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PREFACE 

This textbook is intended for use in a one-semester, upper-division undergraduate 
course. It is expected that the students will have had courses in logic design with state 
machines and assembly language programming. A course in data structures as well as 
basic operating systems would be helpful. 

There are two major themes running through this book. The first theme is an over­
view of the major ideas and design philosophies of computer architecture and imple­
mentation with some insight into their historical development. We are inclined to 
forget the work of our predecessors in computer design; the few pages devoted to this 
topic may help to rectify this neglect. 

The second theme is the introduction and use of analytic modeling of computer 
performance. I believe that engineering students should take an engineering approach 
to the study of computer architecture and implementation. Various design trade-off 
issues will be examined with analytical models. What is an engineering approach? 
Consider the following two quotations. 

"What distinguished the engineer from the technician is largely the ability to formu­
late and carry out tl1e detailed calculations of forces and deflections, concentrations 
and flows, voltages and currents, that are required to test a proposed design on pa­
per with regard to failure criteria. The ability to calculate is the ability to predict the 
performance of a design before it is built and tested." (Petroske 1996). 
" ... it is much easier to have some vague notion about any subject, no matter what, 
than to arrive at the real truth about a single question, however simple that may be." 
(Descartes 1629). 

In addition to the two major themes, this book will introduce students to a new 
vocabulary. Whenever a new topic is approached, it is inevitable that one learns a new 
vocabulary. Therefore, whenever a new word or term is introduced, this book attempts 
to provide a definition along with common synonyms. We recommend that students 
obtain a copy of a computer dictionary to support their studies. Reference can also 
be made to an on-line dictionary of computer terms at (http://wombat.doc.ic.ac.uk/ 
foldoc/index.html). 

One of the problems in the computer field is the lack of a standard set of terms. for 
example, the Intel x86 architecture uses the term linear address whereas I prefer the 
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Preface ix 

term virtual address, as used with the IBM S370 and S390. The reason for the prefer­
ence is that the IBM S370 predates the virtual-memory version of the Intel x86 and 
established precedence. Thus, in Lhe text, wherever possible, the term with precedence 
bused. 

The von Neumann architecture is used in Chapter 1 to introduce the basic principles 
of computer architecture. Students should know what von Neumann proposed with 
this architecture and what its limitations were. These limitations were overcome in 
subsequent architectures while the underlying design remained unchanged. 

Two architecture families will be extensively used for illustrations: The IBM S360/ 
370/390 and the Intel x86 up to the Pentium Pro with MMX extensions. These two 
families represent the two most widely used processors today. for mainframe applica­
tions, the lBM family is preeminent in the world. The Intel family is found in approx­
imately 90% of all personal computers. These two families are the most likely to be 
encountered by students after they finish their studies. 

The sequence of presentation in this book differs from that found in other texts. 
It starts with a computer overview in Chapter 1 that covers the von Neumann ar­
chitecture and some of its precursors. Chapter 2 introduces analytical performance 
modeling, learning curves, and other related evaluation techniques. The modeling 
technique will be used throughout the balance of the book. 

Chapter 3 describes the issues in user instruction set design. The instruction set 
architecture taxonomy of addresses, data types, and operations is introduced. This 
chapter also provides a bask treatment of computer arithmetic and the IEEE floating­
point standard. 

Because a memory-centric view of a computer is taken, the text turns 'to memory 
implementation in Chapter 4. I believe that students should be exposed to memory 
systems before processors, as the process state is held memory and is the focus of bow 
problems are solved. Further, I approach the memory system by first looking at virtual 
memory that provides the functionality required of large programs and large data 
sets. 

Performance follows functionality, from a designer's point of view; thus caches are 
covered after virtual memory. The gap between the cache and the disk is then covered 
by describing interleaved memory and DR.AM organizations. Performance models for 
hierarchical memories are used throughout the chapter to illustrate design trade-offs. 

Following the chapter on memory, the issues of processor implementation are 
addressed. First, hardwired and microprogrammed implemenlaUons a.re covered in 
Chapter 5. Then Chapter 6 addresses the ideas and issues of pipelining. The techniques 
of performance models are interwoven with the functional descriptions of processor 
implementation. 

Chapter 7 covers input/output. In this chapter we look at requirements for vari­
ous workloads and examine how these requirements are satisfied in contemporary 
systems. Bus design and serial communications are discussed along with clock recov­
ery and clock synchronization. A brief introduction to queuing theory is included in 
this chapter. 

The concluding chapter, Chapter 8, covers extensions tot he user instruction set archi­
tecture that support operating systems, virtual memory, caches, and multiprocessors. 
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• Multiple accumulator: 

R(R) <- ( R(R)) op (M(A)). 

3.2 Instruction Set Architecture 57 

TABLE 3.2 INSTRUCTION FORMAT BITS 

Architecture Type 

Three address, memory to memory 
Two address, memory to memory 
Three address, register to register 

Load/store 
Two address, register to register 

load/store 
One address, accumulator 
Zero address, stack 

Push/pop 
Multiple accumulator 

Op-Code A R 

Bits 

P + 3A 
P + 2A 
P+3R 
P+A + R 
P+2R 
P+A + R 
P+A 
p 

P+A 
P+A+R 

The multiple accumulator architecture selects a register from the register file to be 
an accumulator. Because both a memory and a register address are avai lable, special 
load and store instructions are not required. 

The various instruction compositions (and local storage) are never found as "pure" 
architectures except in RISC designs. CISC ISAs are composed of several of these design 
options. The Intel Pentium supports load/store register file for integers, accumulator 
for integers, and an evaluation stack for floating point. A combination of the accu­
mulator, register-to-register, and multiple accumulator architectures are used with the 
IBM 5360. 17 

Bit Budget 

Observe that each of these register organizations has differing numbers of bits in 
their instruction formats. A major consideration in !SA design in the early decades 
of the computer industry was the minimization of the bits required to represent a 
program. The number of bits is known as the bit budget. 18 To illustrate how the bit 
budget is computed, assume that an op-code has P bits, a memory address has A bits, 
and a register address has R bits. Table 3.2 tabulates the number of bits required for 
each instruction format. 

17 The designation S360 is used in this text to identify al l member~ of this ISA family: S360, S370, 
S390. The specific designation will be used when the feature being discussed applies to one of 
the family members. 

•• Bit budget may be measured in bits, bytes, words, or instructions. Any consistent metric will 
suffice. 
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88 User Instruction Set Design 

system. Following the technique of the example in Subsection 3.2.3.1 we find 
that 3 bits are saved in the exponent for equal range. 

Comment 
From a bits-lost-or-saved point of view, base 256 seems to be a poor choice: 
lose 4 bits in the fraction, save 3 bits in the exponent. 

Logical Data Types 

Many computers define logical data types, also called Booleans, that are a vector of 
bits allocated to a byte, half-word, word, or double-word primary data type. These bit 
vectors are used to record binary events or states. Logical data types are used primarly 
for housekeeping tasks within a program and are rarely found as the input or the 
output of a progam. 

The S360 allocates logical values to any of the data types, bytes, half words, words, 
and double words. The Pentium Pro can allocate a bit field of any length, as shown in 
Figure 3.11. One address specifies the start of the field, and a length parameter specifies 
the number of bits in the field. 

3.2.3.2 Program Sequencing Data Types 

A number of architected data types are used for controlling the sequence of the exe­

cuting programs. These data types are the program counter and the indicator bits. 

Program Counter 

With modem computers, a program is stored in sequential memory Locations and is 
accessed by the program counter. The pwgram counter data type is an unsigned integer 
having a length equal, in many architectures, to one of the primary data types of the 
ISA. It is convenient to have the program counter data type the same length as a user 
data type, so it can be stored in memory with a context switch. 29 The Pentium Pro pro­
gram counter is a 32-bit register called the extended instruction pointer (ElP) register. 

The IBM S360 takes a different approach. The program counter (called the instruc­
tion address) is allocated in the 64-bit program status word (PSW), a double word that 
can be conveniently stored. The S360 and S370 program counters are 24 bits, whereas 
the S390 has a 31-bit program counter. 

Branches require an £A that is loaded into the program counter when a branch is 
taken. There are three common forms of branch EAs that become the new program 
counter value. The displacement is the displacement field of the branch instruction: 

Direct 
PC relative 
Base relative 

PC+- (displacement) 
PC +- (PC) + (displacement) 
PC +- (base) + (displacement) 

z9 Some single-chip microcomputers do not follow thls convention. The length of the program 
counter is set to address the on-chip program ROM. A special hardware stack is provided to save 
the program counter for the return address when calling a subroutine or when responding to an 
interrupt. 
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EXAMPLE 

3.2 Instruction Set Architecture 89 

Byt Signed Integer 

ign ~ 
7 6 0 

Word igned integer 

ign --.[L-.L.-------..J 
15 14 0 

Doubleword Signed integer 

Sign---.-......._ ______________ __1 

31 30 0 

Byte Un. igned Integer 

I 
7 0 

Word Unsigned Integer 

15 0 
Doubleword Unsigned Integer 

31 0 

BCD Integers 

X I BCD I . . . -II X I BCD I X I BCD J 
7 4 3 0 

Packed BCD Integers 

l.---B--,-----,1 . . . _ I BCD I BCD I, BCD I BCD 1 
7 4 3 0 

Near Pointer 
Offset or Linear Address 

31 
Far Pointer or togical Address 

egment Selector / ~ Of{ et 
47 32 31 

Bit Field 

r Field Length i 
Least 

Significant 
Bit 

Figur 3.11 Pentium Pm data types {courtesy of Intel Corporation) 

0 

0 

What happens when a displacement is added to th PC or a base valu and 

there is a carry out? 

Solution 
There are two solutions to this design problem. First, th carry can be detected 
and an interrupt signal1ed 1 indicating an error. Second, the ff ctive addres 
wraps around and th branch is taken to a low-order address. 
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so User Instruction Set Design 

Comments 
A designer must ens~re that all such unusual situations do not result in unpre­
dictable performance. 

Indicator Bits 

As data types, indicator bits are sin1ply bits. The interesting characteristics of this 
data type are the methods by which they are set/reset. In Subsection 3.2.2 the use of 
indicator bits by branch instructions is discussed. Remember that the indicator bits 
permit a condition to be carried forward to a subsequent instruction that will test 
and branch based on the condition. Indicator bits are set/reset or recorded by two 
methods: 

• as a side effect of an instruction 
• explicitly as the primary result of an instruction 

An example of side effect recording is as follows. For all arithmetic operations, U1e 
output bus of the ALU is tested for zero; if zero, the indicator is set to 1; otherwise it 
is reset to 0. Explicit instructions can also record a result in an indicator. For example, 
a Pentium Pro instruction perfonns the following: 

CMP - compare two operands. Compare the contents of two registers and set 
the status flag according to the results. 

With most early computers, such as the von Neumann ISA, the branch instructions 
were of the test-and-branch type and did not use indicator bits to carry forward con­
dition information.30 The first use of indicator bits known to the author is found in 
the IBM 704, first installed in 1955. With the IBM 704, an input byte is checked by 
hardware and its parity recorded in a P bit. This bit holds the parity condition un­
til there is another input operation that sets/resets the indicator. Thus the indicator 
must be used before it is changed by a following instruction. All other branches in 
this computer were of the test-and-branch type that tests the condition of various 
registers. 

The use of indicator bits, as we know them today, can be traced to the £BM Stretch 
installed in 1961. With this machine, 64 indicator bits are grouped into an architected 
double word that, in addition to being tested by branch instructions, could be stored 
and reloaded for context switching. Seven of the bits recorded the result of an integer 
ALU operation as side effects: negative, zero, positive, negative sign, low, equal, and 
high. Ten of the bits recorded the floating-point ALU results and exceptions. 

TBM S360 Condition Coties. The IBM S360 carried forward the architected indi­
cator bits idea from the IBM Stretch in a restricted fashion. The condition code is 
allocated to the architected PSW along with other status information. The design­
ers of the S360 believed that the indicators of the Stretch could be encoded, thereby 

30 The von Neumann ISA could branch on a previously computed value in the accumulator, =:::_O. 
Likewise, the Bell Model V relay calculator could branch on the sign of a previously computed 
value. 

• 
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3. 2 Instruction Set Architecture 91 

TABLE 3.13 IBM S3SO CONCITION CD□ES 

Condil1on Cod Valu 

I ns.t ruction 00 01 10 11 

ADDI gi al zero, no carry nor zero, no z,ero, carry 
(I rry 

SUBTRACT logical - not zero, no zero, carry 111 I zero, carry 
carry 

Test under mask zero mi ed ones 
ADD zero <zero >Z r overflov. 
Move long ount equa.J ount low count high dest ov rlap 
Compare rJoating point qual low high 
ADD d cim~ l zero <Z ro >zero overflow 
Store clock s t not set error nol operati 

aving bi , s in the P VV and m king romn for the pro · am counter and other control 
infom1a ion. 

Two bi.ts are used Lo encode four conclition ; e coded indicator are called condition 
codes. Further complicating the design, the conditions are recorded as side ffects 
and are cont xt dependent. That is, the .meaning o the encoded value depe[ d on 
th instruc ion that record th condltion. A small sample of the condition oding is 
how1 in Jble 3.13. 

Th branch instructions h v a 2-bit field that is compared with the 2-bit condition 
cod . "or exampl , if fter perfortning an ADD one wants to tesl the r ult for zero, 
the z bits in the ·nstruction would be 00. If a branch on overflow is ct sired, the bits 
would be 11. 

The sy ten1 of the IBM S3 60 opens many opportunitie for programming errors. 
Say, for xample., an ADD i performed; then the dock i tared. The information in 
the condition code foUowing the add ha been destroyed. A branch on 00 would noiv 
:report that the clock is set, not that the resul of the pr, vious add i not zero. 

Intel Ardiitecture Family Indicator Bits. fnte] literature refers to indicators as flag, 
the term u ed in this discu sion. The first member of the x86 family, the i8008, ha 
four implemented flags th tar et/re et a side effects to other operations: carry, zer 1 

po itiv , parity. Be au~e the flag ar unpl m nted their values cannot be stored and 

retrleved for conte~ t witching. 
As the ev lution of the x86 fanilly progressed to the i8080 and tl1e i8086, th i286 

w ,s the first member 1.vith a1 hit cted flags. \IVith the i286, 16 flags are allo ·ated in a 
regi ter that can bes o,ed and retrte eu or context wHching. However, only 12 flag 

were ass·gned1 leaving 4 bits for xpan ion. 
The flag of the Intel Pentium Pro an~ shown in Figure 3.12. he flags r . llo­

cated to a 32-bit word. ote U1 r are hree classes of flags .: statu I contra], and y -
tern. The auxiliary carry f ag i , u ~ d for p rfonning a decimal ad just after a deci­
mal addition. The alignm nt check flag i of inter st b ause th 86 n1ernory i 

byt addressable. I r or example1 a word ( 4 1.Jyte ) i addre ed and th add.re i not 

n I 

LzLabs GmbH. Ex. 1014-12



130 User Instruction Set Design 

3.20 TheAtanasoff Berry Computer, described in Chapter 1, uses Gaussian elimination 
to solve linear algebraic equations; see Figure 1.9. Show how the ABC solves for 

x and y by using binary data types; 3x + 2 y = 12, 4x + y = 11. 

3.21 Can the two steps of the x86 decimal-adjust operation be combined into one step? 

If so, describe the operation. If not, explain why not. 

3.22 The text states in Section 3.3 that one advantage of a fixed-length instruction is 
that instructions will not cross page boundaries. Explain why this is so. 

3.23 Consult Intel documentation on any member of the x86 family and explain how 
signed decimal arithmetic is performed. 

3.24 The combinations of fixed-length/variable-length instructions and op-codes are 
discussed in Subsection 3.2.4. Why is the combination of fixed-length instruc­
tions and op-codes not included in the list of design options? 

3,25 The program counter of the VAX is allocated to register 15 of the register file. 

Discuss the advantages and disadvantages of this design. 

3.26 Consu It the documentation for the IBM 5390 and construct the equivalent of Table 
3 .13 IBM S360 op-code classes. 

3.27 The example in Subsection 3.2.3 shows that base 16 requires 2 fewer bits than 
base 2 for the same range. The equal ity was solved by assuming one base 16 ex­
ponent bit. Show another solution of the equality that makes no such assumption 
and shows that the result is general. 

3.28 The average length of an 8086 instruction was given as 2.25 bytes in Section 
3.3. This average was found by running programs in 1989. At this time, do you 
think the number of bytes per Pentium Pro instructions is less than or greater than 
2.25? Explain your answer and give an estimate that you wou ld use for modeling 
purposes. 

3.29 Provide a rationale for the round-to-nearest-domain function of the IEEE 
floating-point standard for the case in which R = 1 and 5 = 0. 

3.30 Figure 3.9 shows three classes of interrupt handling methods. However, the text 
suggests that there are four: the combinations of between instructions or within 
and instruction and continuation and restart. Explain how these four methods are 
accomodated in Figure 3.9. 

3.31 Generalize the rules for making the correction to biased exponents after an addi­
tion or subtraction. 

3 .32 Are the Intel integer data types one of the six data types described in Table 3.6? 
Expla in your answer. 
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276 Extended Inst.ruction Set Architectures 

that ha a control bit (bit Ir.:} s t to upervisor mod .73 Th user P W i!:» v d in 

memory location 32. After the upervi or call interrupt ha b n serviced, the 

µrivil )ged load PSW (LP W) in truction restore th old PSW and r tart · th 

interrupted progr m. 

Comment 
If the PR instruction i , cuted and the processor i n t m th supervi or mode, 

an illegal op-code interrupt will beg nerated when the instruction i decod d 

The IBM 390 introduces semiprivil ged instructions that an be e e uted in the 
user mode when certain authority requirements are met. Likewise, lh Intel Pentium 
Pro ha four l v 1 f priviJ g . L v l O i th op rating 'item kem I, level 1 nd 2 re 
the operating ystem 5er ices (device driver , etc.), and 1 vel 3 i th u r or application 

level. 
In this chapter, we di cu the privi.J ged in tru tion , th ir operations, data types, 

and addre es. Two la s s of extended user instructions are also discussed in Section 
8.7: multiproces or support and MMX enhan em nts to the Jntel P ntium. 

8 .1 OPERATING SYSTEM KERNEL SUPPORT 

A ·ubset ot privileged instructions, op rating system kernel supp rt, i discussed in 
thi eclion. Tiler r me operating sy tem in truction that are similar to user in-
tmction e c pt that they use different rcgi t r . Processors may have a set of r gister 

that are addr d only by the privileged instructions. Thu there are., in essence, other 
pr ces or embedded in the user processor. However, there are common r ources uch 
a each s, ALUs, and implemented regi ter u ed by all in ·truction . 

The proce or tate onsists of the system data typ s that are collection of bits, 
fields of bits and word allocated to regi ter that are used as emifixed indicator 
of ::iome tat of the proce and processor. Th e register hold indicator bits that 
define at any time the current operating mod and conditions of the processor. The 
proc or state regi ter5 usually include the indi ator bits, dis ussed in Chapter 3 in the 
c ntext of branching. In addition to the state register data typ , the memory addresse 
associated with these data types ar de rib <l along ¼ith th operations that can be 
performed on the data type . The processor tate r gistcrs for the IBM 370 and the 
Intel Pentium Pro ar 

IBM 370 (IBM 1976): 
PSW 
Contr l regi ter 

Intel Pentium Pro (Intel 1996): 
flag regi ter 
Control regi ters 
Instruction pointer regi ter 

n IBM calls this hit r or prohlem tat bit. 
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8.1 Operating System Kernel Support 277 

The P W, 0ag register, and the instruction pointer register hold bits that may be 
chan ed dynami ally during program execution. Control registers hold bit that are 
not normally modified during program execution. The e bits establi h the mode of 
operation and are wapped to/from memory becau e of a context witch or, with smne 
processors, a subroutine call. 

The data types de ribed in this chapter have many bits and field allocat d to 
computer words. tudents n etl nol memorize the e allocations, as detailed knowledge 
can alway b obtained from the manufacturers' literature. However, students hould 
under tand why the data types exist and have a general understanding of the function 
and the purpose of the data type . 

The operating sy tern kernel data types exist to control the sy tem, not produce 
results. Thu - they never leave the system as output . The data type are transferred 
to dedicat d regi ters in the processor, where they perform their intended fun tion. 
The e data type may be modifi d by privileg din truclions during program execution 
or by side effects o u er instruction . 

IBM S360, S370, and S390 

The IBM 360 family of computer was designed from the beginning to b 
controlled by an operating sy tern. Thus a number of hardware and oftware concepts 
were introduced that facilitate the design and u e of an operali.ng system. We look at 
the data types, addre e , and operation that support the operating system 
kernel. 

Data Types. Figure 8.1 how the PSWs for the £BM S360 ba ic control (BC) mod 
and the 370 extend d control (EC) Mode. The S370 extended the S360 with virtual 
memory requiring addition~ to the 360 P W. Note that the program counter, called 
the in truction address, is found in the PSW a is the 2 bit conditing code (C ). Bit 
0-7 set the control of th interrnpt . 

hanne.l Masks 1 E 
0-~ 0 Key 

0 6 8 

32 34 36 40 

PSW Fonnat in BC Mode 

Key 

0 8 

!000000001 

32 40 
rsw format in EC Mode 

UMWP interruption Cod 

12 16 

Instruction Address 

1
1
MW P O O .C 

12 16 18 

Program 
Mask 

20 

Instruction Address 

31 

63 

001)00000 

24 31 

63 

Fi~•11re 8.1 I.BM 360, S370 r W (courtesy International Bu ine s Machines orporation) 
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278 Extended Instruction Set Architectures 

I E Prog 
0 R 0 0 0 T 0 X Key lM IW p A cc Mask O O O O O O O 0 

0 5 8 12 16 18 20 24 31 

H In tmction Addre s 

32 63 

igure 8.2 IBM 390 P W (courtesy Intemational Business Machines Corpora­
tion) 

A 4-bit key provides protection for 2048-byte block jn memory. 74 Each hlock in 
memory has an as ociated 7-bit k y, alled key in storage. For CPU writ , the 4-bit 
key in the P W mu t match the corresponding 4-bit key in storage. CPU reads are 
p rmitted if th key matches or if bit 4 in the key in storage is zero. This key mecha­
nism provides protection from unauthorized reads and writes. The key in the PS\N is 
modified by a privileged instruction. 

The 4-bit program mask augment the condition code for fixed-point overflow, dec­
imal av rflow, floating-point und rflow, and floating-point significance when the re­
ult fraction of a floating-point op ration is zero. An interrupt is generated when any 

of the mask bits are set to 1. The operating system kernel then determines the source 
of the interrupt by examination of the condition code, key, and/or the interrupt code. 

The S390 P W, EC mode, reallocates all lhe bits e cept the instruction addres , k y, 
and a te\.\' other bits, a shown in Figure 8.2. The major difference from the S370 is 
that the instruction address has been increa d to 31 bits from 24. Reference should 
be made to an operation manual for a full de cription of the bits. 

In addition to the P W ata type, the IBM '370 has a 16-word 32-bit control reg­
ister (CR) file .75 One or more bits in tbese registers is a signed to functions n ding 
control or specification. ome of the bits are assigned to virtual-memory address tran -
lation and others to multiprocessing (for example, the time of day clock mask). Other 
bits control the re ording of program vents, such a uccessful branches. Finally, bits 
control how machine ch ck are handled: logout or not logout. Table 8.1 shows the 
general functions allocated to each of the CR words. Re er to any detailed architectural 
d scription of the IBM S370 to obtain the e act allocation . 

Addresses. The contents of the P W and the CR are moved to/from memory by 
special instruction . Thus a source and a destination address are r quired. The P Wand 
CRs are addressed by implication in the in truction op-code, and memory is addressed 
by a computed effective addre s. 

The 370 provides a region of real memory that is directly acce s d - i.e., the ad­
dresses are not mapped by the virtual-memory y t m. Thi. region of memory, 0- lF , 
is used to store PSWs, CRs, and machine-check information. Space is also provided to 

74 A block may or may not be a virtual-memory pag as the 5370 can hav 4096-byte pa :1es. 
75 The 360 did not have CR~; the were added with the :170 and their use expanded, ith the 

390. 
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TABLE 8. 1 IBM S370 CR ALLOCATIONS 

Word Primary Use 

0 Multiproce sing, dynamic addre translation, ,mer 
Dynamic addre s translation 

? Channel masks 
] Unas 1gned 
4 Unas ign d 
5 Um1ssigned 
6 Unassigned 
7 Unassigned 
8 Monitor 
9 Program-event recording 

10 Program-event re ording 
11 Program-event re ording 
12 Unassigned 
13 Unassigned 
14 Machine-check handling 
15 Machine-check handling 

store floating-point and general register value . The rea ·on thi region i direct mapped 
is to en ure that its contents are never paged out to the di k; the content · are always 
directly acce ible by the processor. 

Operations. Before the operations are described, it is instru tive to examin the i 

instruction formats of the IBM 370 shown in Figure .3. The in tructions can be 2, 
4, or 6 bytes long. A wide vari ty of addres ing option are provided. The formats 
associated with each of the instruction of int re tare indicated in the text by theit 
two-character format codes, uch as RR for register to register. 

The IBM 360 has 11 privileged instructions: 5 for the kernel (plu 1 nonprivileged 
in truction), 4 for l/O, and 2 for multiprocessing. The IBM . 360 s t of in truction is 
a smaller set than the 26 of the IBM 5370 and the 55 privileged and , emiprivileged 
in tructions of the IBM 390. For instructional purpo es, the imple S360 set is de­
scribed. 

Table 8.2 hows the instructions that are u d to modify the status of the PU 
by loading and taring the bits in the PSW. ote that the storage key can be loaded 
or stored but the ystem ma k and the program mask can only b loaded into the 
PSW. · he diagnose in truction invokes hardware diagno tics that are uniqu to the 
processor model. 

Intel Pentium Pro 

The Intel Pentium Pro evolved from the Intel 8008, which was not design d to be 
under the control of an operating syst m. Thus ome of the features have the appear­
anc of b ing added on Lo a impler architecture. The operating system has four Levels 
of privilege with pro -sor state data type , addresse , and op rations or the support 
of the operating y tern kernel. 
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A processor accesses the semaphore and determines if it can use the datum or if 
the datum is in use by another process. Reading the semaphore must be done in such 
a way that any other processor cannot attempt to access the semaphore while this 
is going on. ln other words, there must be exclusive access to the semaphore in real 
memory. A basic design problem in achieving this end is that the instruction must be 
able to read-modify-write to the memory location holding the semaphore; two data 

memory cycles are required. 
One way of ensuring exclusive access to the semaphore is by means of an atomic 

instmction. An atomic instruction is an instruction that performs an operation that 
cannot be interrupted or terminated by anotl1er processor and the semaphore cannot 
be accessed by another processor during the execution of the instruction. 

Two distinctly different techniques a1e used to achieve atomic synchronization in­
structions with the IBM S360 and the Intel x86 architecture (before the Pentium Pro). 

These are discussed in the two subsequent subsections. 

IBM S360 

One type of synchronization instruction is test and set, first used on the TBM S360 
and included in the ISA of the S370 and 5390 (Falkoff et al. 1964). This instruction is 
nol privileged, is atomic, and performs the foJlowing steps80: 

1. As a side effect, it locks out the memory bus from other users. 
2. 1t copies the state of S into the CC bits of the PSW. 

3. It performs a write that sets 5 to 1. H 5 is already 1, its value remains 1. (Collec­
tively, steps 1, 2, and 3 are the test and set instruction. After this instrnction is 
executed, the lock on the memory bus is released.) 

4. The processor then tests the condition code with a branch instruction to deter­
mine if access to the datum has been obtained. If CC = 0, access is obtained, go 
to step 5. If CC= 1, access is not obtained; the processor tries again by returning 
to step l. 

5. The processor uses the protected datum, which may include modifying the datum, 
and goes to Step 6. 

6. It executes an atomic store instruction that clears S to o, thereby releasing the 
datum to another user, then continues. 

Data Types. There are two data types associated with synchronization. The first is 
the semaphore, which is a byte rather than a single bit. This approach wastes 7 bits 
but simplifies the design as this architecture addresses to the byte; all the bits of the 
byte are either 1 or 0. 

The second data type is the 2-bit CC field of the PSW shown in Figures 8.1 and 8.2. 
These bits are set to 00 for a semaphore of O and 01 for a semaphore of 1. 

;I<) IBM does not use the word atomic. Instead they use the phrase "appears to be an interlocked­
update reference as observed by other CPUs." An l/O channel is not considered to be a CPU and 
interlocks are not provided. 
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TABLE 8.18 IBM S360 PROCESSOR SYNCHRONIZATION 
INSTRUCTlONS 

Mnemonic 
Name (fo.,.mat) Function 

Test and !>el TS (SI) The byte at address. (D1 + (B 1 l) b copied inLo 

1he condition code and 1 is \Witten into all 
bits of the address cl byte 

Move MVI (SI) Moves the immediate byte of all 0!> in bits 8-15 
into the byte at address (0 1 (B 1 )) 

Addre ses. The effective address of the emaphore byte i base plus di placement. 
The other addres for test and set, the CC, is implied ·n the op-code. The atomic . tore 
instruction uses an immediate operand of all zeros for the ource. The destination 
add.re is the effective address of the · emaphore byte. 

Operation . Synchronization is provided by two atomic instructions, shown in 
Table 8.18. Thcr are a number of compli tions in implementing the test and set 
instruction. For example, during a test and set instruction, the bus and memory are 
locked out from other u ers. A this instmction can take many locks, the bus utiliza­
tion can be adversely affected. An extreme case for th 370 and S390 would b that 
th first time the semaphore is acces ed, it niay be on the disk in vi rtual-addre s spilce, 
r quiring a page fault, all U1e while locking out other proce ors from the memory 
sy tern. 

Other Multiprocessor Instructions. The IBM 360 provides a direct path for proces­
sors to communicate without u ing the sy tern bu~. · ach processor ha eight direct-in 
lines, eight direct-out lines, and eigl t direct-signal line (bit 8-15 of the SJ format in­
struction}. Two instructions, shown in Table 8.19, use the 'e lines for communication 
b tween other processors in the system . 

Th re i a strobe signal with model-specific timing specification that ar not per­
tinent to the discussion of IS . 

TABLIE 8.19 IBM S360 INTERPROCESSOR COMMUNICATION 
INSTRUCTIONS 

Mnemonic 
ame (Format) function 

Rezid di reel ROD (SI) Bits B-1 5 of the instruction are placed on the signal-out 
lines. The byte on Lhe direct-in lines 1s written into 
the byte at memory add res (D1 + (8 1)) 

Write dir cl WRD (SI) Bit 8-15 of the m'itruction are placed on the signal-out 
lines. The byte at memory addr s (01 + (8 1 )) 

i'i placed on the rlirect-out lines 
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TABLE 8.22 INTEL PENTIUM PRO PERFORMANCE MONITOR EVENTS 

Unit Monitored Event De cription 

Data ca he • All m mory references 
• Weigh d number of ydes while a data cache mi s i outstanding 

lnslruction retch unit • umber of instruction fet hes 
• 1 umber of instruction I B mis. es 
• Number of in truction fet h miss 

L2 cache • \lumber 01 l2 instruction fetch 

• umh r of l2 data loads 

• umb rot L2 data store,; 
Floating-point unit • Number ot computational tloating-po111t operation retired 

• 1 umber of omputiltional tloJting-poinL operation e e ute<l 

ote that these perfonnan ·e mouitorin 1 facilitie are imilar to those found with 
th £BM S370. Tabl 8.1 how that word 9, 10, and 11 ar allo at d to re ording 
progr, m v nt . 
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EXERCISES 

8.1 Describ the IBM 360/370 channel !SA in t rms of data type , addres es, and 
operation . 

8.2 What in truction could be used with th IBM S360 to determin if the condition 

code perm its acce s to a datum that is protectC'cl with a emaphore? 
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8.3 Consult the Intel Pentium Pro documentation on performance monitoring and 
determine how the miss rate of the instruction cache and the data cache can be 

determined. 

8.4 The paper "PicoJava: A Direct Execution Engine for Java Bytecode" by McGhan 
and O'Connor, found in Computer, October 1998, describes a processor for ex­

ecuting Java programs. Write an essay describing the salient architecture .and im­

plementation features of this processor in 500 words or less. 

8.5 Describe the meaning of the circled numbers 11 2, and 3, of Figure 8.6. 

8.6 Section 4.6 describes four segment/page configurations that are used with the 

IBM S370. For each of these configurations, list the number of bits that are added 
in the two adders and the bits concatenated in the real-address register of Figure 

8.6. Reca ll that the S370 has a 24-bit effective or logical address. 

8.7 What is the length of the virtual address of the Pentium Pro? 

8.8 Figure 8.8 shows the Pentium Pro segmented virtual-address system for 4K-byte 
pages. The system can also support 1 M-byte pages. Show how the linear address 

and tab les are reconfigured for 1 M-byte pages. 

8.9 Explain why two adders are used for the S370 virtual-address translation, Figure 

8.6, whereas only one adder is used for the Pentium Pro, Figure 8.8. 

8.10 Consider the synchronization instructions discussed in Section 8.6. What happens 
when two or more requests to access the semaphore arrive on exactly the same 

clock? 

8.11 Derive the model for MIOPS used in the example in Section 8.7. 

8.12 What is done with the two 32-bit results computed in the multiply and add in­
struction shown in Figure 8.19? In other words, how can these results be used as 
inputs to subsequent instructions? Note that the source operands are 16 bits. 
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