme, the page table can be entirely in main memory. All the
hardware needs then is a single register that points to the start of the page
table. This design allows the memory map to be changed at a context switch
by reloading one register. Of course, it has the disadvantage of requiring
one  or  more  memory  references  to  read  page  table  entries  during  the
execution of each instruction. For this reason, this approach is rarely used
in its most pure form, but below we will study some variations that have
much better performance.

4.4 Page replacement algorithm
When a page fault occurs, the operating system has to choose a page to
remove from memory to make room for the page that has to be brought in.
If the page to be removed has been modified while in memory, it must be
rewritten to the disk to bring the disk copy up to date. If, however, the page
has  not  been changed  (e.g.,  it  contains  program text),  the  disk  copy  is
already up to date, so no rewrite is needed. The page to be read in just
overwrites the page being evicted.
While it would be possible to pick a random page to evict at each page fault,
system performance is  much better if  a page that is not heavily used is
chosen.  If  a  heavily  used  page  is  removed,  it  will  probably  have  to  be
brought back in quickly, resulting in extra overhead. Much work has been
done on the subject of page replacement algorithms, both theoretical and
experimental.  Below  we  will  describe  some  of  the  most  important
algorithms.
It is worth noting that the problem of “page replacement” occurs in other
areas of computer design as well. For example, most computers have one or
more memory caches consisting of recently used 32-byte or 64-byte memory
blocks. When the cache is full, some block has to be chosen for removal.
This problem is precisely the same as page replacement except on a shorter
time scale (it has to be done in a few nanoseconds, not milliseconds as with
page replacement). The reason for the shorter time scale is that cache block



misses are satisfied from main memory,  which has no seek time and no
rotational latency.
A second example is in a Web server. The server can keep a certain number
of  heavily  used  Web  pages  in  its  memory  cache.  However,  when  the
memory cache is full and a new page is referenced, a decision has to be
made which Web page to evict. The considerations are similar to pages of
virtual memory, except for the fact that the Web pages are never modified
in the cache, so there is always a fresh copy on disk. In a virtual memory
system, pages in main memory may be either clean or dirty.

4.4.1 The optimal page replacement algorithm
The  best  possible  page  replacement  algorithm  is  easy  to  describe  but
impossible to implement. It goes like this. At the moment that a page fault
occurs,  some  set  of  pages  is  in  memory.  One  of  these  pages  will  be
referenced  on  the  very  next  instruction  (the  page  containing  that
instruction). Other pages may not be referenced until 10, 100, or perhaps
1000  instructions  later.  Each  page  can  be  labeled  with  the  number  of
instructions that will be executed before that page is first referenced.
The optimal page algorithm simply says that the page with the highest label
should be removed. If one page will not be used for 8 million instructions
and another page will not be used for 6 million instructions, removing the
former pushes the page fault that will fetch it back as far into the future as
possible. Computers, like people, try to put off unpleasant events for as long
as they can.
The only problem with this algorithm is that it is unrealizable. At the time of
the page fault, the operating system has no way of knowing when each of
the pages will be referenced next. (We saw a similar situation earlier with
the shortest job first scheduling algorithm—how can the system tell which
job is shortest?) Still,  by running a program on a simulator and keeping
track  of  all  page  references,  it  is  possible  to  implement  optimal  page
replacement on the  second  run by using the page reference information
collected during the first run.
In  this  way  it  is  possible  to  compare  the  performance  of  realizable
algorithms with the best possible one. If an operating system achieves a
performance of, say, only 1 percent worse than the optimal algorithm, effort
spent  in  looking  for  a  better  algorithm  will  yield  at  most  a  1  percent
improvement.

4.4.2 Not recently used page algorithm
In  order  to  allow the  operating system to  collect  useful  statistics  about
which pages are being used and which ones are not, most computers with
virtual memory have two status bits associated with each page.  R  is  set
whenever the page is referenced (read or written). M is set when the page
is written to (i.e., modified). The bits are contained in each page table entry,
as shown in Fig. 4-13. It  is important to realize that these bits must be



updated on every memory reference, so it is essential that they be set by the
hardware. Once a bit has been set to 1, it stays 1 until the operating system
resets it to 0 in software.
If the hardware does not have these bits, they can be simulated as follows.
When a process is started up, all of its page table entries are marked as not
in memory. As soon as any page is referenced, a page fault will occur. The
operating system then sets the  R  bit (in its internal tables), changes the
page table entry to point to the correct page, with mode READ ONLY, and
restarts  the  instruction.  If  the  page is  subsequently  written on,  another
page fault will occur, allowing the operating system to set the  M  bit and
change the page’s mode to READ/WRITE
The R and M bits can be used to build a simple paging algorithm as follows.
When a process is started up, both page bits for all its pages are set to 0 by
the operating system. Periodically (e.g., on each clock interrupt), the R bit is
cleared, to distinguish pages that have not been referenced recently from
those that have been.
When a page fault occurs, the operating system inspects all the pages and
divides them into four categories based on the current values of their R and
M bits:
Class 0: not referenced, not modified.
Class 1: not referenced, modified.
Class 2: referenced, not modified.
Class 3: referenced, modified.
Although class 1 pages seem, at first glance, impossible, they occur when a
class 3 page has its R bit cleared by a clock interrupt. Clock interrupts do
not clear the M bit because this information is needed to know whether the
page has to be rewritten to disk or not. Clearing R but not M leads to a class
1 page.
The NRU (Not Recently Used) algorithm removes a page at random from
the lowest numbered nonempty class. Implicit in this algorithm is that it is
better to remove a modified page that has not been referenced in at least
one dock tick (typically 20 msec) than a clean page that is in heavy use. The
main attraction of NRU is that it is easy to understand, moderately efficient
to implement, and gives a performance that, while certainly not optimal,
may be adequate.
4.4.3 First-In First-Out page replacement algorithm

Another  low-overhead  paging  algorithm  is  the  FIFO  (First-In,  First-Out)
algorithm. To illustrate how this works, consider a supermarket that has
enough  shelves  to  display  exactly  k  different  products.  One  day,  some
company introduces a new convenience food instant, freeze-dried, organic
yogurt that can be reconstituted in a microwave oven. It is an immediate
success, so our finite supermarket has to get rid of one old product in order
to stock it.
One  possibility  is  to  find  the  product  that  the  supermarket  has  been
stocking the longest (i.e., something it began selling 120 years ago) and get



rid of it on the grounds that no one is interested any more. In effect, the
supermarket maintains a linked list of all the products it currently sells in
the order they were introduced. The new one goes on the back of the list;
the one at the front of the list is dropped.
As  a  page  replacement  algorithm,  the  same  idea  is  applicable.  The
operating system maintains a list of all pages currently in memory, with the
page at the head of the list the oldest one and the page at the tail the most
recent arrival. On a page fault, the page at the head is removed and the new
page  added  to  the  tail  of  the  list.  When applied  to  stores,  FIFO might
remove mustache wax, but it might also remove flour, salt, or butter. When
applied to computers the same problem arises. For this reason, FIFO in its
pure form is rarely used.

5. Segmentation
The virtual memory discussed so far is one-dimensional because the virtual
addresses go from 0 to some maximum address, one address after another.
For many problems, having two or more separate virtual address spaces
may be much better than having only one. For example,  a compiler has
many tables that are built up as compilation proceeds, possibly including 1.
The source text being saved for the printed listing (on batch systems).
2. The symbol table, containing the names and attributes of variables.
3. The table containing all the integer and floating-point constants used.
4. The parse tree, containing the syntactic analysis of the program.
5. The stack used for procedure calls within the compiler.
Each of the first four tables grows continuously as compilation proceeds.
The last one grows and shrinks in unpredictable ways during compilation. In
a one-dimensional  memory,  these five tables  would have to be allocated
contiguous chunks of virtual address space, as in Fig. 4-35.

Figure 4-35. In a one-dimensional address space with growing tables, one
table may bump into another.



Another possibility is to play Robin Hood, taking space from the tables with
an excess of room and giving it to the tables with little room. This shuffling
can be done, but it is analogous to managing one’s own overlays a nuisance
at best and a great deal of tedious, unrewarding work at worst.

A straightforward and extremely general solution is to provide the machine
with many completely independent address spaces, called segments. Each
segment  consists  of  a  linear  sequence  of  addresses,  from  0  to  some
maximum.  The  length  of  each  segment  may  be  anything  from 0  to  the
maximum allowed. Different segments may, and usually do, have different
lengths.  Moreover,  segment  lengths  may  change  during  execution.  The
length of a stack segment may be increased whenever something is pushed
onto the stack and decreased whenever something is popped off the stack.

Because  each  segment  constitutes  a  separate  address  space,  different
segments can grow or shrink independently, without affecting each other. If
a stack in a certain segment needs more address space to grow, it can have
it,  because  there  is  nothing  else  in  its  address  space  to  bump into.  Of
course, a segment can fill up but segments are usually very large, so this
occurrence  is  rare.  To  specify  an  address  in  this  segmented  or  two-
dimensional  memory,  the  program  must  supply  a  two-part  address,  a
segment  number,  and  an  address  within  the  segment.  Figure  4-36
illustrates  a  segmented  memory  being  used  for  the  compiler  tables
discussed earlier. Five independent segments are shown here.

Figure 4-36.  A segmented memory allows each table to grow or shrink
independently



of the other tables.
We emphasize that a segment is a logical entity, which the programmer is
aware of and uses as a logical entity. A segment might contain a procedure,
or an array, or a stack, or a collection of scalar variables, but usually it does
not contain a mixture of different types.
A  segmented  memory  has  other  advantages  besides  simplifying  the
handling of data structures that are growing or shrinking. If each procedure
occupies a separate segment, with address 0 in its starting address, the
linking up of procedures compiled separately is greatly simplified. After all
the procedures that constitute a program have been compiled and linked
up, a procedure call to the procedure in .segment  n  will use the two-part
address (n, 0) to address word 0 (the entry point).

If the procedure in segment n is subsequently modified and recompiled, no
other  procedures  need be changed (because no starting addresses  have
been modified), even if the new version is larger than the old one. With a
one-dimensional memory, the procedures are packed tightly next to each
other, with no address space between them.
Consequently, changing one procedure’s size can affect the starting address
of  other,  unrelated  procedures.  This,  in  turn,  requires  modifying  all
procedures that call any of the moved procedures, in order to incorporate
their new starting addresses. If a program contains hundreds of procedures,
this process can he costly.
Segmentation also facilitates sharing procedures or data between several
processes. A common example is the shared library. Modern workstations
that run advanced window systems often have extremely large graphical
libraries compiled into nearly every program. In a segmented system, the
graphical library can be put in a segment and shared by multiple processes,
eliminating the need for having it in every process’ address space. While it
is also possible to have shared libraries in pure paging systems, it is much
more  complicated.  In  effect,  these  systems  do  it  by  simulating
segmentation.

Because each segment forms a logical entity of which the programmer is
aware, such as a procedure, or an array, or a stack, different segments can
have different kinds of protection. A procedure segment can be specified as
execute only, prohibiting attempts to read from it or store into it. A floating-
point array can be specified as read/write but not execute, and attempts to
jump  to  it  will  be  caught.  Such  protection  is  helpful  in  catching
programming errors.

5.1 Implementation of pure segmentation
The implementation  of  segmentation  differs  from paging in  an  essential
way: pages are fixed size and segments are not. Figure 4-38(a) shows an
example  of  physical  memory  initially  containing  five  segments.  Now
consider what happens if  segment 1 is  evicted and segment 7,  which is



smaller, is put in its place. We arrive at the memory configuration of Fig. 4-
38(b). Between segment 7 and segment 2 is an unused area that is, a hole.
Then segment 4 is replaced by segment 5, as in Fig. 4-38(c), and segment 3
is  replaced by segment 6,  as in Fig.  4-38(d).  After the system has been
running for a while, memory will be divided up into a number of chunks,
some containing segments and some containing holes. This phenomenon,
called  checkerboarding  or  external fragmentation,  wastes memory in
the holes. It can be dealt with by compaction, as shown in Fig. 4-38(e).

Figure 4-38.  (a)-(d) Development of checkerboarding. (e) Removal of the
checkerboarding by compaction.

5.2. Segmentation with paging: MULTICS

If the segments are large, it may be inconvenient, or even impossible, to
keep them in main memory in their entirety. This leads to the idea of paging
them, so that only those pages that are actually needed have to be around.
Several significant systems have supported paged segments. In this section
we will describe the first one:
MULTICS.  In the next one we will  discuss a more recent one:  the Intel
Pentium.
MULTICS ran on the Honeywell 6000 machines and their descendants and
provided each program with a virtual memory of up to 218 segments (more
than 250,000), each of which could be up to 65,536 (36-bit) words long. To
implement this, the MULTICS designers chose to treat each segment as a
virtual memory and to page it, combining the advantages of paging (uniform



page size and not having to keep the whole segment in memory if only part
of  it  is  being  used)  with  the  advantages  of  segmentation  (ease  of
programming, modularity, protection, and sharing).
Each  MULTICS  program  has  a  segment  table,  with  one  descriptor  per
segment. Since there are potentially more than a quarter of a million entries
in the table, the segment table is itself a segment and is paged. A segment
descriptor contains an indication of whether the segment is in main memory
or not. If any part of the segment is in memory, the segment is considered
to be in memory, and its page table will be in memory. If the segment is in
memory, its descriptor contains an 18-bit pointer to its page table [see Fig.
4-39(a)]. Because physical addresses are 24 bits and pages are aligned on
64-byte boundaries (implying that the low-order 6 bits of page addresses
are 000000), only 18 bits are needed in the descriptor to store a page table
address.
The descriptor also contains the segment size, the protection bits, and a few
other items. Figure 4-39(b) illustrates a MULTICS segment descriptor. The
address  of  the  segment  in  secondary  memory  is  not  in  the  segment
descriptor but in another table used by the segment fault handler.

Each segment is an ordinary virtual address space and is paged in the same
way as the nonsegmented paged memory described earlier in this chapter.
The normal page size is 1024 words (although a few small segments used by
MULTICS itself are not paged or are paged in units of 64 words to save
physical memory).

Figure 4-40. A 34-bit MULTICS virtual address.



An address in MULTICS consists of two parts: the segment and the address
within the segment. The address within the segment is further divided into
a page number and a word within the page, as shown in Fig. 4-40. When a
memory reference occurs, the following algorithm is carried out.
1. The segment number is used to find the segment descriptor. A check is
made to see if the segment’s page table is in memory. If the page table is in
memory,  it  is  located.  If  it  is  not,  a  segment  fault  occurs.  If  there  is  a
protection violation, a fault (trap) occurs.
2. The page table entry for the requested virtual page is examined. If the
page is not in memory, a page fault occurs. If it is in memory, the main
memory address of the start of the page is extracted from the page table
entry.
3. The offset is added to the page origin to give the main memory address
where the word is located.
4. The read or store finally takes place.
5. This process is illustrated in Fig. 4-41. For simplicity, the fact that the
descriptor segment is itself paged has been omitted. What really happens is
that a register (the descriptor base register), is used to locate the descriptor
segments page table, which, in turn, points to the pages of the descriptor
segment. Once the descriptor for the needed segment has been found, the
addressing proceeds as shown in Fig. 4-41.

Figure 4-41. Conversion of a two-part MULTICS address into a main 
memory address.

As you have no doubt guessed by now, if  the preceding algorithm were
actually carried out by the operating system on every instruction, programs
would not run very fast. In reality, the MULTICS hardware contains a 16-
word high-speed TLB that can search all its entries in parallel for a given
key.  It  is  illustrated  in  Fig.  4-42.  When an  address  is  presented to  the
computer, the addressing hardware first checks to see if the virtual address
is in the TLB. If so, it gets the page frame number directly from the TLB and
forms the actual address of the referenced word without having to look in
the descriptor segment or page table.


