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The internal organization of a typical cell C,i is shown in Fig. 12-8. It 
consists of a flip-flop storage element F;i and the circuits for reading, writing, 
and matching the cell. The input bit is transferred into the storage cell during 
a write operation. The bit stored is read out during a read operation. The match 
logic compares the content of the storage cell with the corresponding un­
masked bit of the argument and provides an output for the decision logic that 
sets the bit in M,.  

Match Logic 
The match logic for each word can be derived from the comparison algorithm 
for two binary numbers. First, we neglect the key bits and compare the argu­
ment in A with the bits stored in the cells of the words. Word i is equal to the 
argument in A if Ai = F,i for j = 1, 2, . . .  , n .  Two bits are equal if they are both 
1 or both 0. The equality of two bits can be expressed logically by the Boolean 
function 

where xi = 1 if the pair of bits in position j are equal; otherwise, xi = 0. 
For a word i to be equal to the argument in A we must have all xi variables 

equal to 1. This is the condition for setting the corresponding match bit M, to 
1. The Boolean function for this condition is 

and constitutes the AND operation of all pairs of matched bits in a word. 

Figure 12 .. 8 One cell of associative memory. 

Output 
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We now include the key bit K; in the comparison logic. The requirement 
is that if K; = 0, the corresponding bits of A; and f1; need no comparison. Only 
when K; = 1 must they be compared. This requirement is achieved by ORing 
each term with Kf, thus: 

{X· 
X· +  K' = J J J 1 

if K; = 1  
if K; = O  

When K; = 1, we have Kf = 0 and x; + 0 = x; . When K; = 0, then Kf = 1 and 
x; + 1 = 1. A term (x; + Kf) will be in the 1 state if its pair of bits is not 
compared. This is necessary because each term is ANDed with all other terms 
so that an output of 1 will have no effect. The comparison of the bits has an 
effect only when K; = 1 .  

The match logic for word i in an associative memory can now be expressed 
by the following Boolean function: 

M, = (x1 + Kl)(x2 + K2)(x3 + K3) · · · (x, + K�) 

Each term in the expression will be equal to 1 if its corresponding K; = 0. If 
K; = 1, the term will be either 0 or 1 depending on the value of X;. A match will 
occur and M, will be equal to 1 if all terms are equal to 1 .  

I f  we substitute the original definition o f  x;, the Boolean function above 
can be expressed as follows: 

" 

M, = IT (A; F;; + Af Fij + Kf) 
j = 1 

where II is a product symbol designating the AND operation of all n terms. We 
need m such functions, one for each word i = 1, 2, 3, . . .  , m .  

The circuit for matching one word is shown in Fig. 12-9. Each cell requires 
two AND gates and one OR gate. The inverters for A; and K; are needed once 
for each column and are used for all bits in the column. The output of all OR 
gates in the cells of the same word go to the input of a common AND gate to 
generate the match signal for M, .  M, will be logic 1 if a match occurs and 0 if 
no match occurs. Note that if the key register contains all 0' s, output M, will 
be a 1 irrespective of the value of A or the word. This occurrence must be 
avoided during normal operation. 

Read Operation 
If more than one word in memory matches the unmasked argument field, all 
the matched words will have 1's in the corresponding bit position of the match 
register. It is then necessary to scan the bits of the match register one at a time. 
The matched words are read in sequence by applying a read signal to each word 
line whose corresponding M, bit is a 1 .  
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M; 

Figure 12 .. 9 Match logic for one word of associative memory. 

In most applications, the associative memory stores a table with no two 
identical items'under a given key. In this case, only one word may match the 
unmasked argument field. By connecting output M; directly to the read line in 
the same word position (instead of the M register), the content of the matched 
word will be presented automatically at the output lines and no special read 
command signal is needed. Furthermore, if we exclude words having a zero 
content, an all-zero output will indicate that no match occurred and that the 
searched item is not available in memory. 

Write Operation 
An associative memory must have a write capability for storing the information 
to be searched. Writing in an associative memory can take different forms, 
depending on the application. If the entire memory is loaded with new infor­
mation at once prior to a search operation then the writing can be done by 
addressing each location in sequence. This will make the device a random­
access memory for writing and a content addressable memory for reading. The 
advantage here is that the address for input can be decoded as in a random­
access memory. Thus instead of having m address lines, one for each word in 
memory, the number of address lines can be reduced by the decoder to d lines, 
where m = 2'. 
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If unwanted words have to be deleted and new words inserted one at a 
time, there is a need for a special register to distinguish between active and 
inactive words. This register, sometimes called a tag register, would have as 
many bits as there are words in the memory. For every active word stored in 
memory, the corresponding bit in the tag register is set to 1. A word is deleted 
from memory by clearing its tag bit to 0. Words are stored in memory by 
scanning the tag register until the first 0 bit is encountered. This gives the first 
available inactive word and a position for writing a new word. After the new 
word is stored in memory it is made active by setting its tag bit to 1 .  An 
unwanted word when deleted from memory can be cleared to all 0' s if this 
value is used to specify an empty location. Moreover, the words that have a 
tag bit of 0 must be masked (together with the Ki bits) with the argument word 
so that only active words are compared. 

12-5 Cache Memory 

Analysis of a large number of typical programs has shown that the references 
to memory at any given interval of time tend to be confined within a few 
localized areas in memory. This phenomenon is known as the property of 

locality of reference locality of reference . The reason for this property may be understood considering 
that a typical computer program flows in a straight-line fashion with program 
loops and subroutine calls encountered frequently. When a program loop is 
executed, the CPU repeatedly refers to the set of instructions in memory that 
constitute the loop. Every time a given subroutine is called, its set of instruc­
tions are fetched from memory. Thus loops and subroutines tend to localize 
the references to memory for fetching instructions. To a lesser degree, memory 
references to data also tend to be localized. Table-lookup procedures repeat­
edly refer to that portion in memory where the table is stored. Iterative proce­
dures refer to common memory locations and array of numbers are confined 
within a local portion of memory. The result of all these observations is the 
locality of reference property, which states that over a short interval of time, 
the addresses generated by a typical program refer to a few localized areas of 
memory repeatedly, while the remainder of memory is accessed relatively 
infrequently. 

If the active portions of the program and data are placed in a fast small 
memory, the average memory access time can be reduced, thus reducing the 
total execution time of the program. Such a fast small memory is referred to 
as a cache memory. It is placed between the CPU and main memory as illustrated 
in Fig. 12-1 . The cache memory access time is less than the access time of main 
memory by a factor of 5 to 10. The cache is the fastest component in the memory 
hierarchy and approaches the speed of CPU components. 

The fundamental idea of cache organization is that by keeping the most 
frequently accessed instructions and data in the fast cache memory, the aver-
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age memory access time will approach the access time of the cache. Although 
the cache is only a small fraction of the size of main memory, a large fraction 
of memory requests will be found in the fast cache memory because of the 
locality of reference property of programs. 

The basic operation of the cache is as follows. When the CPU needs to 
access memory, the cache is examined. If the word is found in the cache, it is 
read from the fast memory. If the word addressed by the CPU is not found in 
the cache, the main memory is accessed to read the word. A block of words 
containing the one just accessed is then transferred from main memory to 
cache memory. The block size may vary from one word (the one just accessed) 
to about 16 words adjacent to the one just accessed. In this manner, some data 
are transferred to cache so that future references to memory find the required 
words in the fast cache memory. 

The performance of cache memory is frequently measured in terms of a 
quantity called hit ratio . When the CPU refers to memory and finds the word 
in cache, it is said to produce a hit . If the word is not found in cache, it is in 
main memory and it counts as a miss . The ratio of the number of hits divided 
by the total CPU references to memory (hits plus misses) is the hit ratio. The 
hit ratio is best measured experimentally by running representative programs 
in the computer and measuring the number of hits and misses during a given 
interval of time. Hit ratios of 0.9 and higher have been reported. This high ratio 
verifies the validity of the locality of reference property. 

The average memory access time of a computer system can be improved 
considerably by use of a cache. If the hit ratio is high enough so that most of 
the time the CPU accesses the cache instead of main memory, the average 
access time is closer to the access time of the fast cache memory. For example, 
a computer with cache access time of 100 ns, a main memory access time of 
1000 ns, and a hit ratio of 0.9 produces an average access time of 200 ns. This 
is a considerable improvement over a similar computer without a cache mem­
ory, whose access time is 1000 ns. 

The basic characteristic of cache memory is its fast access time . Therefore, 
very little or no time must be wasted when searching for words in the cache. 
The transformation of data from main memory to cache memory is referred to 
as a mapping process. Three types of mapping procedures are of practical 
interest when considering the organization of cache memory: 

1. Associative mapping 

2. Direct mapping 

3. Set-associative mapping 

To help in the discussion of these three mapping procedures we wi)l use a 
specific example of a memory organization as shown in Fig. 12-10. The main 
memory can store 32K words of 12 bits each. The cache is capable of storing 
512 of these words at any given time. For every word stored in cache, there is 
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Main memory 
32K X 1 2  I Cache memory f-

5 1 2  X 1 2  

Figure 12�10 Example of cache memory. 

CPU 

a duplicate copy in main memory. The CPU communicates with both memo­
ries. It first sends a 15-bit address to cache. If there is a hit, the CPU accepts 
the 12-bit data from cache. If there is a miss, the CPU reads the word from main 
memory and the word is then transferred to cache. 

Associative Mapping 
The fastest and most flexible cache organization uses an associative memory. 
This organization is illustrated in Fig. 12-11 .  The associative memory stores 
both the address and content (data) of the memory word. This permits any 
location in cache to store any word from main memory. The diagram shows 
three words presently stored in the cache. The address value of 15 bits is shown 
as a five-digit octal number and its corresponding 12 -bit word is shown as a 
four-digit octal number. A CPU address of 15 bits is placed in the argument 
register and the associative memory is searched for a matching address. If the 

Figure 12 .. 1 1  Associative mapping cache (all numbers in octal). 

CPU address ( 1 5  bits) 

I- Address Data � 
0 1 0 0 0  3 4 5 0  

0 2 7 7 7  6 7 I 0 

2 2 3 4 5  I 2 3 4 
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address is found, the corresponding 12-bit data is read and sent to the CPU. 
If no match occurs, the main memory is accessed for the word. The ad­
dress--data pair is then transferred to the associative cache memory. If the cache 
is full, an address--data pair must be displaced to make room for a pair that is 
needed and not presently in the cache. The decision as to what pair is replaced 
is determined from the replacement algorithm that the designer chooses for the 
cache. A simple procedure is to replace cells of the cache in round-robin order 
whenever a new word is requested from main memory. This constitutes a 
first-in first-out (FIFO) replacement policy. 

Direct Mapping 
Associative memories are expensive compared to random-access memories 
because of the added logic associated with each cell. The possibility of using 
a random-access memory for the cache is investigated in Fig. 12-12. The CPU 
address of 15 bits is divided into two fields. The nine least significant bits 
constitute the index field and the remaining six bits form the tag field. The figure 
shows that main memory needs an address that includes both the tag and the 
index bits. The number of bits in the index field is equal to the number of 
address bits required to access the cache memory. 

In the general case, there are 2' words in cache memory and 2" words in 
main memory. The n-bit memory address is divided into two fields: k bits for 
the index field and n - k bits for the tag field. The direct mapping cache 
organization uses the n-bit address to access the main memory and the k-bit 
index to access the cache. The internal organization of the words in the cache 
memory is as shown in Fig. 12-13(b). Each word in cache consists of the data 
word and its associated tag. When a new word is first brought into the cache, 
the tag bits are stored alongside the data bits. When the CPU generates a 
memory request, the index field is used for the address to access the cache. The 

Figure 12�12 Addressing relationships between main and cache memories. 

6 bits 9 bits 

·� 
Index 

I 
I 

00 000 32K X 1 2  000 5 1 2  X 1 2  
Octal 1 Cache memory 

Octal Main memory address Address = 9 bits 
address Data = l 2  bits . Address = I S  bits 777 

Data = 1 2  bits 
77 777 
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Memory 
address 

00000 

00777 

0 1 000 

0 1 777 

02000 

02777 

Memory data 

1 2 2 0  

2 3 4 0  

3 4 5 0  

4 5 6 0  

5 6 7 0  

6 7 I 0 

(a) Main memory 

Index 
address Tag 

000 0 0  

777 0 2  

Data 

1 2 2 0  

6 7 I 0 

(b) Cache memory 

Figure 12�13 Direct mapping cache organization. 

tag field of the CPU address is compared with the tag in the word read from 
the cache. If the two tags match, there is a hit and the desired data word is in 
cache. If there is no match, there is a miss and the required word is read from 
main memory. It is then stored in the cache together with the new tag, 
replacing the previous value. The disadvantage of direct mapping is that the 
hit ratio can drop considerably if two or more words whose addresses have the 
same index but differenttags are accessed repeatedly. However, this possibility 
is minimized by the fact that such words are relatively far apart in the address 
range (multiples of 512 locations in this example. )  

To see how the direct-mapping organization operates, consider the nu­
merical example shown in Fig. 12-13. The word at address zero is presently 
stored in the cache (index = 000, tag = 00, data = 1220). Suppose that the CPU 
now wants to access the word at address 02000. The index address is 000, so 
it is used to access the cache. The two tag_s are then compared. The cache tag 
is 00 but the address tag is 02, which does not produce a match. Therefore, the 
main memory is accessed and the data word 5670 is transferred to the CPU. 
The cache word at index address 000 is then replaced with a tag of 02 and data 
of 5670. 

The direct-mapping example just described uses a block size of one word. 
The same organization but using a block size of B words is shown in Fig. 12-14. 
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Index Tag Data 

000 0 I 3 4 5 0  

007 0 I 6 5 7 8  

0 1 0  

0 1 7  

770 

Block 63 
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Tag I Block I Word 

Index 

Figure 12-14 Direct mapping cache with block size of 8 words. 

The index field is now divided into two parts: the block field and the word field. 
In a 512-word cache there are 64 blocks of 8 words each, since 64 x 8 = 512. 
The block number is specified with a 6-bit field and the word within the block 
is specified with a 3-bit field. The tag field stored within the cache is common 
to all eight words of the same block. Every time a miss occurs, an entire block 
of eight words must be transferred from main memory to cache memory. 
Although this takes extra time, the hit ratio will most likely improve with a 
larger block size because of the sequential nature of computer programs. 

Set-Associative Mapping 
It was mentioned previously that the disadvantage of direct mapping is that 
two words with the same index in their address but with different tag values 
cannot reside in cache memory at the same time. A third type of cache organ­
ization, called set-associative mapping, is an improvement over the direct­
mapping organization in that each word of cache can store two or more words 
of memory under the same index address. Each data word is stored together 
with its tag and the number of tag-data items in one word of cache is said to 
form a set. An example of a set-associative cache organization for a set size of 
two is shown in Fig. 12-15. Each index address refers to two data words and 
their associated tags. Each tag requires six bits and each data word has 12 bits, 
so the word length is 2(6 + 12) = 36 bits. An index address of nine bits can 
accommodate 512 words. Thus the size of cache memory is 512 x 36. It can 
accommodate 1024 words of main memory since each word of cache contains 
two data words. In general, a set-associative cache of set size k will accommo­
date k words of main memory in each word of cache. 
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replacement 
algorithms 

Index Tag 

000 0 I 

777 0 2  

Data 

3 4 5 0  

6 7 I 0 

Tag Data 

0 2  5 6 7 0  

0 0  2 3 4 0  

Figure 12 .. 15 Two;way set .. associative mapping cache. 

The octal numbers listed in Fig. 12-15 are with reference to the main 
memory contents illustrated in Fig. 12-13(a). The words stored at addresses 
01000 and 02000 of main memory are stored in cache memory at index address 
000. Similarly, the words at addresses 02777 and 00777 are stored in cache at 
index address 777. When the CPU generates a memory request, the index value 
of the address is used to access the cache. The tag field of the CPU address is 
then compared with both tags in the cache to determine if a match occurs. The 
comparison logic is done by an associative search of the tags in the set similar 
to an associative memory search: thus the name "set-associative." The hit ratio 
will improve as the set size increases because more words with the same index 
but different tags can reside in cache. However, an increase in the set size 
increases the number of bits in words of cache and requires more complex 
comparison logic. 

When a miss occurs in a set-associative cache and the set is full, it is 
necessary to replace one of the tag-data items with a new value. The most 
common replacement algorithms used are: random replacement, first-in, first­
out (FIFO), and least recently used (LRU). With the random replacement policy 
the control chooses one tag-data item for replacement at random. The FIFO 
procedure selects for replacement the item that has been in the set the longest. 
The LRU algorithm selects for replacement the item that has been least recently 
used by the CPU. Both FIFO and LRU can be implemented by adding a few 
extra bits in each word of cache. 

Writing into Cache 
An important aspect of cache organization is concerned with memory write 
requests. When the CPU finds a word in cache during a read operation, the 
main memory is not involved in the transfer. However, if the operation is a 
write, there are two ways that the system can proceed. 
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The simplest and most commonly used procedure is to update main 
memory with every memory write operation, with cache memory being up­
dated in parallel if it contains the word at the specified address. This is called 
the write-through method. This method has the advantage that main memory 
always contains the same data as the cache. This characteristic is important in 
systems with direct memory access transfers. It ensures that the data residing 
in main memory are valid at all times so that an 110 device communicating 
through DMA would receive the most recent updated data. 

The second procedure is called the write-back method. In this method only 
the cache location is updated during a write operation. The location is then 
marked by a flag so that later when the word is removed from the cache it is 
copied into main memory. The reason for the write-back method is that during 
the time a word resides in the cache, it may be updated several times; however, 
as long as the word remains in the cache, it does not matter whether the copy 
in main memory is out of date, since requests from the word are filled from 
the cache. It is only when the word is displaced from the cache that an accurate 
copy need be rewritten into main memory. Analytical results indicate that the 
number of memory writes in a typical program ranges between 10 and 30 
percent of the total references to memory. 

Cache Initialization 
One more aspect of cache organization that must be taken into consideration 
is the problem of initialization. The cache is initialized when power is applied 
to the computer or when the main memory is loaded with a complete set of 
programs from auxiliary memory. After initialization the cache is considered 
to be empty, but in effect it contains some nonvalid data. It is customary to 
include with each word in cache a valid bit to indicate whether or not the word 
contains valid data. 

The cache is initialized by clearing all the valid bits to 0. The valid bit of 
a particular cache word is set to 1 the first time this word is loaded from main 
memory and stays set unless the cache has to be initialized again. The intro­
duction of the valid bit means that a word in cache is not replaced by another 
word unless the valid bit is set to 1 and a mismatch of tags occurs. If the valid 
bit happens to be 0, the new word automatically replaces the invalid data. Thus 
the initialization condition has the effect of forcing misses from the cache until 
it fills with valid data. 

12-6 Virtual Memory 

In a memory hierarchy system, programs and data are first stored in auxiliary 
memory. Portions of a program or data are brought into main memory as they 
are needed by the CPU. Virtual memory is a concept used in some large 
computer systems that permit the user to construct programs as though a large 
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address space 
memory space 

memory space were available, equal to the totality of auxiliary memory. Each 
address that is referenced by the CPU goes through an address mapping from 
the so-called virtual address to a physical address in main memory. Virtual 
memory is used to give programmers the illusion that they have a very large 
memory at their disposal, even though the computer actually has a relatively 
small main memory. A virtual memory system provides a mechanism for 
translating program-generated addresses into correct main memory locations. 
This is done dynamically, while programs are being executed in the CPU. The 
translation or mapping is handled automatically by the hardware by means of 
a mapping table. 

Address Space and Memory Space 
An address used by a programmer will be called a virtual address, and the set 
of such addresses the address space . An address in main memory is called a 
location or physical address . The set of such locations is called the memory space . 
Thus the address space is the set of addresses generated by programs as they 
reference instructions and data; the memory space consists of the actual main 
memory locations directly addressable for processing. In most computers the 
address and memory spaces are identical. The address space is allowed to be 
larger than the memory space in computers with virtual memory. 

As an illustration, consider a computer with a main-memory capacity of 
32K words (K = 1024). Fifteen bits are needed to specify a physical address in 

· memory since 32K = 215• Suppose that the computer has available auxiliary 
memory for storing 220 = 1024K words. Thus auxiliary memory has a capacity 
for storing information equivalent to the capacity of 32 main memories. Denot­
ing the address space by N and the memory space by M, we then have for this 
example N = 1024K and M = 32K. 

In a multiprogram computer system, programs and data are transferred 
to and from auxiliary memory and main memory based on demands imposed 
by the CPU. Suppose that program 1 is currently being executed in the CPU. 
Program 1 and a portion of its associated data are moved from auxiliary 
memory into main memory as shown in Fig. 12-16. Portions of programs and 
data need not be in contiguous locations in memory since information is being 
moved in and out, and empty spaces may be available in scattered locations 
in memory. 

In a virtual memory system, programmers are told that they have the total 
address space at their disposal. Moreover, the address field of the instruction 
code has a sufficient number of bits to specify all virtual addresses. In our 
example, the address field of an instruction code will consist of 20 bits but 
physical memory addresses must be specified with only 15 bits. Thus CPU will 
reference instructions and data with a 20-bit address, but the information at 
this address must be taken from physical memory because access to auxiliary 
storage for individual words will be prohibitively long. (Remember that for 
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Main memory 

Program I 

Data I ,  I 

Memory space 
M = 32k = 2" 

Figure 12 .. 16 Relation between address and memory space in a virtual 
memory system. 

efficient transfers, auxiliary storage moves an entire record to the main mem­
ory.)  A table is then needed, as shown in Fig. 12-17, to map a virtual address 
of 20 bits to a physical address of 15 bits. The mapping is a dynamic operation, 
which means that every address is translated inunediately as a word is refer­
enced by CPU. 

The mapping table may be stored in a separate memory as shown in 
Fig. 12-17 or in main memory. In the first case, an additional memory unit is 
required as well as one extra memory access time. In the second case, the table 

Figure 12 .. 17 Memory table for mapping a virtual address. 
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pages and blocks 

page frame 

takes space from main memory and two accesses to memory are required with 
the program running at half speed. A third alternative is to use an associative 
memory as explained below. 

Address Mapping Using Pages 
The table implementation of the address mapping is simplified if the informa­
tion in the address space and the memory space are each divided into groups 
of fixed size. The physical memory is broken down into groups of equal size 
called blocks, which may range from 64 to 4096 words each. The term page refers 
to groups of address space of the same size. For example, if a page or block 
consists of 1K words, then, using the previous example, address space is 
divided into 1024 pages and main memory is divided into 32 blocks. Although 
both a page and a block are split into groups of 1K words, a page refers to the 
organization of address space, while a block refers to the organization of 
memory space. The programs are also considered to be split into pages. 
Portions of programs are moved from auxiliary memory to main memory in 
records equal to the size of a page. The term "page frame" is sometimes used 
to denote a block. 

Consider a computer with an address space of 8K and a memory space 
of 4K. If we split each into groups of 1K words we obtain eight pages and four 
blocks as shown in Fig. 12-18. At any given time, up to four pages of address 
space may reside in main memory in any one of the four blocks. 

The mapping from address space to memory space is facilitated if each 
virtual address is considered to be represented by two numbers: a page number 
address and a line within the page. In a computer with '1! words per page, p 
bits are used to specify a line address and the remaining high-order bits of the 
virtual address specify the page number. In the example of Fig. 12-18, a virtual 
address has 13 bits. Since each page consists of 210 = 1024 words, the high­
order three bits of a virtual address will specify one of the eight pages and the 
low-order 10 bits give the line address within the page. Note that the line 
address in address space and memory space is the same; the only mapping 
required is from a page number to a block number. 

The organization of the memory mapping table in a paged system is 
shown in Fig. 12-19. The memory-page table consists of eight words, one for 
each page. The address in the page table denotes the page number and the 
content of the word gives the block number where that page is stored in main 
memory. The table shows that pages 1, 2, 5, and 6 are now available in main 
memory in blocks 3, 0, 1, and 2, respectively. A presence bit in each location 
indicates whether the page has been transferred from auxiliary memory into 
main memory. A 0 in the presence bit indicates that this page is not available 
in main memory. The CPU references a word in memory with a virtual address 
of 13 bits. The three high-order bits of the virtual address specify a page 
number and also an address for the memory-page table. The content of the 
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Figure 12 .. 18 Address space and memory space split into groups of lK words. 

word in the memory page table at the page number address is read out into 
the memory table buffer register. If the presence bit is a 1, the block number 
thus read is transferred to the two high-order bits of the main memory address 
register. The line number from the virtual address is transferred into the 10 
low-order bits of the memory address register. A read signal to main memory 

Figure 12 .. 19 Memory table in a paged system. 

Memory page table 
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transfers the content of the word to the main memory buffer register ready to 
be used by the CPU. If the presence bit in the word read from the page table 
is 0, it signifies that the content of the word referenced by the virtual address 
does not reside in main memory. A call to the operating system is then 
generated to fetch the required page from auxiliary memory and place it into 
main memory before resuming computation. 

Associative Memory Page Table 
A random-access memory page table is inefficient with respect to storage 
utilization. In the example of Fig. 12-19 we observe that eight words of memory 
are needed, one for each page, but at least four words will always be marked 
empty because main memory cannot accommodate more than four blocks. In 
general, a system with n pages and m blocks would require a memory-page 
table of n locations of which up to m blocks will be marked with block numbers 
and all others will be empty. As a second numerical example, consider an 
address space of 1024K words and memory space of 32K words. If each page 
or block contains 1K words, the number of pages is 1024 and the number of 
blocks 32. The capacity of the memory-page table must be 1024 words and only 
32 locations may have a presence bit equal to 1. At any given time, at least 992 
locations will be empty and not in use. 

A more efficient way to organize the page table would be to construct it 
with a number of words equal to the number of blocks in main memory. In this 
way the size of the memory is reduced and each location is fully utilized. This 
method can be implemented by means of an associative memory with each 
word in memory containing a page number together with its corresponding 

Figure 12 .. 20 An associative memory page table. 

Virtual address 

Page no. 
r--"-. 
L, __ o--'-1'--=L�in�e .::nu.::m.::b.::e�r _ __Jj Argument register 

Key register 

0 0 I I I 

0 I 0 0 0 
Associative memory 

I 0 I 0 I 

I I 0 I 0 

............... � 
Page no. Block no. 
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block number. The page field in each word is compared with the page number 
in the virtual address. If a match occurs, the word is read from memory and 
its corresponding block number is extracted. 

Consider again the case of eight pages and four blocks as in the example 
of Fig. 12-19. We replace the random access memory-page table with an 
associative memory of four words as shown in Fig. 12-20. Each entry in the 
associative memory array consists of two fields. The first three bits specify a 
field for storing the page number. The last two bits constitute a field for storing 
the block number. The virtual address is placed in the argument register. The 
page number bits in the argument register are compared with all page numbers 
in the page field of the associative memory. If the page number is found, the 
5-bit word is read out from memory. The corresponding block number, being 
in the same word, is transferred to the main memory address register. If no 
match occurs, a call to the operating system is generated to bring the required 
page from auxiliary memory. 

Page Replacement 
A virtual memory system is a combination of hardware and software tech­
niques. The memory management software system handles all the software 
operations for the efficient utilization of memory space. It must decide (1) 
which page in main memory ought to be removed to make room for a new 
page, (2) when a new page is to be transferred from auxiliary memory to main 
memory, and (3) where the page is to be placed in main memory. The hardware 
mapping mechanism and the memory management software together consti­
tute the architecture of a virtual memory. 

When a program starts execution, one or more pages are transferred into 
main memory and the page table is set to indicate their position. The program 
is executed from main memory until it attempts to reference a page that is still 
in auxiliary memory. This condition is called page fault . When page fault occurs, 
the execution of the present program is suspended until the required page is 
brought into main memory. Since loading a page from auxiliary memory to 
main memory is basically an VO operation, the operating system assigns this 
task to the VO processor. In the meantime, control is transferred to the next 
program in memory that is waiting to be processed in the CPU. Later, when 
the memory block has been assigned and the transfer completed, the original 
program can resume its operation. 

When a page fault occurs in a virtual memory system, it signifies that the 
page referenced by the CPU is not in main memory. A new page is then 
transferred from auxiliary memory to main memory. If main memory is full, 
it would be necessary to remove a page from a memory block to make room 
for the new page. The policy for choosing pages to remove is determined from 
the replacement algorithm that is used. The goal of a replacement policy is to 
try to remove the page least likely to be referenced in the immediate future. 

Two of the most common replacement algorithms used are the first-in, 
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FIFO first-out (FIFO) and the least recently used (LRU). The FIFO algorithm selects for 
replacement the page that has been in memory the longest time. Each time a 
page is loaded into memory, its identification number is pushed into a FIFO 
stack. FIFO will be full whenever memory has no more empty blocks. When 
a new page must be loaded, the page least recently brought in is removed. The 
page to be removed is easily determined because its identification number is 
at the top of the FIFO stack. The FIFO replacement policy has the advantage 
of being easy to implement. It has the disadvantage that under certain circum­
stances pages are removed and loaded from memory too frequently. 

LRU The LRU policy is more difficult to implement but has been more attrac-
tive on the assumption that the least recently used page is a better candidate 
for removal than the least recently loaded page as in FIFO. The LRU algorithm 
can be implemented by associating a counter with every page that is in main 
memory. When a page is referenced, its associated counter is set to zero. At 
fixed intervals of time, the counters associated with all pages presently in 
memory are incremented by 1. The least recently used page is the page with 
the highest count. The counters are often called aging registers, as their count 
indicates their age, that is, how long ago their associated pages have been 
referenced. 

12-7 Memory Management Hardware 

In a multiprogramming environment where many programs reside in memory 
it becomes necessary to move programs and data around the memory, to vary 
the amount of memory in use by a given program, and to prevent a program 
from changing other programs. The demands on computer memory brought 
about by multiprogramming have created the need for a memory management 
system. A memory management system is a collection of hardware and soft­
ware procedures for managing the various programs residing in memory. The 
memory management software is part of an overall operating system available 
in many computers. Here we are concerned with the hardware unit associated 
with the memory management system. 

The basic components of a memory management unit are: 

1. A facility for dynamic storage relocation that maps logical memory 
references into physical memory addresses 

2. A provision for sharing common programs stored in memory by differ­
ent users 

3. Protection of information against unauthorized access between users 
and preventing users from changing operating system functions 

The dynamic storage relocation hardware is a mapping process similar to 
the paging system described in Sec. 12-6. The fixed page size used in the virtual 
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memory system causes certain dilficulties with respect to program size and the 
logical structure of programs. It is more convenient to divide programs and 
data into logical parts called segments. A segment is a set of logically related 
instructions or data elements associated with a given name. Segments may be 
generated by the programmer or by the operating system. Examples of seg­
ments are a subroutine, an array of data, a table of symbols, or a user's 
program. 

The sharing of common programs is an integral part of a multiprogram­
ming system. For example, several users wishing to compile their Fortran 
programs should be able to share a single copy of the compiler rather than each 
user having a separate copy in memory. Other system programs residing in 
memory are also shared by all users in a multiprogramming system without 
having to produce multiple copies. 

The third issue in multiprogramming is protecting one program from 
unwanted interaction with another. An example of unwanted interaction is 
one user's unauthorized copying of another user's program. Another aspect 
of protection is concerned with preventing the occasional user from performing 
operating system functions and thereby interrupting the orderly sequence of 
operations in a computer installation. The secrecy of certain programs must be 
kept from unauthorized personnel to prevent abuses in the confidential activ­
ities of an organization. 

The address generated by a segmented program is called a logical address . 
This is similar to a virtual address except that logical address space is associated 
with variable-length segments rather than fixed-length pages. The logical 
address may be larger than the physical memory address as in virtual memory, 
but it may also be equal, and sometimes even smaller than the length of the 
physical memory address. In addition to relocation information, each segment 
has protection information associated with it. Shared programs are placed in 
a unique segment in each user's logical address space so that a single physical 
copy can be shared. The function of the memory management unit is to map 
logical addresses into physical addresses similar to the virtual memory map­
ping concept. 

Segmented-Page Mapping 
It was already mentioned that the property of logical space is that it uses 
variable-length segments. The length of each segment is allowed to grow and 
contract according to the needs of the program being executed. One way of 
specifying the length of a segment is by associating with it a number of 
equal-size pages. To see how this is done, consider the logical address shown 
in Fig. 12-21 . The logical address is partitioned into three fields. The segment 
field specifies a segment number. The page field specifies the page within the 
segment and the word field gives the specific word within the page. A page 
field of k bits can specify up to 2' pages. A segment number may be associated 
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with just one page or with as many as 1!-pages. Thus the length of a segment 
would vary according to the number of pages that are assigned to it. 

The mapping of the logical address into a physical address is done by 
means of two tables, as shown in Fig. 12-2l(a� The segment number of the 
logical address specifies the address for the segment table. The entry in the 
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segment table is a pointer address for a page table base. The page table base 
is added to the page number given in the logical address. The sum produces 
a pointer address to an entry in the page table. The value found in the page 
table provides the block number in physical memory. The concatenation of the 
block field with the word field produces the final physical mapped address. 

The two mapping tables may be stored in two separate small memories 
or in main memory. In either case, a memory reference from the CPU will 
require three accesses to memory: one from the segment table, one from the 
page table, and the third from main memory. This would slow the system 
significantly when compared to a conventional system that requires only one 
reference to memory. To avoid this speed penalty, a fast associative memory 
is used to hold the most recently referenced table entries. (This type of memory 
is sometimes called a translation lookaside buffer, abbreviated TLB. )  The first time 
a given block is referenced, its value together with the corresponding segment 
and page numbers are entered into the associative memory as shown in 
Fig. 12-21(b). Thus the mapping process is first attempted by associative search 
with the given segment and page numbers. If it succeeds, the mapping delay 
is only that of the associative memory. If no match occurs, the slower table 
mapping of Fig. 12-21(a) is used and the result transformed into the associative 
memory for future reference. 

Numerical Example 
A numerical example may clarify the operation of the memory management 
unit. Consider the 20-bit logical address specified in Fig. 12-22(a). The 4-bit 
segment number specifies one of 16 possible segments. The 8-bit page number 
can specify up to 256 pages, and the 8-bit word field implies a page size of 256 
words. This configuration allows each segment to have any number of pages 
up to 256. The smallest possible segment will have one page or 256 words. The 
largest possible segment will have 256 pages, for a total of 256 x 256 = 64K 
words. 

The physical memory shown in Fig. 12-22(b) consists of 220 words of 32 
bits each. The 20-bit address is divided into two fields: a 12-bit block number 
and an 8-bit word number. Thus, physical memory is divided into 4096 blocks 
of 256 words each. A page in a logical address has a corresponding block in 
physical memory. Note that both the logical and physical address have 20 bits. 
In the absence of a memory management unit, the 20-bit address from the CPU 
can be used to access physical memory directly. 

Consider a program loaded into memory that requires five pages. The 
operating system may assign to this program segment 6 and pages 0 through 
4, as shown in Fig. 12-23(a). The total logical address range for the program is 
from hexadecimal 60000 to 604FF. When the program is loaded into physical 
memory, it is distributed among five blocks in physical memory where the 
operating system finds empty spaces. The correspondence between each 
memory block and logical page number is then entered in a table as shown in 
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4 

Segment Page 

(a) Logical address format: 16 segments of 256 pages each, 
each page has 256 words 

220 X 32 
Physical memory 

1 2  

Block 

(b) Physical address format: 4096 blocks of 256 words each, 
each word has 32  bits 

Figure 12�22 An example of logical and physical addresses. 

Word 

Word 

Fig. 12-23(b). The information from this table is entered in the segment and 
page tables as shown in Fig. 12-24(a). 

Now consider the specific logical address given in Fig. 12-24. The 20-bit 
address is listed as a five-digit hexadecimal number. It refers to word number 
7E of page 2 in segment 6. The base of segment 6 in the page table is at address 
35. Segment 6 has associated with it five pages, as shown in the page table at 
addresses 35 through 39. Page 2 of segment 6 is at address 35 + 2 = 37. The 
physical memory block is found in the page table to be 019. Word 7E in block 
19 gives the 20-bit physical address 0197E. Note that page 0 of segment 6 maps 
into block 12 and page 1 maps into block 0. The associative memory in Fig. 

Figure 12�23 Example of logical and physical memory address assignment. 

Hexadecimal 
address Page number 

60000 Page 0 

60 1 00  Page I 

60200 Page 2 

60300 Page 3 

60400 
Page 4 

604FF 

(a) Logical address assignment 

Segment Page Block 

00 0 1 2  
0 1  000 
02 01 9 
03 053 
04 A61  

(b) Segment-page versus 
memory block assignment 
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Logical address (in haxadecimal) 

02 7E 

Page table Physical memory 

()() 00000 .------, 
Block 0 

OOOFF f--------1 

35 01 2  

3 6  000 
37 0 1 9  01200 

38 053 Block 1 2  
012FF 

39 A61 

0 1900 
0 1 97E 

32-bit word 

A3 012  0 19FF 

(a) Segment and page table mapping 

Segment Page Block 

6 02 0 1 9  

6 04 A61 

(b) Associative memory (TLB) 

Figure 12 .. 24 Logical to physical memory mapping example (all numbers are 
in hexadecimal). 
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12-24(b) shows that pages 2 and 4 of segment 6 have been referenced previously 
and therefore their corresponding block numbers are stored in the associative 
memory. 

From this example it should be evident that the memory management 
system can assign any number of pages to each segment. Each logical page can 
be mapped into any block in physical memory. Pages can move to different 
blocks in memory depending on memory space requirements. The only updat­
ing required is the change of the block number in the page table. Segments can 
grow or shrink independently without affecting each other. Different seg­
ments can use the same block of memory if it is required to share a program 
by many users. For example, block number 12 in physical memory can be 
assigned a second logical address FOOOO through FOOFF. This specifies segment 
number 15 and page 0, which maps to block 12 as shown in Fig. 12-24(a). 

Memory Protection 
Memory protection can be assigned to the physical address or the logical 
address. The protection of memory through the physical address can be done 
by assigning to each block in memory a number of protection bits that indicate 
the type of access allowed to its corresponding block. Every time a page is 
moved from one block to another it would be necessary to update the block 
protection bits. A much better place to apply protection is in the logical address 
space rather than the physical address space. This can be done by including 
protection information within the segment table or segment register of the 
memory management hardware. 

The content of each entry in the segment table or a segment register is 
called a descriptor. A typical descriptor would contain, in addition to a base 
address field, one or two additional fields for protection purposes. A typical 
format for a segment descriptor is shown in Fig. 12-25. The base address field 
gives the base of the page table address in a segmented-page organization or 
the block base address in a segment register organization. This is the address 
used in mapping from a logical to the physical address. The length field gives 
the segment size by specifying the maximum number of pages assigned to the 
segment. The length field is compared against the page number in the logical 
address. A size violation occurs if the page number falls outside the segment 
length boundary. Thus a given program and its data cannot access memory not 
assigned to it by the operating system. 

The protection field in a segment descriptor specifies the access rights 
available to the particular segment. In a segmented-page organization, each 

Figure 12 .. 25 Format of a typical segment descriptor. 

Base address Length I Protection 



entry in the page table may have its own protection field to describe the access 
rights of each page. The protection information is set into the descriptor by the 
master control program of the operating system. Some of the access rights of 
interest that are used for protecting the programs residing in memory are: 

1. Full read and write privileges 

2. Read only (write protection) 

3. Execute only (program protection) 

4. System only (operating system protection) 

Full read and write privileges are given to a program when it is executing 
its own instructions. Write protection is useful for sharing system programs 
such as utility programs and other library routines. These system programs are 
stored in an area of memory where they can be shared by many users. They 
can be read by all programs, but no writing is allowed. 11Us protects them from 
being changed by other programs. 

The execute-only condition protects programs from being copied. It re­
stricts the segrnent to be referenced only during the instruction fetch phase but 
not during the execute phase. Thus it allows the users to execute the segrnent 
program instructions but prevents them from reading the instructions as data 
for the purpose of copying their content. 

Portions of the operating system wW reside in memory at any given time. 
These system programs must be protected by making them inaccessible to 
unauthorized users. The ope.rating system protection con.dition !s placed in the 
descriptors of all operating system programs to prevent the occasional user 
from accessing operating system segrnents. 

PROBLEMS 

11·1. a. How many 128 x 8RAMchlpsare needed toprovidea memory capldty 
or 2048 by�s? 

b. How many tines of the address bus must be used to a=ss 2048 llytH ot 
memory? How many oJ these tines will be common 10 all chlps? 

c. How many lines must be decoded for chlp sel«t? Specify the siu or the 
decoders. 

12·1. A computer uses RAM chips or 1024 x I capacity. 
a. How many chlps are needed, and how should their address tines be 

connected to provide a memory capacity of 1024 bytes? 
b. How many cl\ips are needed to provide a memory capacity or 161< llytH? 

Explain In words how the chlps a.re 10 be connected 10 the address bus. 
11-3. AR0Mchipof1024 x 8bitsha.sfourselectlnputsandoperatesfroma>volt 
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power supply. How many pins are needed for the IC package? Draw a block 
diagram and label all input and output tenninals in the ROM. 

12-4. Extend the memory system of Fig. 12-4 to 4096 bytes of RAM and 4096 bytes 
of ROM. List the memory-address map and indicate what size decoders are 
needed. 

12-5. A computer employs RAM chips of 256 x 8 and ROM chips of 1024 x 8. The 
computer system needs 2K bytes of RAM, 4K bytes of ROM, and four 
interface units, each with four registers. A memory-mapped 1/0 configura­
tion is used. The two highest-order bits of the address bus are assigned 00 
for RAM, 01 for ROM, and 10 for interface registers. 
a. How many RAM and ROM chips axe needed? 
b. Draw a memory-address map for the system. 
c. Give the address range in hexadecimal for RAM, ROM, and interface. 

12-6. An 8-bit computer has a 16-bit address bus. The first 15 lines of the address 
are used to select a bank of 32K bytes of memory. The high-order bit of the 
address is used to select a register which receives the contents of the data 
bus. Explain how this configuration can be used to extend the memory 
capacity of the system to eight banks of 32K bytes each, for a total of 256K 
bytes of memory. 

12-7. A magnetic disk system has the following parameters: 

12-8. 

12-9. 

12-10. 

12-11. 

12-12. 

Ts = average time to position the magnetic head over a track 

R = rotation speed of disk in revolutions per second 

Nt = number of bits per track 

Ns = number of bits per sector 

Calculate the average time T. that it will take to read one sector. 

What is the transfer rate of an eight-track magnetic tape whose speed is 120 
inches per second and whose density is 1600 bits per inch? 

Obtain the complement function for the match logic of one word in an 
associative memory. In other words, show that M/ is the sum of exclusive­
OR functions. Draw the logic diagram for M; and terminate it with an 
inverter to obtain M;. 

Obtain the Boolean function for the match logic of one word in an associative 
memory taking into consideration a tag bit that indicates whether the word 
is active or inactive. 

What additional logic is required to give a no-match result for a word in an 
associative memory when all key bits are zeros? 

a. Draw the logic diagram of all the cells of one word in an associative 
memory. Include the read and write logic of Fig. 12-8 and the match logic 
of Fig. 12-9. 

b. Draw the logic diagram of all cells along one vertical column (column j) 
in an associative memory. Include a common output line for all bits in 
the same column. 
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c. If a page consists of 21< words, how many pages and blocb are u.-In 
the system? 

11·20. A virtual memory has a page size ol 11( words. There are eight pages 
and four blocks. The associative memory page table contilns the foUowing 
entries: 

Page Block 
0 3 
I I 
4 1 
6 0 

Make a list of aU virtual addresses (In decimal) that will cause a page fauh 
if used by the CPU. 

12·2:1. A virtual memory system has an address space o/81< words, a memory space 
of 4K words, and page and block siz.es of IK words (see Fig. 12·18). The 
foUowi11g page reference changes occur during • given lime lntuvlll. (Only 
page changes are listed. U the same page Is referenced aga.ln, it Is not listed 
twice.) 

11·22 .. 

12-13. 

12-14. 

4 2 0 I 2 6 I 4 0 I 0 2 3 S 7 

Determine the four pages that are 1"6ident In main memory aftv each page 
reference change if the replacement algorithm used Is (a) FIFO; (b) LRU. 
Oetenrune the two logical addresses from Fig. 12·24{a) that will access 
physical memory 1t heXAdecimal address 012AJ'. 
The Jogkal address space In a computer system consists of 128 �b. 
Each segment can have up to32 pages of 4K words In each. Physical memory 
consists ol 4K blocb of 4K words In each. Formulate the logical and physical 
address formats. 
Give the binary number ol the logical address lonnW..ted In Ptob. 12·23 for 
segment 36 and word number 2000 In page 15. 
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Multiprocessors 

IN nus CHAPTER 

13-1 Chlracterisdcs of Mulciprocessor.s 
13-2 Interconnection Srruc:l'UTeS 

13·3 lnterprocessor Arl>i<rarion 
13-4 Inter-processor Communication and Synchronization 

13-S Cache Coherence 

13-1 Characteristics of Multiprocessors 

A multiprocessor system is a.n intercoMection of two or more CPUs with 
memory and input-output equipment. The term "processor" In multiprocessqr 
can mean either a central processing unit (CPU) or an input-output processor 
(lOP). However, a system with a single CPU and one or more lOPs is usually 
not included in the definition of a multiprocessor system unless the lOP has 
computational facilities comparable to a CPU. As it is most commonly defined, 
a multiprocessor system implies the e.xistence of multiple CPUs, although 
usually there will be one or more lOPs as well. As mentioned in Sec. 9-1, 
multiprocessors are classified as multiple instruction stream, multiple data 
stream (MIMO) systems. 

There are some s.imUarities between multiprocessor and multicomputer 
systems since both support concurrent operations. However, there exists an 
important distinction between a system with multiple computers and a system 
with multiple processors. Computers are intercoMected with each other by 
mea.ns of communication lines to form a computn" ndwork. The network consists 
of several autonomous computers that may or may not communicate with each 
other. A multiprocessor system is controlled by one operating system that 
provides interaction betwee.n processors and aU the components of the system 
cooperate in the solution of a problem. 

489 
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microprocessor 

VLSI 

Although some large-scale computers include two or more CPUs in their 
overall system, it is the emergence of the microprocessor that has been the 
major motivation for multiprocessor systems. The fact that microprocessors 
take very little physical space and are very inexpensive brings about the 
feasibility of interconnecting a large number of microprocessors into one com­
posite system. Very-large-scale integrated circuit technology has reduced the 
cost of computer components to such a low level that the concept of applying 
multiple processors to meet system performance requirements has become an 
attractive design possibility. 

Multiprocessing improves the reliability of the system so that a failure or 
error in one part has a limited effect on the rest of the system. If a fault causes 
one processor to fail, a second processor can be assigned to perform the 
functions of the disabled processor. The system as a whole can continue to 
function correctly with perhaps some loss in efficiency. 

The benefit derived from a multiprocessor organization is an improved 
system performance. The system derives its high performance from the fact 
that computations can proceed in parallel in one of two ways. 

1. Multiple independent jobs can be made to operate in parallel. 

2. A single job can be partitioned into multiple parallel tasks. 

An overall function can be partitioned into a number of tasks that each 
processor can handle individually. System tasks may be allocated to special­
purpose processors whose design is optimized to perform certain types of 
processing efficiently. An example is a computer system where one processor 
performs the computations for an industrial process control while others 
monitor and control the various parameters, such as temperature and flow 
rate . Another example is a computer where one processor performs high­
speed floating-point mathematical computations and another takes care of 
routine data-processing tasks. 

Multiprocessing can improve performance by decomposing a program 
into parallel executable tasks. This can be achieved in one of two ways. The user 
can explicitly declare that certain tasks of the program be executed in parallel. 
This must be done prior to loading the program by specifying the parallel 
executable segments. Most multiprocessor manufacturers provide an operat­
ing system with programming language constructs suitable for specifying 
parallel processing. The other, more efficient way is to provide a compiler with 
multiprocessor software that can automatically detect parallelism in a user's 
program. The compiler checks for data dependency in the program. If a program 
depends on data generated in another part, the part yielding the needed data 
must be executed first. However, two parts of a program that do not use data 
generated by each can run concurrently. The parallelizing compiler checks the 
entire program to detect any possible data dependencies. These that have no 
data dependency are then considered for concurrent scheduling on different 
processors. 
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Multiprocessors are classified by the way their memory is organized. A 
multiprocessor system with common shared memory is classified as a shared­
memory or tightly coupled multiprocessor. This does not preclude each processor 
from having its own local memory. In fact, most commercial tightly coupled 
multiprocessors provide a cache memory with each CPU. In addition, there is 
a global common memory that all CPUs can access. Information can therefore 
be shared among the CPUs by placing it in the common global memory. 

An alternative model of microprocessor is the distributed-memory or loosely 
coupled system. Each processor element in a loosely coupled system has its own 
private local memory. The processors are tied together by a switching scheme 
designed to route information from one processor to another through a mes­
sage-passing scheme. The processors relay program and data to other proces­
sors in packets. A packet consists of an address, the data content, and some 
error detection code. The packets are addressed to a specific processor or taken 
by the first available processor, depending on the communication system used. 
Loosely coupled systems are most efficient when the interaction between tasks 
is minimal, whereas tightly coupled systems can tolerate a higher degree of 
interaction between tasks. 

13-2 Interconnection Structures 

The components that form a multiprocessor system are CPUs, lOPs connected 
to input-<mtput devices, and a memory unit that may be partitioned into a 
number of separate modules. The interconnection between the components 
can have different physical configurations, depending on the number of trans­
fer paths that are available between the processors and memory in a shared 
memory system or among the processing elements in a loosely coupled sys­
tem. There are several physical forms available for establishing an interconnec­
tion network. Some of these schemes are presented in this section: 

1. Time-shared common bus 

2. Multiport memory 

3. Crossbar switch 

4. Multistage switching network 

5. Hypercube system 

Time-Shared Common Bus 
A common-bus multiprocessor system consists of a number of processors 
connected through a common path to a memory unit. A time-shared common 
bus for five processors is shown in Fig. 13-1 . Only one processor can commu­
nicate with the memory or another processor at any given time. Transfer 



492 CHAPTER THIRTEEN Multiprocessors 

shared memory 

Figure 13 .. 1 Time·shared common bus organization. 

operations are conducted by the processor that is in control of the bus at the 
time. Any other processor wishing to initiate a transfer must first determine 
the availability status of the bus, and only after the bus becomes available can 
the processor address the destination unit to initiate the transfer. A command 
is issued to inform the destination unit what operation is to be performed.  The 
receiving unit recognizes its address in the bus and responds to the control 
signals from the sender, after which the transfer is initiated. The system may 
exhibit transfer conflicts since one common bus is shared by all processors. 
These conflicts must be resolved by incorporating a bus controller that estab­
lishes priorities among the requesting units. 

A single common-bus system is restricted to one transfer at a time. This 
means that when one processor is communicating with the memory, all other 
processors are either busy with internal operations or must be idle waiting for 
the bus. As a consequence, the total overall transfer rate within the system is 
limited by the speed of the single path. The processors in the system can be 
kept busy more often through the implementation of two or more independent 
buses to permit multiple simultaneous bus transfers. However, this increases 
the system cost and complexity. 

A more economical implementation of a dual bus structure is depicted in 
Fig. 13-2. Here we have a number of local buses each connected to its own local 
memory and to one or more processors. Each local bus may be connected to 
a CPU, an lOP, or any combination of processors. A system bus controller links 
each local bus to a common system bus .  The VO devices connected to the local 
lOP, as well as the local memory, are available to the local processor. The 
memory connected to the common system bus is shared by all processors. If 
an lOP is connected directly to the system bus, the VO devices attached to it 
may be made available to all processors. Only one processor can communicate 
with the shared memory and other common resources through the system bus 
at any given time. The other processors are kept busy communicating with 
their local memory and VO devices. Part of the local memory may be designed 
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as a cache memory attached to the CPU (see Sec. U�� ln this way, the average 
access time of the local memory can be made to approach the cycle time of the 
CPU to which it is attached. 

Multlport Memory 
A multiport memory system employs separate buses between each memory 
module and each CPU. This is shown in Fig .. 13-3 for four CPUs and four 
memory modules (MMs). Each processor bus is COMected to each memory 
module. A processor bus consists of the address, data, and control lines 
required to communicate with memory. The memory module is said to have 
four ports and each port accommodates one of the buses. The module must 
have internal control logic to determine which port will have access to memory 
at any given time. Memory access conflicts are resolved by assigning fixed 
priorities to each memory port. The priority for memory acoess associated with 
each processor may be established by the physical port position that its bus 
occupies in each module. Thus CPU 1 will have priority over CPU 2, CPU 2 
will have priority over CPU 3, and CPU 4 will have the lowest priority. 

The advantage of the multi port memory organiution is the high �fer 
rate that can be achieved because of the multiple paths between processors and 
memory. The disadvantage is that it requires expensive memory control logic 
and a large number of cables and connectors. As a consequence, this interron-
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Memory modules 

Figure 13-3 Multiport memory organization. 

nection structure is usually appropriate for systems with a small number of 
processors. 

Crossbar Switch 
The crossbar switch organization consists of a number of crosspoints that are 
placed at intersections between processor buses and memory module paths. 
Figure 13-4 shows a crossbar switch interconnection between four CPUs and 
four memory modules. The small square in each crosspoint is a switch that 
determines the path from a processor to a memory module. Each switch point 
has control logic to set up the transfer path between a processor and memory. 
It examines the address that is placed in the bus to determine whether its 
particular module is being addressed. It also resolves multiple requests for 
access to the same memory module on a predetermined priority basis. 

Figure 13-5 shows the functional design of a crossbar switch connected 
to one memory module. The circuit consists of multiplexers that select the data, 
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Figure 13.5 Block diagram of crossbar switch. 
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interchange switch 

address, and control from one CPU for communication with the memc 
module. Priority levels are established by the arbitration logic to select one Cl 
when two or more CPUs attempt to access the same memory. The multiplex< 
are controlled with the binary code that is generated by a priority encoc 
within the arbitration logic. 

A crossbar switch organization supports simultaneous transfers from 
memory modules because there is a separate path associated with each me 
ule. However, the hardware required to implement the switch can becm 
quite large and complex. 

Multistage Switching Network 
The basic component of a multistage network is a two-input, two-out]: 
interchange switch. As shown in Fig. 13-6, the 2 X 2 switch has two inpu 
labeled A and B, and two outputs, labeled 0 and 1. There are control sign 
(not shown) associated with the switch that establish the interconnecti 
between the input and output terminals .  The switch has the capability 
connecting input A to either of the outputs. Terminal B of the switch beha' 
in a similar fashion. The switch also has the capability to arbitrate betwe 
conflicting requests. If inputs A and B both request the same output termin 
only one of them will be connected; the other will be blocked. 

Using the 2 x 2 switch as a building block, it is possible to build 
multistage network to control the communication between a number of souro 
and destinations. To see how this is done, consider the binary tree shown 
Fig. 13-7. The two processors P1 and P2 are connected through switches to ei! 
memory modules marked in binary from 000 through 111 .  The path fron 
source to a destination is determined from the binary bits of the destinati 

Figure 1J .. 6 Operation of a 2 X 2 interchange switch. 
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Figure 13-7 Binary tree with 2 X 2 switches. 
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number. The first bit of the destination number determines the switch output 
in the first level. The second bit specifies the output of the switch in the second 
level, and the third bit specifies the output of the switch in the third level. For 
example, to connect P1 to memory 101, it is necessary to form a path from P1 
to output 1 in the first-level switch, output 0 in the second-level switch, and 
output 1 in the third-level switch. It is clear that either P1 or P2 can be connected 
to any one of the eight memories. Certain request patterns, however, cannot 
be satisfied simultaneously. For example, if P, is connected to one of the 
destinations 000 through 011, P2 can be connected to only one of the destina­
tions 100 through 111 .  

Many different topologies have been proposed for multistage switching 
networks to control processor-memory communication in a tightly coupled 
multiprocessor system or to control the communication between the process­
ing elements in a loosely coupled system. One such topology is the omega 
switching network shown in Fig. 13-8. In this configuration, there is exactly one 
path from each source to any particular destination. Some request patterns, 
however, cannot be connected simultaneously. For example, any two sources 
cannot be connected simultaneously to destinations 000 and 001.  
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A particular request is initiated in the switching network by the source, 
which sends a 3-bit pattern representing the destination number. As the binary 
pattern moves through the network, each level examines a different bit to 
determine the 2 x 2 switch setting. Level 1 inspects the most significant bit. 
level 2 inspects the middle bit, and level 3 inspects the least significant bit. 
When the request arrives on either Input of the 2 x 2 switch, it i$ routed to the 
upper output if the specified bit is 0 or to the lower output if the bit is 1. 

In a tightly coupled multiprocessor system, the source is a processor and 
the destination is a memo.ry module. The first pass through the network sets 
up the path. Succeeding passes are used to transfer the address into memory 
and then transfer the data in either direction. depending on whether the 
request is a read or a write. In a loosely coupled multiprocessor system, both 
the source and destination are processing elements. After the path is estab­
lished, the source processor transfers a message to the destination processor. 

Hypercube Interconnection 
The hypercube or binary n-cube multiprocessor structure is a loosely coupled 
system composed of N = 2" processors intetconnected in an n -dimen.sioruil 
binary cube. Each processor forms a ned� of the cube. Although it is customary 



SECfiON 13-2 lncerconneccion Snucrures 499 

to refer to each node as having a processor, in effect it contains not only a CPU 
but also local memory and VO interface. Each processor has direct communi­
cation paths to n other neighbor processors. These paths correspond to the 
edges of the cube. There are 2" distinct n-bit binary addresses that can be 
assigned to the processors. Each processor address differs from that of each 
of its n neighbors by exactly one bit position. 

Figure 13-9 shows the hypercube structure for n = 1, 2, and 3. A one-cube 
structure has n = 1 and 2" = 2. It contains two processors interconnected by 
a single path. A two-cube structure has n = 2 and 2" = 4. It contains four nodes 
interconnected as a square. A three-cube structure has eight nodes intercon­
nected as a cube. An n-cube structure has 2" nodes with a processor residing 
in each node. Each node is assigned a binary address in such a way that the 
addresses of two neighbors differ in exactly one bit position. For example, the 
three neighbors of the node with address 100 in a three-cube structure are 000, 
110, and 101 . Each of these binary numbers differs from address 100 by one 
bit value. 

Routing messages through an n-cube structure may take from one to n 
links from a source node to a destination node. For example, in a three-cube 
structure, node 000 can communicate directly with node 001. It must cross at 
least two links to communicate with 01 1 (from 000 to 001 to 011 or from 000 
to 010 to 011). It is necessary to go through at least three links to communicate 
from node 000 to node 111 .  A routing procedure can be developed by comput­
ing the exclusive-OR of the source node address with the destination node 
address. The resulting binary value will have 1 bits corresponding to the axes 
on which the two nodes differ. The message is then sent along any one of the 
axes. For example, in a three-cube structure, a message at 010 going to 001 
produces an exclusive-OR of the two addresses equal to 011 .  The message can 
be sent along the second axis to 000 and then through the third axis to 001 . 

Figure 13�9 Hypercube scructures for n = 1 , 2 ,3 .  
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system bus 

A representative of the hypercube architecture is the Intel iPSC computer 
complex. It consists o£ 128 (n = 7) microcomputers connected through commu­
nication channels. Each node consists of a CPU, a floating-point processor, 
local memory, and serial communication interface units. The individual nodes 
operate independently on data stored in local memory according to resident 
programs. The data and programs to each node come through a message-pass­
ing system from other nodes or from a cube manager. Application programs 
are developed and compiled on the cube manager and then downloaded to the 
individual nodes. Computations are distributed through the system and exe­
cuted concurrently. 

13-3 lnterprocessor Arbitration 

Computer systems contain a number of buses at various levels to facilitate the 
transfer of information between components. The CPU contains a number of 
internal buses for transferring information between processor registers and 
ALU. A memory bus consists of lines for transferring data, address, and 
read/write information. An VO bus is used to transfer information to and from 
input and output devices. A bus that connects major components in a multi­
processor system, such as CPUs, lOPs, and memory, is called a system bus . The 
physical circuits of a system bus are contained in a number of identical printed 
circuit boards. Each board in the system belongs to a particular module. The 
board consists of circuits connected in parallel through connectors. Each pin 
of each circuit connector is connected by a wire to the corresponding pin of all 
other connectors in other boards. Thus any board can be plugged into a slot 
in the backplane that forms the system bus. 

The processors in a shared memory multiprocessor system request access 
to common memory or other common resources through the system bus. If no 
other processor is currently utilizing the bus, the requesting processor may be 
granted access immediately. However, the requesting processor must wait if 
another processor is currently utilizing the system bus. Furthermore, other 
processors may request the system bus at the same time. Arbitration must then 
be performed to resolve this multiple contention for the shared resources. The 
arbitration logic would be part of the system bus controller placed between the 
local bus and the system bus as shown in Fig. 13-2. 

System Bus 
A typical system bus consists of approximately 100 signal lines. These lines are 
divided into three functional groups: data, address, and control. In addition, 
there are power distribution lines that supply power to the components. For 
example, the IEEE standard 796 multibus system has 16 data lines, 24 address 
lines, 26 control lines, and 20 power lines, for a total of 86 lines. 
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The data lines provide a path for the transfer of data between processors 
and common memory. The number of data lines is usually a multiple of 8, with 
16 and 32 being most common. The address lines are used to identify a memory 
address or any other source or destination, such as input or output ports. The 
number of address lines determines the maximum possible memory capacity 
in the system. For example, an address of 24 lines can access up to 224 (16 mega) 
words of memory. The data and address lines are terminated with three-state 
buffers (see Fig. 4-5). The address buffers are unidirectional from processor to 
memory. The data lines are bidirectional (see Fig. 12-3), allowing the transfer 
of data in either direction. 

Data transfers over the system bus may be synchronous or asynchronous. 
In a synchronous bus, each data item is transferred during a time slice known 
in advance to both source and destination units. Synchronization is achieved 
by driving both units from a common clock source. An alternative procedure 
is to have separate clocks of approximately the same frequency in each unit. 
Synchronization signals are transmitted periodically in order to keep all clocks 
in the system in step with each other. In an asynchronous bus, each data item 
being transferred is accompanied by handshaking control signals (see Fig. 11-9) 
to indicate when the data are transferred from the source and received by the 
destination. 

The control lines provide signals for controlling the information transfer 
between units. Tinting signals indicate the validity of data and address infor­
mation. Command signals specify operations to be performed. Typical control 
lines include transfer signals such as memory read and write, acknowledge of 
a transfer, interrupt requests, bus control signals such as bus request and bus 
grant, and signals for arbitration procedures. 

Table 13-1 lists the 86 lines that are available in the IEEE standard 796 
multibus . It includes 16 data lines and 24 address lines. All signals in the 
multibus are active or enabled in the low-level state. The data transfer control 
signals include memory read and write as well as 110 read and write. Conse­
quently, the address lines can be used to address separate memory and 110 
spaces. The memory or 110 responds with a transfer acknowledge signal when 
the transfer is completed. Each processor attached to the multibus has up to 
eight interrupt request outputs and one interrupt acknowledge input line. 
They are usually applied to a priority interrupt controller similar to the one 
described in Fig. 11-21 . The miscellaneous control signals provide timing and 
i..l"litialization capabilities. In particular, the bus lock signal is essential for 
multiprocessor applications. This processor-activated signal serves to prevent 
other processors from getting hold of the bus while executing a test and set 
instruction. This instruction is needed for proper processor synchronization 
(see Sec. 13-4). 

The six bus arbitration signals are used for interprocessor arbitration. 
These signals wi..ll be explained later after a discussion of the serial and parallel 
arbitration procedures. 
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TABLE 13-1 IEEE Standard 796 Multibus Signals 

Data and address 
Data lines (16 lines) 
Address lines (24 lines) 

Data transfer 
Memory read 
Memory write 
10 read 
!O write 
Transfer acknowledge 

Interrupt control 
Interrupt request (8 lines) 
Interrupt acknowledge 

Miscellaneous control 
Master clock 
System initialization 
Byte high enable 
Memory inhibit (2 lines) 
Bus lock 

Bus arbitration 
Bus request 
Common bus request 
Bus busy 
Bus clock 
Bus priority in 
Bus priority out 

Power and ground (20 lines) 

Signal name 

DATAO-DATAJ5 
ADRSO-ADRS23 

MRDC 
MWTC 
IORC 
IOWC 
TACK 

INTO-INTI 
INTA 

CCLK 
!NIT 
BHEN 
INHJ-INH2 
LOCK 

BREQ 
CBRQ 
BUSY 
BCLK 
BPRN 
BPRO 

Reprinted with permission of the IEEE. 

Serial Arbitration Procedure 
Arbitration procedures service all processor requests on the basis of established 
priorities. A hardware bus priority resolving technique can be established by 
means of a serial or parallel connection of the units requesting control of 
the system bus. The serial priority resolving technique is obtained from a 
daisy-chain connection of bus arbitration circuits similar to the priority inter­
rupt logic presented in Sec. 11-5. The processors connected to the system bus 
are assigned priority according to their position along the priority control line. 
The device closest to the priority line is assigned the highest priority. When 
multiple devices concurrently request the use of the bus, the device with the 
highest priority is granted access to it. 

Figure 13-10 shows the daisy-chain connection of four arbiters. It is 
assumed that each processor has its own bus arbiter logic with priority-in and 
priority-out lines. The priority out (PO) of each arbiter is connected to the 



PI 

Highest 
priority 

Bus 

PO 
arbiter I 

Bus 

PI PO 
arbiter 2 

SECTION 13-3 Interprocessor Arbitration 503 

Bus 

PI PO 
arbiter 3 

Lowest 
priority 

Bus 
To next 
arbiter 

PI PO 
arbiter 4 

Bus busy line 

Figure 13-10 Serial (daisy-chain) arbitration. 

priority in (PI) of the next-lower-priority arbiter. The PI of the highest-priority 
unit is maintained at a logic 1 value. The highest-priority unit in the system 
will always receive access to the system bus when it requests it. The PO output 
for a particular arbiter is equal to 1 if its PI input is equal to 1 and the processor 
associated with the arbiter logic is not requesting control of the bus. This is the 
way that priority is passed to the next unit in the chain. If the processor requests 
control of the bus and the corresponding arbiter finds its PI input equal to 1, 
it sets its PO output to 0. Lower-priority arbiters receive a 0 in PI and generate 
a 0 in PO . Thus the processor whose arbiter has a PI = 1 and PO = 0 is the 
one that is given control of the system bus.  

A processor may be in the middle of a bus operation when a higher­
priority processor requests the bus. The lower-priority processor must com­
plete its bus operation before it relinquishes control of the bus. The bus busy 
line shown in Fig. 13-10 provides a mechanism for an orderly transfer of 
control. The busy line comes from open-collector circuits in each unit and 
provides a wired-OR logic connection. When an arbiter receives control of the 
bus (because its PI = 1 and PO = 0) it examines the busy line. If the line is 
inactive, it means that no other processor is using the bus.  The arbiter activates 
the busy line and its processor takes control of the bus . However, if the arbiter 
finds the busy line active, it means that another processor is currently using 
the bus. The arbiter keeps examining the busy line while the lower-priority 
processor that lost control of the bus completes its operation. When the bus 
busy line returns to its inactive state, the higher-priority arbiter enables the 
busy line, and its corresponding processor can then conduct the required bus 
transfers. 

Parallel Arbitration Logic 
The parallel bus arbitration technique uses an external priority encoder and a 
decoder as shown in Fig. 13-11 .  Each bus arbiter in the parallel scheme has 
a bus request output line and a bus acknowledge input line. Each arbiter 
enables the request line when its processor is requesting access to �he system 
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Bus busy line 

Figure 13 .. 11 Parallel arbitration. 

bus. The processor takes control of the bus if its acknowledge input line is 
enabled. The bus busy line provides an orderly transfer of control, as in the 
daisy-chaining case. 

Figure 13-11 shows the request lines from four arbiters going into a 4 x 2 
priority encoder. The output of the encoder generates a 2-bit code which 
represents the highest-priority unit among those requesting the bus. The truth 
table of the priority encoder can be found in Table 11-2 (Sec. 11-5). The 2-bit 
code from the encoder output drives a 2 x 4 decoder which enables the proper 
acknowledge line to grant bus access to the highest-priority unit. 

We can now explain the function of the bus arbitration signals listed in 
Table 13-1 .  The bus priority-in BPRN and bus priority-out BPRO are used for 
a daisy-chain connection of bus arbitration circuits. The bus busy signal BUSY 
is an open-collector output used to instruct all arbiters when the bus is busy 
conducting a transfer. The common bus request CBRQ is also an open-collector 
output that serves to instruct the arbiter if there are any other arbiters of 
lower-priority requesting use of the system bus. The signals used to construct 
a parallel arbitration procedure are bus request BREQ and priority-in BPRN, 
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corresponding to the request and acknowledge signals in Fig. 13-11 .  The bus 
clock BCLK is used to synchronize all bus transactions. 

Dynamic Arbitration Algorithms 
The two bus arbitration procedures just described use a static priority al­
gorithm since the priority of each device is fixed by the way it is connected 
to the bus. In contrast, a dynamic priority algorithm gives the system the 
capability for changing the priority of the devices while the system is in 
operation. We now discuss a few arbitration procedures that use dynamic 
priority algorithms. 

time slice The time slice algorithm allocates a fixed-length time slice of bus time that 
is offered sequentially to each processor, in round-robin fashion. The service 
given to each system component with this scheme is independent of its loca­
tion along the bus. No preference is given to any particular device since each 
is allotted the same amount of time to communicate with the bus. 

polling In a bus system that uses polling, the bus grant signal is replaced by a set 
of lines called poll lines which are connected to all units. These lines are used 
by the bus controller to define an address for each device connected to the bus. 
The bus controller sequences through the addresses in a prescribed manner. 
When a processor that requires access recognizes its address, it activates the 
bus busy line and then accesses the bus. After a number of bus cycles, the 
polling process continues by choosing a different processor. The polling se­
quence is normally programmable, and as a result, the selection priority can 
be altered under program control. 

LRU The least recently used (LRU) algorithm gives the highest priority to the 
requesting device that has not used the bus for the longest interval. The 
priorities are adjusted after a number of bus cycles according to the LRU 
algorithm. With this procedure, no processor is favored over any other since 
the priorities are dynamically changed to give every device an opportunity to 
access the bus. 

FIFO In the first-come, first-seroe scheme, requests are served in the order 
received. To implement this algorithm, the bus controller establishes a queue 
arranged according to the time that the bus requests arrive. Each processor 
must wait for its turn to use the bus on a first-in, first-out (FIFO) basis. 

rotating daisy-chain The rotating daisy-chain procedure is a dynamic extension of the daisy-
chain algorithm. In this scheme there is no central bus controller, and the 
priority line is connected from the priority-out of the last device back to the 
priority-in of the first device in a closed loop. This is similar to the connections 
shown in Fig. 13-10 except that the PO output of arbiter 4 is connected to the 
PI input of arbiter 1. Whichever device has access to the bus serves as a bus 
controller for the following arbitration. Each arbiter priority for a given bus 
cycle is determined by its position along the bus priority line from the arbiter 
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whose processor is currently controlling the bus. Once an arbiter releases the 
bus, it has the lowest priority. 

13-4 lnterprocessor Communication 
and Synchronization 

The various processors in a multiprocessor system must be provided with a 
facility for communicating with each other. A communication path can be 
established through common input-<>utput channels. In a shared memory 
multiprocessor system, the most common procedure is to set aside a portion 
of memory that is accessible to all processors. The primary use of the common 
memory is to act as a message center similar to a mailbox, where each processor 
can leave messages for other processors and pick up messages intended for it. 

The sending processor structures a request, a message, or a procedure, 
and places it in the memory mailbox. Status bits residing in common memory 
are generally used to indicate the condition of the mailbox, whether it has 
meaningful information, and for which processor it is intended. The receiving 
processor can check the mailbox periodically to determine if there are valid 
messages for it. The response time of this procedure can be time consuming 
since a processor will recognize a request only when polling messages. A more 
efficient procedure is for the sending processor to alert the receiving processor 
directly by means of an interrupt signal. This can be accomplished through a 
software-initiated interprocessor interrupt by means of an instruction in the 
program of one processor which when executed produces an external interrupt 
condition in a second processor. This alerts the interrupted processor of the 
fact that a new message was inserted by the interrupting processor. 

In addition to shared memory, a multiprocessor system may have other 
shared resources. For example, a magnetic disk storage unit connected to an 
lOP may be available to all CPUs. This provides a facility for sharing of system 
programs stored in the disk. A communication path between two CPUs can 
be established through a link between two lOPs associated with two different 
CPUs. This type of link allows each CPU to treat the other as an VO device so 
that messages can be transferred through the VO path. 

To prevent conflicting use of shared resources by several processors there 
must be a provision for assigning resources to processors. This task is given 
to the operating system. There are three organizations that have been used in 
the design of operating system for multiprocessors: master-slave configura­
tion, separate operating system, and distributed operating system. 

In a master-slave mode, one processor, designated the master, always 
executes the operating system functions. The remaining processors, denoted 
as slaves, do not perform operating system functions. If a slave processor needs 
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an operating system service, it must request it by interrupting the master and 
waiting until the current program can be interrupted. 

In the separate operating system organization, each processor can exe­
cute the operating system routines it needs. This organization is more suitable 
for loosely coupled systems where every processor may have its own copy of 
the entire operating system. 

In the distributed operating system organization, the operating system 
routines are distributed among the available processors. However, each partic­
ular operating system function is assigned to only one processor at a time. This 
type of organization is also referred to as a floating operating system since the 
routines float from one processor to another and the execution of the routines 
may be assigned to different processors at different times. 

In a loosely coupled multiprocessor system the memory is distributed 
among the processors and there is no shared memory for passing information. 
The communication between processors is by means of message passing 
through VO channels. The communication is initiated by one processor calling 
a procedure that resides in the memory of the processor with which it wishes 
to communicate. When the sending processor and receiving processor name 
each other as a source and destination, a channel of communication is estab­
lished. A message is then sent with a header and various data objects used to 
communicate between nodes. There may be a number of possible paths avail­
able to send the message between any two nodes. The operating system in each 
node contains routing information indicating the alternative paths that can be 
used to send a message to other nodes. The communication efficiency of the 
interprocessor network depends on the communication routing protocol, pro­
cessor speed, data link speed, and the topology of the network. 

lnterprocessor Synchronization 
The instruction set of a multiprocessor contains basic instructions that are used 
to implement communication and synchronization between cooperating pro­
cesses. Communication refers to the exchange of data between different 
processes. For example, parameters passed to a procedure in a different pro­
cessor constitute interprocessor communication. Synchronization refers to the 
special case where the data used to communicate between processors is control 
information. Synchronization is needed to enforce the correct sequence of 
processes and to ensure mutually exclusive access to shared writable data. 

Multiprocessor systems usually include various mechanisms to deal with 
the synchronization of resources. Low-level primitives are implemented di­
rectly by the hardware. These primitives are the basic mechanisms that enforce 
mutual exclusion for more complex mechanisms implemented in software. A 
number of hardware mechanisms for mutual exclusion have been developed. 
One of the most popular methods is through the use of a binary semaphore. 
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critical section 

hardware lock 

Mutual Exclusion with a Semaphore 
A properly functioning multiprocessor system must provide a mechanism that 
will guarantee orderly access to shared memory and other shared resources. 
This is necessary to protect data from being changed simultaneously by two 
or more processors. This mechanism has been termed mutual exclusion. Mutual 
exclusion must be provided in a multiprocessor system to enable one processor 
to exclude or lock out access to a shared resource by other processors when 
it is in a critical section. A critical section is a program sequence that, once begun, 
must complete execution before another processor accesses the same shared 
resource. 

A binary variable called a semaphore is often used to indicate whether or 
not a processor is executing a critical section. A semaphore is a software­
controlled flag that is stored in a memory location that all processors can access. 
When the semaphore is equal to 1, it means that a processor is executing a 
critical program, so that the shared memory is not available to other processors. 
When the semaphore is equal to 0, the shared memory is available to any 
requesting processor. Processors that share the same memory segment agree 
by convention not to use the memory segment unless the semaphore is equal 
to 0, indicating that memory is available. They also agree to set the semaphore 
to 1 when they are executing a critical section and to clear it to 0 when they 
are finished. 

Testing and setting the semaphore is itself a critical operation and must 
be performed as a single indivisible operation. If it is not, two or more proces­
sors may test the semaphore simultaneously and then each set it, allowing 
them to enter a critical section at the same time. This action would allow 
simultaneous execution of critical section, which can result in erroneous initial­
ization of control parameters and a loss of essential information. 

A semaphore can be initialized by means of a test and set instruction in 
conjunction with a hardware lock mechanism. A hardware lock is a processor­
generated signal that serves to prevent other processors from using the system 
bus as long as the signal is active. The test-and-set instruction tests and sets 
a semaphore and activates the lock mechanism during the time that the instruc­
tion is being executed. This prevents other processors from changing the 
semaphore between the time that the processor is testing it and the time that 
it is setting it. Assume that the semaphore is a bit in the least significant 
position of a memory word whose address is symbolized by SEM. Let 
the mnemonic TSL designate the "test and set while locked" operation. The 
instruction 

T S L  S E M  

will be executed in two memory cycles (the first to read and the second to write) 
without interference as follows: 

R +-M[SEM] 
M[SEM] +- 1  

Test semaphore 
Set semaphore 
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The semaphore is tested by transferring its value to a processor register R and 
then it is set to 1. The value in R determines what to do next. If the processor 
finds that R = 1, it knows that the semaphore was originally set. (The fact that 
it is set again does not change the semaphore value . )  That means that another 
processor is executing a critical section, so the processor that checked the 
semaphore does not access the shared memory. If R = 0, it means that the 
common memory (or the shared resource that the semaphore represents) is 
available. The semaphore is set to 1 to prevent other processors from accessing 
memory. The processor can now execute the critical section. The last instruc­
tion in the program must clear location SEM to zero to release the shared 
resource to other processors. 

Note that the lock signal must be active during the execution of the 
test-and-set instruction. It does not have to be active once the semaphore is set. 
Thus the lock mechanism prevents other processors from accessing memory 
while the semaphore is being set. The semaphore itself, when set, prevents 
other processors from accessing shared memory while one processor is execut­
ing a critical section. 

13-5 Cache Coherence 

The operation of cache memory is explained in Sec. 12-6. The primary advan­
tage of cache is its ability to reduce the average access time in uniprocessors. 
When the processor finds a word in cache during a read operation, the main 
memory is not involved in the transfer. If the operation is to write, there are 
two commonly used procedures to update memory. In the write-through policy, 
both cache and main memory are updated with every write operation. In the 
write-back policy, only the cache is updated and the location is marked so that 
it can be copied later into main memory. 

In a shared memory multiprocessor system, all the processors share a 
common memory. In addition, each processor may have a local memory, part 
or all of which may be a cache. The compelling reason for having separate 
caches for each processor is to reduce the average access time in each processor. 
The same information may reside in a number of copies in some caches and 
main memory. To ensure the ability of the system to execute memory opera­
tions correctly, the multiple copies must be kept identical. This requirement 
imposes a cache coherence problem. A memory scheme is coherent if the value 
returned on a load instruction is always the value given by the latest store 
instruction with the same address. Without a proper solution to the cache 
coherence problem, caching cannot be used in bus-oriented multiprocessors 
with two or more processors. 

Conditions for Incoherence 
Cache coherence problems exist in multiprocessors with private caches be­
cause of the need to share writable data. Read-only data can safely be replicated 
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without cache coherence enforcement mechanisms. To illustrate the problem, 
consider the three-processor configuration with private caches shown in 
Fig. 13-12. Sometime during the operation an element X from main memory 
is loaded into the three processors, P1, P2, and P3• As a consequence, it is also 
copied into the private caches of the three processors. For simplicity, we 
assume that X contains the value of 52. The load on X to the three processors 
results in consistent copies in the caches and main memory. 

If one of the processors performs a store to X, the copies of X in the caches 
become inconsistent. A load by the other processors will not return the latest 
value. Depending on the memory update policy used in the cache, the main 
memory may also be inconsistent with respect to the cache. This is shown in 
Fig. 13-13. A store to X (of the value of 120) into the cache of processor P1 
updates memory to the new value in a write-through policy. A write-through 
policy maintains consistency between memory and the originating cache, but 
the other two caches are inconsistent since they still hold the old value. In a 
write-back policy, main memory is not updated at the time of the store. The 
copies in the other two caches and main memory are inconsistent. Memory is 
updated eventually when the modified data in the cache are copied back into 
memory. 

Another configuration that may cause consistency problems is a direct 
memory access (DMA) activity in conjunction with an lOP connected to the 
system bus. In the case of input, the DMA may modify locations in main 
memory that also reside in cache without updating the cache. During a DMA 
output, memory locations may be read before they are updated from the cache 
when using a write-back policy. VO-based memory incoherence can be over­
come by making the lOP a participant in the cache coherent solution that is 
adopted in the system. 

Solutions to the Cache Coherence Problem 
Various schemes have been proposed to solve the cache coherence problem in 
shared memory multiprocessors. We discuss some of these schemes briefly 
here. See references 3 and 10 for more detailed discussions. 

A simple scheme is to disallow private caches for each processor and have 
a shared cache memory associated with main memory. Every data access is 
made to the shared cache. This method violates the principle of closeness of 
CPU to cache and increases the average memory access time. In effect, this 
scheme solves the problem by avoiding it. 

For performance considerations it is desirable to attach a private cache to 
each processor. One scheme that has been used allows only nonshared and 
read-only data to be stored in caches. Such items are called cachable. Shared 
writable data are noncachable. The compiler must tag data as either cachable or 
noncachable, and the system hardware makes sure that only cachable data are 
stored in caches. The noncachable data remain in main memory. This method 
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restricts the type of data stored in caches and introduces an extra software 
overhead that may degradate performance. 

A scheme that allows writable data to exist in at least one cache is a 
method that employs a cmtmliud globAl WJJe in its compiler. The status of 
memory blocks is stored in the central global table. Each block is identified as 
rtlld-<mly (RO) or TttU1 and write (RW). All caches can bave copies of blocks 
identified as RO. Only one cache can bave a copy of an RW block. Thus if the 
data are updated in the cache with an RW block, the other caches are not 
affected because they do not have a copy of this block. 

The cache coherence problem can be solved by means of a combination 
of software and hardware or by means of hardware-only schemes. The two 
methods mentioned previously use software.based procedures that require the 
ability to tag information in order to disable caching of shared writable data. 
Hardware-only solutions are handled by the hardware automatically and have 
the advantage of higher speed and program transparency. In the hardware 
solution, the cache controller is specially designed to allow it to monitor all bus 
requests from CPUs and lOPs. All caches attached to the bus constantly 
monitor the network for possible write operations. Depending on the method 
used, they must then either update or invalidate their own cache copies when 
a match is detected. The bus controller that monitors this action is referred to 
as a snoopy clldle amtrolln. This Is basically a hard waxe unit designed to main· 
tain a bus-watching mechanism over all the caches attached to the bus. 

Various schemes bave been proposed to solve the cache coherence prob­
lem by means of snoopy cache protocol The simplest method is to adopt a 
write•through policy and use the following procedure. All the snoopy con· 
trollers watch the bus for memory store operations. When a word in a cache 
Is updated by writing into it, the corresponding location in main memory is 
also updated. The local snoopy controllers in all other caches check their 
memory to determine if they have a copy of the word that has been overwritten. 
U a copy exists In a remote cache, that location is marked invalid. Because aU 
caches snoop on all bus writes, whenever a word is written, the net effect 
is to update it In the original cache and main memo.ry and remove It from 
all other caches. U at some future time a processor accesses the invalid 
Item from its cache, the response is equivalent to a cache miss, and the updated 
Item is transferred from main memory. In this way, inconsistent versions are 
prevented. 

PROBLEMS 

13-1. Discuss the difference between tightly coupled multiprocessors and loose:ly 
coupled multiprocessors from the viewpoint of hardw= organizalion and 

programming techniques. 



13-2. 

13-3. 

13-4. 

13-5. 

13-6. 

13-7. 

13-8. 

13-9. 

13-10. 

13-11. 

13-12. 

13-13. 

13-14. 

Problems 5 13 

What i s  the purpose of the system bus controller shown i n  Fig. 13·2? Explain 
how the system can be designed to distinguish between references to local 
memory and references to common shared memory. 

How many switch points are there in a crossbar switch network that con­
nects p processors to m memory modules? 

The 8 x 8 omega switching network of Fig. 13·8 has three stages with four 
switches in each stage, for a total of 12 switches. How many stages and 
switches per stage are needed in an n x n omega switching network? 

Suppose that the wire breaks between the switch in the first row, second 
column and the switch in the second row, third column in the omega 
switching network of Fig. 13·8. What paths will be disconnected? 

Construct a diagram for a 4 x 4 omega switching network. Show the switch 
setting required to connect input 3 to output 1 .  

Three types o f  switches are used t o  design a multistage interconnection 
network: an interchange switch with two inputs and two outputs as in Fig. 
13-6, an arbitration switch with two inputs and one output, and a distribu­
tion switch with one input and two outputs. 
a. Show how the arbitration and distribution switches operate. 
b. Using arbitration and interchange switches, construct an 8 x 4 network 

with a unique path between any source and any destination. 
c. Using distribution and interchange switches, construct a 4 x 8 network 

with a unique path between any source and any destination. 

Draw a diagram showing the structure of a four-dimensional hypercube 
network. Ust all the paths available from node 7 to node 9 that use the 
minimum number of intermediate nodes. 

Draw a logic diagram using gates and flip-flops showing the circuit of one 
bus arbiter stage in the daisy·chain arbitration scheme of Fig. 13-10. 

The bus controlled by the parallel arbitration logic shown in Fig. 13-11 is 
initially idle. Devices 2 and 3 then request the bus at the same time . Specify 
the input and output binary values in the encoder and decoder and deter­
mine which bus arbiter is acknowledged. 

Show how the arbitration logic of Fig. 13·10 can be modified to provide a 
rotating daisy·chain arbitration procedure. Explain how the priority is deter· 
mined once the bus line is disabled. 

Consider a bus topology in which two processors communicate through a 
buffer in shared memory. When one processor wishes to communicate with 
the other processor it puts the information in the memory buffer and sets 
a flag. Periodically, the other processor checks the flags to deiermine if it has 
information to receive. What can be done to ensure proper synchronization 
and to minimize the time between sending and receiving the information? 

Describe the following terminology associated with multiprocessors. 
(a) mutual exclusion; (b) critical section; (c) hardware lock; (d) semaphore; 
(e) test-and-set instruction. 

What is cache coherence, and why is it important in shared-memory multi­
processor systems? How can the problem be resolved with a snoopy cache 
controller? 
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A 
AC, 126 
Access time, 463 
Accumulator, 126 
Accumulator register, 128-30 

design of, 164-65 
Addend, 338 
Adder, 103-4 
Adder and logic circuit, 130, 166 
Adder-subtracter, 104-5 
Addition algorithms: 

decimal numbers, 365-68, 371 
floating-point, 358-60 
signed-magnitude, 335-38 
signed-2's complement, 79, 338-40 

Add microoperation, 102-4 
Add-overfiow, 336 
Address, 60, 131 
Address bus, 417-19 
Address field, 226 
Addressing modes, 260 

autoincrement, 262 
base register, 264 
direct, 126-27, 263 
immediate, 126, 262 
implied, 261 
indexed, 263-64 
indirect, 126-27, 263 
register, 262 
register indirect, 262 
relative, 263 

Address mapping, 472 
Address register, 128-30 
Address sequencing, 216 
Address space, 470 
Address symbol table, 1 83 
Adjacent squares, 12 
Algorithm, 334 
Alphanumeric code, 73 , 86, 383 
ALU, 1 16-17, 241-45 
AND, 4 
AND gate, 5 
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AN D  microoperation, 1 10--1 1  
special symbol, 109 

AR (see Address register) 
Arbitration, 500 
Arbitration algorithms, 505 
Arbitration switch, 513 
Architecture, 3 
Arithmetic algorithm, 334 
Arithmetic circuit ,  106--8 
Arithmetic instructions, 269-70 
Arithmetic logic unit, 116,  244-45 
�thmetic microoperations, 102-3 
Arithmetic pipeline, 307-10 
Arithmetic processor, 333 
Arithmetic shift, 1 14-15,  272, 346 

overflow, 1 1 5  
Array multiplier, 346--48 
Array processor, 326 

attached, 326--27 
SIMD, 327-28 

ASCII, 74-75, 184, 383-85 
Assembler, 182, 185-90 
Assembly language, 179- 81 
Associative memory, 456 

hardware organization, 457-60 
write-back, 469 
write-through, 469 

Associative mapping, 464 
Asynchronous bus, 501 
Asynchronous communication, 398-400 
Asynchronous transfer, 391 , 396 
Attached array processor, 326--27 
Autodecrement, 262 
Autoincrement, 262 
Auxiliary memory, 445, 452-56 

B 
Base of a number, 68 
Base register, 264 
Basic computer, 123 

common bus, 129-31 
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Basic computer (cont.) 
control, 135-39 
design of, 157-67 
flowchart, 158 
input-output,  150-53 
instruction cycle, 139, 142, 158 
instructions, 132-34, 174-75 
interrupt, 153-56 
phases, 139 
registers, 128, 1 57 
tabular summary, 159 

Baud rate, 398 
BCD, 72-73, 81-82 
BCD adder, 365-68 
BCD subtracter, 368-69 
Berkeley RISC I ,  288-91 
Biased exponent, 356 
Bidirectional shift register, 53-56 
Binary, 1 
Binary adder, 103-4 
Binary-coded decimal, 73 , 85 
Binary codes, 72 , 84 

alphanumeric, 73 
ASCII, 74-75 
BCD , 72-73 
error detection, 87 
excess- 3 ,  85-86 
Gray, 84 

Bi11ary counter, 56-58 
design of, 32-36 
with parallel load, 58-59 

Binary incrementer, 105-6 
Binary n-cube, 498 
Binary numbers, 2, 68 
Binary parallel adder, 103-45 
Binary point , 77 
Binary signal, 4 
Binary tree, 497 
Binary variable, 7,  213 
Bit, 1 
Bit-clear, 270 
Bit complement, 270 
Bit manipulation instructions, 270-72 
Bit-oriented protocol, 437-39 
Bit-set, 271 
Block, 472 
Block diagram, 18 
Block transfer, 43 1 
Boolean algebra, 7-11  
Boolean expression, 8 
Boolean function, 7 
Booth algorithm, 343-46 
Bootstrap loader, 448 
Branch, 147, 275 
Branch conditions, 276 
Branch instructions, 273-76, 314-15 
Branch logic, 217 
Branch target buffer, 315 
Buffer gate,  5 ,  100 

Burst transfer, 416 
Bus, 97-98, 500 

of basic computer, 129-31 
construction of,  98-101 
input-output, 386 
memory, 453 

Bus arbitration, 502-6 
Bus grant, 416 
Bus organization, 242-44 
Bus request, 416 
Bus selection, 99 
Bus transfer, 99 
Byte, 60 

c 
Cache coherence, 509- 12 
Cache memory, 446, 462-69 
Call subroutine, 200 
CAM, 456 
CAR (see Control address register) 
Carry, 19, 76 
Carry status bit, 274 
Central processing unit, 241 
Channel, 423 
Character code, 73 
Character manipulation, 204 
Character-oriented protocol, 432 
Characteristic table, 23-25 
Chip, 41, 449 
Chip select, 449 
CISC, 282 
Circular shift, 114  
Clear, 23, 1 1 3  
Oock, 2 2 ,  2 6 ,  96 
Clock cycle, 137, 305 
Clocked sequential circuit, 22 
CMOS, 43 
Combinational circuit. 1 8  

analysis, 1 9  
design, 19 

Combinational circuit shifter, 116 
Command, 387, 421 
Comment field, 179 
Common bus, 97-98, 129-31 ,  242-44 
Communication control characters, 432 
Compiler, 190 
Compiler support, 316  
Complement, 10,  74-76 

subtraction with, 76 
Complementer, 336-37 
Complex instruction set computer, 282-84 
Computer architecture, 3 
Computer arithmetic, 333 
Computer design, 3, 1 57-67 
Computer hardware, 1 
Computer instruction cycle, 139 
Computer instructions, 132-34, 175 



Computer network, 489 
Computer organization, 3 
Computer registers, 128 
Computer software, 2, 173 
Condition code, 274 
Conditional branch, 217, 275-76 
Content addressable memory, 456 
Control address register, 215,  217 
Control command, 387 
Control design, 160-64, 231-32 
Control function, 96 
Control logic gates, 160 
Control memory, 213-14, 229 
Control signal, 136--38 
Control unit, 135-39, 231 
Control word, 213, 243-45 
Counter, 56-58 

design of, 32-36 
CPU, 3 ,  241 
CRC, 43 1 
Critical section, 508 
Crossbar switch, 494-96 
Cycle stealing, 416 
Cyclic redundancy check, 43 1 

D 
Daisy-chain, 408, 502-3 
Data bus, 417-19 
Data communication, 429 
Data communication protocol, 43 1 

bit-oriented, 437-39 
character-oriented, 432-33 
example, 433-36 
message format, 433 ,  437 

Data' dependency, 313-14 
Data link, 43 1 
Data manipulation instructions, 268-72 
Data register, 128-30 
Data representation, 67 
Data selector, 49 
Data set, 430 
Data stream, 301 
Data transfer instructions, 267-68 
Data transparency, 436 
Data types, 67, 269 
Decimal adder, 365-68 
Decimal arithmetic, 369-76 

addition and subtraction, 371 
division, 374-76 
multiplication, 371 -73 

Decimal arithmetic unit, 363-69 
Decimal codes, 85 
Decimal numbers, 68, 81 
Decimal representation, 81 
Decimal subtraction, 368-69 
Decode phase, 139, 226 
Decoder, 43 

Decrement, 108 
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Delayed branch, 315 ,  318-19 
Delayed load, 314,  317-18 
DeMorgan theorem, 8-10 
Descriptor, 482 
Design of basic computer, 157-67 
Device, 382 
D flip-flop, 23 
Digital, 1 
Digital computer, 1 
Digital integrated circuits, 41 
Digital logic families, 42 
Digital signal, 4 
Digital system, 1 
Direct address, 126-27, 263 
Direct mapping, 465 
Direct memory access, 415-20 

controller, 416- 18  
transfer, 418-20 

Disk, 383 , 454 
Distributed memory, 491 
Distributed switch, 513 
Divide overflow, 351  
Dividend, 349 
Dividend alignment,  362 
Division algorithms: 

comparison method, 353 
decimal numbers, 374-76 
floating-point, 362-63 
non-restoring, 353-54 
restoring method, 353 
signed-magnitude, 349-53 

Divisor, 349 
OLE character, 436 
DMA (see Direct memory access) 
Don't-care conditions, 16 
Double-precision, 196 
DR (see Data register) 
Drum, 454 
Dual-bus, 492-93 
Dynamic arbitration, 505 
Dynamic input, 22-23 
Dynamic microprogramming, 214 
Dynamic relocation, 476 

E 
EBCDIC, 87 
ECL, 43 
Edge triggered flip-flop, 25 
EEPROM, 63 
Effective address, 126, 262 
Emitter-coupled logic, 43 
Enable input, 44 
Encoder, 47 
End carry, 76 
EPROM, 63 
Equivalence, 5 
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Error detection code, 87 
Error diagnostics, 188 
Excess-3 code, 85-86 
Excitation table, 27, 33 
Exclusive-NOR, 5 
Exclusive-OR, 6, 1 1 1  
Execute phase, 139, 228 
Exponent, 83, 354 
External interrupt, 281 

F 
FA (see FuU-adder) 
Fetch phase, 139-41 , 156, 226 
FIFO, 400, 476 
FIFO buffer, 400-2, 505 
First-in first-out, 400-2 
Fixed-point, 77 

binary representation, 79-80 
decimal representation, 81-82 

Flag, 152, 437 
Flag bits, 274 
Flip-flop, 22-28 

asynchronous clear, 26 
edge-triggered, 25 
excitation table, 27 
IC, 26 
input function, 28 
master-slave, 26 
types of, 22-25 

Floating-point, 83 , 354-57 
¢thmetic operations, 358-63 
nonnalization, 83 , 355 

Floating-point pipeline, 308-10 
Floppy disk, 455 
Flops, 325 
Flowchart for basic computer, 158 
Fortran, 178 
Full-adder, 20-22, 104 
FuU-duplex, 431 

G 
Gates, 4-6 
General register organization, 242-47 
Graphic symbols, 23 
Gray code, 84 

H 
Half-adder, 19 
Half-duplex, 431 
Haodshaking, 391 ,  393-96 
Hardware, 2 ,  173 
Hardware algorithm, 334 
Hardware interlock, 312 
Hardware lock, 508 

Hardwired control, 136, 216 
HDLC, 437 
Hexadecimal code, 134, 177 
Hexadecimal numbers, 68-70 

binary coded, 71 
conversion to binary, 70 

High-impedaoce, 100 
Hit ratio, 463 
Hold time, 26 
Hypercube, 498-500 

IBM chaonel, 423-26 
IC (see Integrated circuit) 
Immediate mode, 126, 262 
Implied mode, 261 
Increment, 58, 103 ,  108 
Incrementer, 105-6 
Index addressing, 263-64 
Indirect address, 126--27, 132, 263 
Infix notation, 252 
Inner product, 322 
Input carry, 106 
Input equation, 28 
Input flag, 1 52 
Input logic, 233 -35 
Input-output ,  150-53 , 381 

bus, 386, 421 
devices, 381-83 
instructions, 1 52 
interface, 385-87, 389-91 
programming, 203 
transfer, 391-98 

Input-output processor, 420--22 
Instruction code, 123, 1 32 
Instruction cycle, 139, 310--1 1  
Instruction format, 255 ,  322 
Instruction register, 128 
Instruction pipeline, 31 0--15  
Instruction set  completeness, 134-35 
Instruction stream, 301 
Instructions, 133, 175 
Integrated circuit, 41-43 
Intel-8089 lOP, 427 
Interchange switch, 496 
Interconnection of processors, 491-500 
Interface, 385, 389 
Interleaved memory, 324 
Internal interrupt, 281 
Interprocessor arbitration, 500 
Interprocessor communication, 506 
lnterprocessor synchronization, 5(17 
Interregister transfer, 95 
Interrupt, 153-56, 281 ,  407-12 

priority, 407 
types of, 281-82 
vectored, 406 



Interrupt acknowledge, 410 
Interrupt cycle, 153-56, 412-13 
Interrupt initiated 1/0, 406 
Interrupt program, 205-8 
Interrupt register, 411  
Interrupt request, 417 
Inverter gate, 5 
IR (see Instruction register) 
110, 381 
110 bus, 421 
110 instructions, 152 
110 interface, 385-87 
110 port, 389 
110 software, 406, 413 
lOP (see Input-output processor) 
Isolated 110, 388 

J 
JK flip-flop, 24 
Jump, 225, 273 

K 
Karnaugh map, 1 1  
Keyboard, 382 

L 
Label, 179, 225 
Large-scale integration, 42 
Last-in first-out, 247 
LD (see Load control) 
Least recently used, 476 
LIFO, 247 
Load control, 52, 129 
Load input,  129-3 1  
Local b u s ,  492-93 
Locality of reference, 462 
Location counter, 185 
Lock mechanism, 508 
Logic circuit, 1 1 1  
Logic circuit families, 42 
Logic diagram, 7 
Logic gates, 4 
Logic microoperations, 108- 10 

hardware implementation, 1 1 1  
list of, 109-10 

Logic operations, 197 
Logical address, 477 
Logical instructions, 270-72 
Logical shift, 1 14, 272 
Loosely coupled multiprocessors, 491 
LRC, 431 
LRU, 476, 505 
LSI, 42 

M 

M (see Memory word) 
Machine language, 174-75 
Magnetic disk, 383, 454 
Magnetic drum, 383 
Magnetic tape, 383, 455 
Magnitude, 335 
Magnitude comparator, 336 
Main memory, 445, 448 
Mantissa, 83, 354 
Map simplification, 1 1 - 1 8  
Mapping, 2 1 6 ,  2 1 9 ,  463 
Mask operation, 1 1 3  
Mask register, 411 
Master-slave flip-flop, 26 
Match logic, 459 
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Matrix multiplication, 322 
Medium-scale integration, 42 
Memory: 

access time, 463 
associative, 456--62 
auxiliary, 452-56 
cache, 462-69 
chip, 449 
content addressable, 456 
FIFO, 400 
IC, 41 , 449 
random access, 60, 448 
read only, 61,  450 
virtual, 469 

Memory address, 60, 1 3 1  
Memory address map, 450-52 
Memory array, 324 
Memory bus, 387, 453 
Memory cycle, 138 
Memory hierarchy, 445 
Memory interleaving, 324 
Memory management, 476--79 
Memory-mapped 110 , 388-89 
Memory module, 494 
Memory organization, 445 
Memory page table, 473, 478 
Memory protection, 482 
Memory read, 61 ,  101 
Memory reference instructions, 145-50 
Memory space, 470 
Memory stack, 249-51 
Memory transfer, 101-2 
Memory word, 58, 101 
Memory write, 60-61, 101-2 
Message format, 433 
Message-passing, 491 
Message routing, 499 
Metal-oxide semiconductor, 43 
Microcomputer, 500 
Microinstruction, 214 

binary form, 229-30 
fonnats, 222-24 
symbolic fonn, 225-28 
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Microoperation, 93, 102, 223, 246 
arithmetic, 102-3 
logic, 108- 10 
read, 101 
register transfer, 102 
shift, 1 14- 15 
write, 102 

Microprocessor, 490 
Microprogram, 214 

binary, 229-30 
control, 231-32 
example, 220-30 
sequencer, 232-35 
symbolic, 225-28 

Microprogrammed control unit, 214 
Mintenn, 11 
Minuend, 338 
MIMD , 301 , 489 
Mode field, 261 , 265 
Modem, 430 
Modes of transfer, 402-3 
Monitor, 382 
MOS, 43 
Move instruction, 256 
MSI, 42 
Multiple functional unit, 300, 306 
Multiplexer, 48-50, 98 
Multiplicand, 340 
Multiplication algorithms: 

Booth algorithm, 343-46 
decimal numbers, 371-73 
floating-point, 360-62 
signed-magnitude, 341-43 
signed-2's complement, 343-46 
software implementation, 195 

Multiplication program, 193-96 
Multiplier, 340 
Multipart memory, 493 
Multiprocessor, 489 

arbitration, 500-6 
communication, 506 
interconnection, 491-500 
synchronization, 507-9 

Multiprogramming, 447 
Multistage switching network, 496-98 
Mutual exc1usion, 508 
MUX (see Multiplexer) 

N 
NAND gate, 5, 9, 16 
Next state, 23, 30 
NOR gate, 5 ,  9, 16 
Normalization, 83, 355 
Number base conversion, 68-71 
Number system, 68 

0 
Object program, 183 
Octal numbers, 68-72 

binary coded, 70 
conversion to binary, 70 

Odd function, 6, 88 
Omega network, 497-98 
One-address instruction, 259 
On-line, 382 
Opcode, 125 
Operating system, 447, 483, 506 
Operation code, 124, 255 
ORG, 180, 226 
OR gate, 5-6 
OR microoperation, 1 10- 1 1  

special symbol, 1 09  
Output flag, 152 
Overflow, 80--8 1 ,  115  
Overflow status bi t ,  274 
Overlap register window, 285-88 

p 
Packet,  491 
Page, 472 
Page fault, 475 
Page frame, 472 
Page replacement, 475 
Page table, 474 
Parallel adder, 336--37 
Parallel arbitration logic, 503-5 
Parallel load, 54 
Parallel processing, 299 
Parallel transfer, 5 1  
Parameter linkage, 2 00  
Parity bit, 87 
Parity checker, 87-89 
Parity generator, 87-89 
Partial product, 341, 343 
Partial remainder, 349 
PC (see Program counter) 
Peripheral, 382 
Pipeline, 302-7 

arithmetic, 307-10 
in ruse, 315-19 
instruction, 310-15 

Pipeline conflicts, 313 
Pipeline processing, 299 
Pointer, 192 
Polish notation, 252 
Polling, 407, 505 
Pop stack, 249 
Port, 389 
Present state, 23, 30 
Printer, 382 
Priority encoder, 411-12 



Priority interrupt, 4fJ7-12 
daisy-chaining, 408-9 
parallel, 409- 1 1  
software routines, 413-15 

Priority logic, 410 
Product, 340 
Product of sums, 14 
Program, 2, 173 
Program control instructions, 273-74 
Program counter, 128-30 
Program interrupt, 153-56, 205, 279 
Program loop, 190 
Program status word, 280 
Programmed 110, 402-6 
Programming languages, 176 
PROM, 63 
Protection, 482 
Protocol, 431 
Pseudo-instruction, 178-80 
Push stack, 247-49 
PSW, 280 

R 
Radix, 68 
RAM, 60, 448 
Random-access memot)l, 60-61, 448-50 
Read, 60-61, 101 
Read microoperation, 101 
Read only memory, 6!-63, 448 

programming of, 62-63 
truth table, 62 
types of, 62-63 

Reduced instruction set computer, 282-85 
characteristics, 284-85 
instructions, 259-60, 288-89 
pipeline, 315-19 

Register, SO,  95 
Register address, 255 
Register indirect mode, 262 
Register load, SO 
Register mode, 262 
Register with parallel load, 5 1  
Register-reference instructions, 143-44 
Register stack, 247-49 
Register transfer, 95 
Register transfer language, 94 

basic symbols, 97 
Register transfer statements, 95 

arithmetic, 102-3 
conditional control, 96 
logic, 108- 10 
shift, 1 1 4  

Registers o f  basic computer, 128, 157 
Relative addressing, 263 
Remainder, 349-50 
Replacement algorithms, 475-76 
Resource conflict, 313  

Return address, 148 

Index 523 

Return from subroutine, 278 
Reverse Polish notation, 251-54 

arithmetic expressions, 253-54 
RISC, 282-85 

instructions, 259-60, 288-91 
pipeline, 315-19 

ROM, 61,  214, 230,  450 
Rotating daisy-chain, 505 
Routine, 216  
RPN, 252 

s 
Schottky TIL, 42 
SDLC, 437 
Sector, 455 
Segment, 304, 477 
Segment descriptor, 482 
Selection inputs, 48 
Selective-clear, 1 12 
Selective-complement, 112  
Selective-set, 112 
Self-complementing code, 86 
Semaphore, 508 
Sequence counter, 341 
Sequencer, 2 1 5 ,  232-35 
Sequential circuit, 28 

design of, 32-36 
Serial communication, 429 
Serial communication interface, 1 5 1  
Serial input ,  5 3  
Service program, 4 1 4  
Service routine, 207 
Set, 23 
Set-associative mapping, 467 
Setup time, 26 
Shared memory system, 491-92 
Shifter, 115-16 
Shift instructions, 371-72 
Shift microoperations, 114 

hardware implementation, 1 15-16 
Shift operations, 197 
Shift register, 53 
Signal, 4 
Sign status bit, 274 
Signed-magnitude, 78 
Signed-2's complement, 78 

overflow, 86 
Signed numbers, 78 
SIMD , 301 , 327 
Simplex, 43 1 
Single-cycle execution, 3 1 6  
SISD , 301 
Small-scale integration, 41 
Snoopy each controller, S12 
Software, 2,  173, 406, 413 
Software interrupt, 281 -82 
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Source program, 183 
SP (see Stack pointer) 
Space-time diagram, 304-5 
Speedup ratio, 305-6 
SR flip-flop, 22 
SSI, 41 
Stack, 247 
Stack instructions, 259 
Stack limit, 251 
Stack operations, 254 
Stack organization, 247-49 
Stack pointer, 247 
Start bit, 396 
State diagram, 3 1-32 
State table, 30-31 
Status bits, 217,  274 
Status command, 387 
Status register, 404 
Stop bit, 397 
Store, 147 
Stored program organization, 125 
Strobe control, 391 
Subroutine, 198, 278-79 
Subroutine call, 148, 200, 278 
Subroutine parameters, 200 
Subroutine program, 199 
Subroutine register, 220 
Subroutine return, 200, 278 
Subtraction algorithms: 

decim�l numbers, 368-69, 371 
floating-point, 358-60 
signed-magnitude, 335-38 
signed-2's complement, 89, 338-40 
unsigned numbers, 76 

Subtract microoperation, 102-5 
Subtractor, 104-5 
Subtrahend, 338 
Sum of mintenns, 11 
Sum of products, 14 
Supercomputer, 325 
Supervisor mode, 280 
Symbol table, 183 . 
Symbolic address, 179 
Symbolic microprogram, 227 
Symbolic program, 175, 184 
SYN character, 432 
Synchronization, 507 
Synchronous bus, 501 
Synchronous clear, 58 
Synchronous transfer, 396 
Synchronous transmission, 430 
System bus, 493, 500-2 

T 
Table-lookup, 187 
Tag field, 465 
Tape, 383 , 455 

Task, 304 
Test and set, 508 
T flip-flop, 24 
Three-address instruction, 258 
Three-state buffer, 100 
Three-state bus, 100-1 
Throughput ,  299 
lightly coupled multiprocessor, 491 
lime shared bus, 491-93 
lime slice, 505 
Timeout, 396 
liming and control, 135 
liming diagram, 26, 391 
Timing signal, 136-38 
TLB, 479 
Track, 455 
Transistor-transistor logic, 42-43 
Translation look-aside buffer, 479 
Trap, 281 
Truth table, 4, 7 
TTL, 42 
Two-address instruction, 258 

u 
UART, 398 
Underflow, 356 
Unsigned numbers, 76 

subtraction of, 76-77 

v 
Valid bit, 469 
Vector address, 408 
Vector operations, 321 
Vector processing, 319 
Vectored interrupt, 406 
Video monitor, 382 
Virtual address, 470 
Virtual memory, 469 
VLSI, 42, 490 

w 
Weighted code, 86 
Word, 58 
Word count register, 417 
Write, 60-61, 101 
Write microoperation, 102 
Write-back, 469 
Write-through, 469 

X 
XOR (see Exclusive-OR) 



z 
Zero-address instruction, 259 
Zero detection, 275 
Zero insertion, 437 
Zero status bit, 274 
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