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Table 11 The computer-space dimensions

Computer function + ( Von. Neuman,
Scientific
Business
Control
Communications

(switching|store and forward)
File control
Terminal
Time sharing

Logic Historical Cost/operation
Generation datetechnology Pc.speed (sec) (/bit/s)

Mechanical
Electromechanical 1930 10 1 1000

10-2(Fluidics) (1970)
Vacuum tube first 1945 10-3 10
Transistor + second 1958 10-5 -1

1964 10-*Hybrid
Integrated/IC third 1966 10-7 0.1
Medium to large- fourth? 19772. 10-* 0.01

scale integrated/
: t

MSI'~ LSI

* Word size Base Data-types be :

binary word h

: matrix
array
lists, stacks

Addresses/instruction M.processor state (excluding program counter)

x

8b
12b decimal . integer|address (integer)
16b bit|bit vector
24b instruction
32 b

é floating point
Ger48 b character

64 b character string
character (6b) word vector
character (8b) vector

0 address (stack)
1 address
1 + x (index) address
1 + g (general register) address
2 address
3 address
n + 1 address
Language determined
Compound
Microprogrammed

stack
1 Accumulator
accumulator and index registers
general registers array

:

no explicit state
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PMS structure Switching Processor function

1Pc l: n (duplex) 4 P.microprogram
1Pc(interrupt) Pc
1Pc-nPio n:m (time-multiple x) Pc (no io)
1 Pc-nPioP(disptay) +Pio
2C (duplex) 2: n (dual-duplex) ut P.display
nPc(muitiprocessing) n:m (cross-point)
nPc-P(array | special algorithm) + P.array +

nPc(parallel processing) P.vector move
C (network) P.algorithm
Network n/2:n/2 (non-hierarchy) P.language

Accessing algorithm Mp.size Ms.size Mp.speed (b/s) Ms.speed (b/s)

Linear (stack)
Linear (queue)
Bilinear tape (large) >105
Cyclic-random disk (medium) magnetic card (large)|

a > 108Cyclic -drum (large) drum (small) photostore (large)
Random -core (medium) core (smaller) >107 >107
Content film (small) >108
Associative integrated circuit > 10°

concurrency Interprocess communication

'1 program
1 program with interrupts
1 program with multiple concurrent

subprograms (for example, 1Pc-nPio)
. Monitor or fixed program(M) + 1 program
m + n swapped programs 2
m +n programs (multiprogramming)

No relocation
- 1 segment
2 segments (pure, impure)
<>2 segments
Pages

m +n segments with shared programs
Fixed length, paged segments
Multiple-length paged segments
Variable-length segments

subroutines and traps
interrupts
interprocessor interrupts

extracodes (programmed operators for
monitor calls)

intersegment communication

mentsNamed c

Processor concurrency

Serial by bit
Parallel by word
Multipie instruction streams, 1Pc
Multiple data streams (arrays)

. 1 instruction buffer
n instruction buffer

Look-aside memories
wPipeline processing
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CHAPTER 1: SEVEN VIEWS OF COMPUTER SYSTEMS

A computer is determined by many factors, including such diverse elements as
its architecture, its structural properties, the technological environment,
and the human aspects of the environment in which it was designed and built.
Many of the design factors lie outside the control of the designer, including
the availability and price of electronic technology, rules and standards

promulgated by govenment and industry, current and future market conditions,
and the cummulative investment in software of the various users.

In this book various authors reflect on a wide range of DEC computers - their
goals, their architectures, their various implementations and realizations,
and occasionally on the people who designed them. The presentation is limited
to the engineering of the basic computer hardware and does not describe,
except as interfacial design, the engineering of peripheral equipment or

software.

An attempt is made to show the interrelationship of the design to various

factors, beginning with the architectural specifications, and to observe how

the design was affected by the available technology, by the engineering

organization, by the sales and manufacturing aspects, and finally by the

application.

Figure 1 shows the organizational entities and implied design activities
affecting the design of a computer. The lines indicate the two-way flow of

information influencing the product specification. Of the flows shown, the
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physical flow of materials is the easiest to trace as it comes from basic
technology suppliers, moves through the plants that build basic the computer

parts, and then goes to where the final system is assembled.

Computer engineering is the complete set of activities, including the use of

taxonomies, theories, models, and heuristics, associated with the design and

construction of computers. It is like other engineering, and the definition
that Hamming once gave is especially appropriate: engineers first turn to

science for aswers and help, then to mathematics for models and intuition, and

finally to the seat of their pants.

In the few decades since computers were first conceived and built, computer

engineering has come from a set of design activities that were mostly

seat-of-the-pants based, to a point where some parts are quite well understood

and based on good models 3:4 rules of thumb, such as technology models, while
other parts are completely understood and employ useful theories such as

circuit minimization.

In this chapter, seven views are presented that the authors have found useful

in thinking about computers and the process which molds their form and

function. The views are intentionally independent; each is a different way of

viewing a computer. A computer scientist or mathematician sees a computer as

levels of interperters. An engineer sees the computer on a structural basis,

with particular emphasis on the logical design portion of the structure. The

view most often taken by a buyer is a marketplace view. While these people

each favor a particular view of computers, each typically understands certain

aspects of the other views also. The goals of Chapter 1 are to increase this
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understanding of other views and to increase the number of representations
used to describe the object of study and hence improve on its exposition.
Thus, these views should form a useful background for the subsequent chapters
on past, present, and future computers.

Since performance is such a major component of the objective function by which

a computer is judged, an appendix is provided which looks at the common ways

for evaluating performance.
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VIEW. 1 : Structural Levels of a Computer System

In Computer Stuctures [ Bell and Newell, 1971 ], a set of conceptual levels
for describing, understanding, analyzing, designing, and using computer
systems was postulated. The model has survived major changes in technology,
such as the fabrication of a complete computer on a single silicon chip, and

changes in architecture, such as the addition of vector and array data types.

As shown in( Figure 2/there are at least five levels of system description
that can be used to describe a computer. Each level is characterized by a

distinct language for representing the components associated with that level,
their modes of combination, and their laws of behavior. Within each (system)
level there exists a whole hierarchy of systems and subsystems; but as long as

these are all described in the same language, they do not constitute separate

system levels. With this general view, one can work up through the levels of

computer systems, starting at the botton.

The lowest level in Figure 2 is the device level. Here the components are

p-type and n-type semiconductor materials, dielectric materials, and metal

formed in various fashions. The behavior of the components is described in
the languages of semiconductor physics and materials science.

The next level is the circuit level. Here the components are resistors,
inductors, capacitors, voltage sources, and nonlinear devices. The behavior

of the system is measured in terms of voltage, current, and magnetic flux.

These are continuously varying quantities associated with various components,

hence there is continuous behavior through time, and equations (including
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differential equations) can be written to describe the behavior of the
variables. The components have a discrete number of terminals, whereby they
can be connected to other components.

Above the circuit level is the logic level. While the circuit level in
digital technology is very similar to the rest of electrical engineering, the
logic level is the point at which digital technology becomes separate from

electrical engineering. The behavior of a system is now described by discrete
variables which take on only two values, called 0 and 1 (or + and -, true and

false, high and low). The components perform logical functions called AND,

OR, NAND, NOR, and NOT. Systems are constructed in the same way as at the
circuit level, by connecting the terminals of components, which thereby
identify their behavioral values. After a system has been so constructed, the
laws of boolean algebra can be used to compute the behavior of the system from

the behavior and properties of its components.

In addition to combinatorial logic circuits, whose outputs are directly
related to the inputs at any instant of time, there are sequential logic
circuits which have the ability to hold values over time and thus store
information. The problem that the combinatorial-level analysis solves is the

production of a set of outputs at time t as a function of a number of inputs
at the same time t. The representation of a sequential switching circuit is
basically the same as that of a combinatorial switching circuit, although one

needs to add memory components, such as delay elements (which produce as

output at time t - ). Thus the equations that specify sequential logic
circuit structure must be difference equations involving time, rather than the

simple boolean algebra equations which describe purely combinatorial logic
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ciruits.

A glance at Figure 2 reveals there is another part to the logic level. This
part is called the RT (register-transfer) level. The components of the RT

system level are registers (devices that hold a set of bits) and the

functional transfers between those registers The functional transfers occur

as the system undergoes discrete operations, whereby the values of various
re gisters are combined according to some rule and then are stored
(transferred) into another register. The rule or law of combination may be

almost anything, from the simple unmodified transfer (A <-- B) to logical
combination (A <-- B C) or arithmetic combination (A <-- B + (plus) C).
Thus a specification of the behavior, equivalent to the boolean equations of
sequential circuits or to the differential equations of the circuit level, is
a set of expressions (often called productions) which give the conditions
un der which such transfers will be made.

The fourth and last level in Figure 2 is called the PMS (Processor-Memory-

Switch) level. At this level one sees only the most aggregate behavior of a

eomputer system. The PMS level consists of central processors, core memories,

tapes, disks, input/output processors, communications lines, printers, tape

controllers, busses, teleprinters, scopes, ete. The computer system is viewed

as processing a medium, information, which can be measured in bits (or digits,
characters, words, ete.). Thus the components have capacities and flow rates

as their operating characteristics.

The program level has been dropped from the original set of levels shown in

Be11 and Newell. It was a functional level rather than a structural level,
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causing some ambiguities about placement relative to the other levels. The

ambiguity is best illustrated by noting that the ISP notation, which was

introduced to describe the original program level, has since been used to
describe behavior at several of the other levels in Figure 2. For example,
ISP has been used at the PMS level to describe the address translation

switches
1971, it
become important as attempts are made to build models of system-level
behavior,
structura1 building block and as the cost of interconnect dominates system
cost.

Many nota tions are used at each of the four structural levels.
less common ones are at the PMS and ISP levels. A complete description of the

PMS and ISP notations is given in [Bell and Newell, 1971: Chapter 2].
aspects o PMS which are used in this book are described in Appendix 2.

ISP notation has evolved to ISPS and is described in Appendix l.

mechanism for inter-computer-module sharing [Fuller, et al, 1973b] and at the
RT level within DEC for simulation and microprogramming.

Since the PMS level (processors, memories, and transducers), interconnected by

(often in a bus structure), was tentatively proposed as a level in
has become recognized as a formal level. Design at that level has

and will become more important as microcomputers become a standard

Two of the

Those
The
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VIEW 2: Levels of Interpreters

In contrast to the structural viewpoint given in View 1, this view is
functional. According to this view, a computer system consists of layers of
interpreters, much like the layers of the onion skin model given in FigureFigure 1.

An interpreter is a processing system which is driven by instructions and

operates upon state information. The basie interpretive loop is shown 1 Fig
It is most familiar at the machine language level, but it also existsTloop

at several other levels.

To formalize the notion of levels of interpretation one can represent a

processing system by the diagram i Fig. formalproc.

finstructions!

linterpreter ! ! state !<-----_4---_ _

>

Figure Formalproc: A processing system

4---->

The state information operated on by an interpreter is either "internal" or

"external". This can best be understood by considering the "onion skin" levels
of the four processing systems that form a typical airline reservation system.

These levels are listed in Table four.

Table Four
.4
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Level 4 Instruction:
Interpreter:
Internal State:

External State:

Level 3 Instructions:
Interpreter:
Internal State:

External State:

Level 2 Instructions:
Interpreter:
Internal State:

External State:

Level 1 Instructions:
Interpreter:
Internal State:

External State:

9
Latest Edit 3/8/78

seat allocation request message

airline reservation system
number of requests pending at this moment
location of passenger list on a disk file
number of lines connected to systemrotational position of disk
number of reserved seats on a given flightairline name for a given flight

Fortran statement codes

Fortran Execution System

memory management parameters
user name
main storage size location of disk files
interrupt enable bits
expression evaluation stack
dimensions of arrays
subroutine names
values of data in arrays
statement number
program size
value of an expression
DO-loop variable value
printed characters on line printer

machine language instructions
processor
program registerscondition codes
program counter
data in main memorydisk-controller registers

microcode

micro machine

instruction register
flip-flops holding error status
stack of microprogram subroutine links
program registers



Chapter 1 10
G. Bell, C. Mudge, J. McNamara Latest Edit 3/8/78

condition codes
program counter

The Level 1 system is a microprogrammed processor implemented in real
hardware. It is the machine seen by the logic designer. The Level 2 system is
the CPU. It is the machine seen by the machine language programmer. The Level
3 system shown here is a FORTRAN-language processing system. The Level 4

system is an airline-reservation system. This interpreter operates on

messages received from outside of the system, tests and modifies the state,
and generates messages to send back. These four systems form the hierarchy
shown in\ Fig. Hier. Each interpreter sequences through multiple steps in
order to perform a single operation for the next-higher-level interpreter.

In practice, few systems are levels of pure interpreters, although layers are

present. There are two primary departures from the pure interpreter model:

(a) high-level-languages are usually executed by a compiler rather than by an

interpreter, and (b) some layers are bypassed when more ideal primitives exist
at deeper levels. illustrates this bypassing process. A pure

interpreter implementation of Fortran would use an object time system (OTS)

for all Fortran operations designated in the figure as "Type C". The OTS would

require an operating system (OPSYS) for the interpretation of some of its

operations, and the operating system in turn would be interpreted by the ISP

interpreter. However, the Type A operations in the figure would be directly

igure Pipe

interpreted by the ISP interpreter.

Having presented the pure interpreter model, one can now return to the onion

skin layered model and better understand how the different layers relate.

The macromachine hardware can be thought of as a base level interpreter. It is
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most often extended upward with an operating system. There may be several
operating system levels so that the machine can be built up in an orderly
fashion. A kernel machine might manage and diagnose the hardware components

(disks, terminals) and provide synchronizing operations so that the multiple
processes controlling the physical hardware can operate quasi-concurrently.
Next, more complex operations like the file system and basic utilities are

added, followed by policy elements such as facilities resource management and

one sees a much differentaccounting. As viewed through the operating systen,
machine than that provided by the basic instruction-set architecture. In

fact, the resultant machine is hardly recognizable as the architecture most

but hasusually given by a symbolic assembler. It includes the basic machine,
much more capable I/O and often the ability to be shared by many programs (or
tasks).

Operating systems designers believe all these facilities are necessary in

order to implement the next higher level interpreter--the standard language.
The language level may include interpreters or compilers to translate back to

the machine architecture for ALGOL, BASIC, COBOL, FORTRAN, etc. or any of the
aother hundred standard languages and their dialects. At the language level,

user again observes a common language machine.

Often an additional special language is used because an application can't be

easily expressed using the standard language and it is necessary to have

operations that are within the domain of the problem. AIsing a special

language, various application subprograms (a program library) can be created

One then may build theto enable specific application programs to be written.

application and finally the real user can get a problem solved in a
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cost-effective fashion provided there has been the right set of operations
(languages) at each of the levels.

Sometimes the stratification is done to help manage complexity or to allow
specialization of design activities. Sometimes the underlying layers are

completely hidden from the user to aid ease of use [Mudge, 1973].

Finally, note that using fundamentally different outer layers for a common

inner set of layers creates quite different machines, hence a set of onions.
Therefore it is important to realize that when dealing with common core

hardware, multiple operating systems, languages and applications, a network of
machines (a crop of onions) is formed, not just a single, layered machine.

In the final analysis, the number of levels is just another tradeoff.
Performance considerations lead to the deletion of levels, complexity leads to

the addition of levels.
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VIEW 3: Packaging Levels of Integration

This is a structural view that packages the various components (hardware and

software) into levels. The current levels for DEC computers are as follows.

applications
applications components
special languages
standard languages
operating systems
cabinets
boxes
boards
integrated circuits-]-

N
W

w
ow

7

This view is the most important in the book, because it shows how computer

systems are actually structured, and hence how their costs are structured.
Being a structural view of the object being sold, however, it is completely a

function of the technology, the organization building the system, and the

marketplace, all of which are so rapidly changing with time that the view

could better be titled "Dynamic Levels of Integration". There are three major

changes taking place:

1. Changes in the hardware levels, where the shrinking in physical size of

functions has three effects:

a. Lower levels subsume higher levels
b. The semiconductor component supplier is forced to assume higher and

higher level design responsibilities
ce. Levels disappear
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2. Changes in the software levels, again with three effects:

a. Each level grows in size as more functionality is added over time

b. More levels are added as minicomputers are applied to a broader range
of applications

e. Functions migrate downward from level to level

3. Changes in the hardware/software interface, where software functions

migrate into hardware for higher performance

For the first of these areas of change, hardware levels, it is interesting to

note that interconnection and packaging now constrain and limit design more

than any other factor, excluding the basic lowest level component

(semiconductor) technology.

The constraining and limiting by the interconnection and packaging take place

because most manufacturing costs are associated with the physical structure.
As interconnection levels must be introduced to build complex structures, many

usually unwanted side-effects occur. The interconnection requires space and

interferes with cooling air flow. Long interconnections increase signal
transmission delays, and these reduce performance. Signal transmission not

only makes the computer susceptable to electromechanical interference, but

also may radiate electromagnetic waves will need to be controlled. Finally,
there is the domain of industrial design or aesthetics, and everyone is a

self-based authority on appearance.
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small computers. The cost depends partly on implementation and architecture
word-length. As the word-length is made shorter, there is some economy

particularly for very small computers, because some levels of integration
cease to exist. For example, most hand held calculators are implemented using
4-bit, stored program computers with fixed programs that occupy a single IC.
They have no associated modules, backplanes, boxes and cabinets--only a single
package that fits one's hand.

Note from Fig. 11 that semiconductors, the lowest level of technology, have

had the greatest price decline. This should continue as multiple dice are

mounted on one substrate. Modules have a lesser price decline because they are

a mix of ICs, printed circuit boards, component insertion labor (and capital
equipment to assist insertion), and testing labor (and capital equipment to

assist testing). The price decline for the IC portion of the module cost is
moderated by the labor intensive nature of module fabrication, thus producing
a price decline for modules that is markedly less than that for ICs. At the

box level-of-integration, power supplies and metal or plastic boxes are also

labor intensive and further moderate the price decline provided by the IC's.

Finally, as boxes are integrated (by people), and applied at a system level

(by people), the price decline has almost disappeared.

Many of the cost improvements brought about by new technology are derivative.

They are by-products of using less power and less space, thus avoiding the

labor intensive levels of packaging integration.

An astute marketing-oriented person might ask, "How, with all the technology
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can we do something unique so that we can maximum the benefit from the

technology without having to pay so much for labor intensive items such as

packaging?" One answer: "Reduce prices by not providing a power supply and

mounting hardware. Let the user provide all added-on parts and mount the

computer as needed. In this way, the price, though not necessarily the total
eost to the user, is reduced. We'll sell at the board level." Computer
Automation introduced the "Naked Mini" TM in 1972 at a lower component price
so that users could supply more added value - packaging and power technology.

A similar effect can be seen in the PDP-11 series since the PDP-11/20's
introduction in 1970. Most models were sold at the box and cabinet level with
module level options. In 1976, the LSI11 was sold at the module level, where

a module with 4,096 words of memory and processor was provided for $600. The

boxed version costs x, reflecting a negligible improvement over the PDP-11/20

in packaging, since the PDP-11/20 boxed version sold for x1.

The changing levels of integration have also changed the domain of the

semiconductor suppliers. In the early 70s, Intel, North American Rockwell, and

other semiconductor companies began to use the higher semiconductor densities
to reduce the number of levels of integration by packaging a complete

processor-on-a-chip. These organizations had assimilated logie design, but

were frustrated because their customers could really not identify higher

functionality units (beyond memory) requiring on the order of 1,000 gates on a

chip. Also, the speed of these high density units was quite low.

They discovered that the best finite state machine to make was just a simple

computer, because it provided the finite state machine plus the useful
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functions that were not covered by switching circuit theory. It became "simply
a small matter of programming" to do something useful. While programs for
these simple computers cost $1-$100 per instruction to write, the prices for
processors-on-a-chip have followed a very steep decline of up to 50% price
reduction/year.

Robert Noyce, of Intel, _ sented( Fig. October 1975. It illustrates
what has been happening in the semiconductor industry, and has been modified

slightly to show the technology that DEC has assimilated with time. It
indicates the breadth semiconductor manufacturers now have in technology,
starting from semiconductor device level, through the view Noyce has of the

various levels-of-integration, and continuing into end user applications.

signs ordinal numbers to the levels-of-integration used throughout
an attempt to structure this knowledge in a way that will

hopefully be viable for quite some time - say 10 years. The numbers

associate the physical levels-of-integration with the corresponding levels of

the abstract machine (and its language) and with the conceptual levels' design

disciplines. Figure 13 also shows how a group of levels are compressed for

Figure 13 a

in

smaller systems such as hand calculators and more spread out for larger
systems.

The levels-of-integration viewpoint can be summarized as components of one

level being combined into a system at the next highest level in a hierarchy.
A level denotes that there is a single conceptual design discipline or set of

interacting disciplines which determine the function, structure, performance

and cost of the constituent level. "Level" is a deceptive word, because as
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hows, the structure is actually a lattice or network, and not a tree.Fig. 14

Furthermore, each level can be nested itself.
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VIEW 4: Computer Classes: A Marketplace View

SEE 0 to
Because it is the complete marketplace process (Fig. 1) that produces the

computer, this view is the most complex. A computer is characterized (in
terms of marketability) as a function of price, performance, and time of
introduction in what might appear to be a commodity-like environment.

Because various computers operate at different performance rates and at

various costs, computation can be purchased in multiple ways, and

price/performance ratios will thus affect marketability. For example:

computation can be supplied by a shared large, central batch computer; each

organizational entity can own and operate a shared minicomputer; an individual
can operate a single desk top system; or each individual can operate a

programmable calculator.

Price/performance is not the sole factor determining marketability, however.

Program compatibility with previous machines is very important. When users

write programs, there is a lifetime associated with the use of those programs,

and thus a need to have compatible processors for running those programs today

and for a substantial time into the future. Thus, while the supply of rapidly
evolving technology permits new designs to be more cost effective, and even

radical, continuity with the past must exist.

The Marketplace View begins with a description of how technology provides

basic improvements with each new generation (every 6 or so years). An example

of alternative new designs is given to show why most new designs usually

provide increased performance at constant price. With this background, the
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four price/performance classes that have evolved over the last four

generations are presented. This simple model is then elaborated and critiqued.

The influence of technology on the computers that are built and taken to the

marketplace is so strong that the four generations of computers have been

named after the technology of their components: vacuum-tubes, transistors,
integrated-circuits (multiple transistors packaged together), and LSI circuits
(Large-Seale Integration). Every electronic technology has its own set of

characteristics (e.g., cost, speed, heat dissipation, packing density,
reliability), all of which the designer must balance. These factors combine

to limit the applicability of any one technology; typically, one technology is
used until a limit is reached, or another technology supersedes the old.

When an improved basic technology becomes available to a computer designer,
there are four paths the designs can take to incorporate the technology:

1. use the newer technology to build a cheaper system with the same

performance;

2. hold the price constant and use the technological improvement to get an

increase in performance;

3. push the design to the limits of the new technology, thereby increasing

both performance and price; or

H, find a drastically new structure using the computer as a basic archetype

(e.g., calculators) such that the design can be considered off the
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evolutionary path.

ows the trajectory of the first three of the design alternatives.
eneral, the design alternatives occur in an evolutionary fashion as in

Figure xFigure
In

th a first (base) design, and subsequent designs evolving from theFig. y

base.

In the first design style, the performance is held constant and the improved

technology is used to build lower-cost machines which attract new

applications. This design style has as its most important consequence the

concept of the "minimal computer". The minimal computer has traditionally
been the vehicle for entering new applications, since it is the smallest

computer that can be constructed with a given technology. Each year, as the

price of the minimal computer price declines, new applications become

economically feasible.

The second, constant cost alternative uses the improved technology to get

better performance, and will usually yield the best increase in total

system-cost-effectiveness. This approach provides a growth in performance and

quality at a constant price and is probably the best for the majority of

existing users.

If the new technology is used to build the most powerful machine possible (the

third alternative design style), then the designs often advance the state of

the art. New designs should solve previously unsolved problems. Going too

far in price or performance, (i.e., building beyond the technology) is

dangerous and can lead to a zero performance, high cost product. There are
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usually two motivations for operating at this leading edge: preliminary
research motivated by the knowledge that the technology will catch up; and

national defense, where an essentially infinite amount of money is available
because the benefit--avoiding annihilation--is infinite.

The following table shows the effect of pursuing the two design strategies of

1) constant performance at decreased price, or 2) constant price at increased

performance.
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Using New Technology for Constant Cost and Constant Performance Desi&nsTable:
t t+1 t+1ntroduction time

(generation)
Design style base case constant cost, constant constant

increased performance, performance,
performance decreased decreased

price price
Application base base base new base

Computer price 1 1 0.5 0.5

Operating costs 2-4 2-4 2-4 1-2
(range)
Total cost 3-5 3-5 2.5-4.5 1.5-3
Performance
(and improvement) 1 2 1 1

Improvement
(in total cost) 1 1 -83-.9 -5-.6
Performance/price 1 2 2 2
(computer only
and improvement)
Performance/Total-cost -33-.2 -66-.4 -4-.22 -66-.4
Improvement in
(Perf./total cost) 1 2 1.21-1.1 2

The first column gives the base case at a given generation/time, t. The

price, performance and performance/price ratio of the computer are all 1. As

the computer is applied to a particular environment, operational overhead is
added at a cost of 2 to 4 times the original price of the computer; the total
cost to operate the computer becomes 3 to 5, and the performance/total-cost
ratio is reduced to between .33 and .2 (depending on the total cost).

Now assume the same operating environment, with the same fixed (overhead)

costs to operate, at a new generation time, t+1 when technology has "improved"
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by a factor 2. Two alternative designs are carried out, one is at constant

price/higher performance and the other is at constant performance/lower price
(cols. 2 and 3). The application is constant in three cases (cols. 1-3) and a

new base application is discovered for the fourth case (col. 4). Both the
constant cost and constant performance designs give the same basic

performance/cost improvement--when only the cost of the computer is
considered. However, when one considers the high fixed overhead costs
associated with a base application (cols. 1-3), there is a relatively small

improvement in cost performance/cost, although there is a cost savings of 17

to 10 per cent with the minimal design. The greatest gains come in applying
the computer with greater performance and getting the attendant factor of 2

gain in performance and in performance/price ratio.

To summarize, the constant-price / increased-performance design style gives a

better gain because operating costs remain the same. Its gain can only be

equalled by the constant-performance design style when operating costs are

halved upon its application. This only occurs when a new application is
tackled.

Applying the three design styles shown in Fig. x over several generations

produces the plot given 1 These figures lead to one of the mostFig. 6

interesting results of the Marketplace View, which is that computer classes

can be distinguished by price and named as follows: sub-micro (to come in the

next generation--say by 1980), micro, mini, midi, maxi, and super. The

classes midi- and maxi- are sometimes referred to by the single,
non-descriptive name, mainframe.
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When one distinguishes computer classes by price, a new range of price can be

made possible by new technology and create a new class. The new class appears
at the low end of the price scale where the minimal computer is introduced at
a significantly lower price level than existing computers.

While the measure used to define a new class is price, the measure defining an

established class is performance. This is because once a new class has become

established in the marketplace, the users become familiar with what computers

of that class can do for their applications, and tend to characterize that

class on a performance basis. The characterization of existing classes on a

performance basis is important to this discussion because at each new

technology time, performance increases by one category, and midi performance

becomes available on a mini, for example.

The effect of technology upon computer classes can be summarized in the

following thesis:

Continual application of technology via the two major design styles
results in

(a) price declines which create new classes of computers,

(b) new classes becoming established classes, and

(c) established classes becoming encroached upon.

To refine the thesis, some additional commentary is in order. First, some

question may arise as to how much of a price reduction is necessary to create

The continuity implied by the thesis is deceptive in that it
a new class.
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Suggests that new classes come about by the continual application of the

constant-performance, decreasing cost style of design. Viewing the industry
as a whole, this is true. However, a new class is usually not created by the
same organization that is designing computers in existing classes. A new

company, or new organization within a company, is usually required to provide
the requisite fresh viewpoint needed to create a new class. It is the fresh
viewpoint and not some arbitrary amount of price reduction that creates a new

elass.

The minicomputer class came about by DEC founders taking the view that simple
machines, unencumbered by the costly general purpose facilities of the

mainframes (many data types, sharing mechanisms, ete.), could be built and

would be viable.

While the minimal design philosophy pervaded for nearly 10 years as the

minicomputer, the semiconductor-based, processor-on-a-chip computer (called
microcomputers) name identifies a significantly lower priced computer. This

lower cost is fundamentally based on the elimination of a level of integration
(interconnection). The microcomputer is dispelling the lethargy growing around

the constant-price minicomputer of the mid-1970's and is generally being

promoted by companies not in the minicomputer business, or by separate

organizations within the minicomputer companies.

The sub-microcomputer is predicted to be a complete computer (with both

processor and program memory) on a single chip, although it is not as radical

as the microprocessor which eliminated the concept of the box-of-boards

computer.
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In both the mini and micro cases a fresh organization broke out. Why is a

fresh viewpoint needed? Because existing organizations, like most human

organizations, act to preserve the status quo, and produce constant-price
computers. This can be explained by examining each part of the organization
in turn.

1. The existing user, who is the potential customer for a new system has

a set of fixed costs (overhead). Thus by the same arguments that were

just discussed in conjunction with constant cost and constant

performance design styles, the existing user generally wants more

performance rather than lower price. Productivity improvements are

required to stay at equilibrium with his organization and to sustain
or increase funding. Operating costs (personnel, paper, power, etc.)
are likely increasing due to inflation, and although a lesser priced
machine could hold performance/cost constant, there would be no

productivity gain. Requiring less or equal funds, would ultimately
cause the loss of organizational power since this is based on people,

expenses, ability to provide increased service, etc. Thus, the

pressure is to get larger, more powerful machines. Furthermore, his
software investment requires that the new system be compatible with

his earlier system.

2. The sales force respond mainly to orders which are lost because of

poor performance, because its measure is so tangible. Price (and even

lack of functionality) is considered only when the performance of two

alternatives is equal. The amount of work a salesperson has to do is

measured in sales yields and, indirectly, the number of systems sold.
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The reduction of the sales price of a given system by a factor of two,
requires selling twice the number of systems to bring in a constant
amount of sales dollars. This implies working significantly harder

(neglecting the effects of price elasticity). For example, within
DEC, because of the wide price range of its products, a salesperson
need sell only one large system per year, while at the low end he must

sell 1500.

Marketing reinforces the inputs from the sales force, while3.

interjecting its own bias and noise. Because of the broad range of
applications, it presents conflicting product definitions. Thus, a

new product must have: the performance of the current most

competitive machines; the price of the most marginal competitor (who

may be losing money to enter the market); the software of all the

competitors (since each differentiates itself by unique software); and

all the service of the largest (and possibly highest price competitor).

Engineering. The new product specification input is to improve

performance as seen in paragraph 1 above. Technology pushes engineers
to use higher-performance components since technology suppliers behave

in an identical fashion to the computer supplier. Although there are

various styles of designs (and designers), the most common tendency of

the designer is to use new technology to provide higher performance,

and to solve the problems inherent in subsequent designs rather than

working to reduce costs again. The PDP-8 family provides an example.

Manufacturing constraints and planning are similar to sales. A plant5.
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is measured in units, quality level, and unit cost. Preserving a

given cash flow, when faced with radically different cost products,
usually requires substantially different planning, materials handling,
manufacturing, testing, ete. The radical changes for a higher volume

business (i.e., long term planning) is difficult. Product design
change ideas fed back to engineering usually address solving previous
problems that add to product cost, rather than addressing radical
concepts that could create a new computer class.

The new organization, in addition to providing a fresh viewpoint, must also

provide the capability and willingness to deal with progress in multiple areas

of technology if the maximum evolution rate for the computer price class
thesis is to be maintained. The computer class thesis may seem to suggest that

there is one monolithic technology, steadfastly progressing, which provides
incremental improvements. In fact, there are several technologies. For

example, to fully exploit each new circuit technology improvement, a matching

advance in packaging technology is needed. Higher circuit densities demand new

cooling methods; lower-cost module carriers are needed to match the lower cost

microprocessor-based control techniques. However, since engineering projects
tend to minimize the number of risk dimensions, a new circuit technology is

generally used twice: once with existing packaging and a second time with

packaging that matches the technology. There are examples in both the PDP-11

and S/370 families. In addition to packaging technology, mass storage, primary

memory, I/0 units, logic, and power are areas whose technology must move ahead

in step. Unfortunately, in practice this does not occur. Memory prices have

consistently halved every two years, whereas electro-mechanical technology is

slowly increasing in price.
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One of the by-products of the use of new technology is that conflicts occur
within the established computer classes. An established computer elass, since
it is defined on the basis of performance, is entered by constant cost/higher
performance successors from the class below it. Moreover, suppliers within a

class are, by their dominant constant price/ higher performance evolution,
operating t o move up out of the class.

speed with
eonsiderations.
class implements the same instruction set and PMS-level configurations,
that they differ only in speed.
class and many of the attributes of the higher performance machines appear to

substantially lesser degrees in the lower performance classes.
there are more data types in the larger machines,

physical and virtual) are larger,
broader. Resources devoted to increasing reliability and availability are

more common

VAX-11/780

Another important aspect of the Marketplace View,

dividing computers into classes based on price for new classes and performance

for existin
industry.

For nearly

While movem ent by computer designs and computer suppliers between and amongst

thethe various elasses may be encouraged by price and performance trends,
which that movement occurs is moderated by software compatibility

The computer class thesis is not meant to imply that each

and

Rather, much specialization occurs in each

For example,
their address spaces (both

and the software support is generally

in the higher priced machines. The PDP-11 family, from the

down to the LSI-11, exemplify these functionality differences.

in addition to the idea of

g classes, is the concept of economy of scale in the computer

all man-made objects, such as transportation vehicles, electricity
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generators, or buildings, there is usually some economy of scale because there

are high fixed costs that do not increase as rapidly as the output of an

object increases.

For computers, factors leading to economies of scale often apply over several
dimensions. The same software can be used on many models. Sales and field
service people can attend to a wide range of equipment. Manufacturing
facilities can be adapted to produce different models.

Grosch (1953) suggested that there was an economy of scale for computers

according to the performance/price relationship:

2

Performance = constant x Price

Several studies [Bell and Newell, 1971; Knight, 1966; Solomon, 1966; Phister,
1976; Sharpe, 1969; Turn, 1974] have examined whether this is true for a given

set of machines. While it is possible to price machines using this
relationship, and while it is clearly desirable that the performance increase

more rapidly than price for improved operating economy, there is some doubt

that the square law holds. Indeed, over the narrow range of prices studied (a

factor of four), a linear approximation to the data would appear to fit as

well as the square law does. See ig. Groschlin.

While a square law performance/price relationship is probably too extreme in

the case of most computer components, there are some cases where a square law

does apply, and other cases where substantially nonlinear performance/price
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relationships do exist.

A computer component that could be predicated on a nearly square law

relationship is the core memory. The electronic selection is square law; a

doubling of the selection circuitry provides access to a four times larger
stack. The manufacturing cost for larger stacks follows a less dramatic

economy of scale since there is a high set-up cost to threading core memories,

and larger memories spread this cost over more bits. All other costs are

roughly linear, including such overheard costs as memory packaging, memory

power and memory interface.

The definition of performance,

performance = memory size x processing rate

is akin to saying that the performance of an automotive vehicle is the product

of its speed and the number of passengers it carries. If one uses this

definition, then memory performance does increase as the square of memory

price, since both factors (size and rate) are each a function of memory price.
To derive this one proceeds as follows.

k
Let P = price of the memory on the system. Assume the use of a 2 x 1 memory

chip and a memory system n bits wide, and further assume that the processor

can use 100% of the memory data rate. To supply concrete cost and performance

parameters, use the 4 Kilobit chip; in 1978 it costs about $25 and had a cycle

time (at the processor) of about 500 nanoseconds.
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Then,

processing rate memory data rate
= 2.10°(n + m) where m = number of chips

in the processor
= 2.10°(n + kn) since m is a function of n

6,1= 2.10 Kn

= K since n = _ - _

25 price per chip
and,

P

P P11

price per bitmemory size

4096 25
= _ -- _ P since price per bit = _ -- _

25 4096

substituting, one gets

25 25
111 ,2

4096 11 P
performance = _ _ - _ P

K P

Equally important to the hardware considerations of the Marketplace View are

the software considerations. Nearly all modern computer designs are part of a

Compatibilitycompatible computer family which extends over price and time.

considerations are based on the economic necessity to utilize a common

software base. The users! investment in software dwarfs that of the

manufacturer, assuming the machine is successful. For example, if there is

only one man year of software investment associated with the 50,000 PDP-i1s,

and each man year costs about $40,000 and produces something on the order of

5,000 instructions, then there is a cumulative investment of 2 billion dollars
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and 250 million lines of program for the PDP-11. This investment is roughly
the same scale as the original hardware cost.

Since technology provides such rapid changes over the generations, it is
obvious that there must be backward (in time) compatibility in order to build
on and preserve the user's program base. He must be able to operate programs

unchanged to take advantage of improvements brought about by technology
changes.

In a similar way, compatibility over a range of machines, at a given time is
desirable so a user may select a machine that matches his problem set, while

having the comfort that the problem can change and there will be a

sufficiently large or small machine. As the problem changes with time, it is
also desirable to have the appropriate, competitive, compatible machine.

Thus the goals for a complete, compatible computer product line (i.e., set of

products) might be:

1. the widest range of products in terms of price offering;

2. the largest economy of scale factor for performance that separates
the models;

3. the smallest number of models to minimize costs of design,

manufacture, selling and spares inventory;

4, the most cost-effective/competitive products (nearest to
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competitive machines) for each price in the space; and

5. backward compatibility with past machines.
Goals 3 and 4 are contradictory. How can the number of models be minimized,
while at the same time providing competitive machines over a continuous space?
A possible method is described in Bell and Newell (1971) where a

multiprocessor alternative to the System/360 is proposed. This approach

provides increased reliability and the ability to easily upgrade performance
with minor additions.

Chapter D@ "The PDP-11 After Three Generations" discusses quantitatively the

performance range spanned by the PDP-11, compares it with the span of the

S/360, and contrasts the different techniques used.

The discussion of the Marketplace View is a qualitative explanation of the

effect of technology on the computer industry. It is an engineering view,
rather than one that would be given by technology historians or economists.

The twenty years described in this book and the individual cost and

performance measures surely' invite analysis by professionals. The studies

reported in [Sharpe, 1969] are a good departure point.
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VIEW 5: Computer Classes: an Anplications/Functional View

Because of the general-purpose nature of computers, all of the functional
specialization occurs at the time of programming rather than at the time of
their design. As a result, there is remarkably little shaping of computer
structure to fit the function to be performed.

The shaping that does take place uses five primary techniques.

1. PMS-level configuration
A configuration is chosen to match the function to be performed. The user

(designer) chooses the amount of primary memory, the number and types of

secondary memory, the types of switches, and the number and types of
transducers to suit his particular application.

2. Physical packaging
Special environmental packaging is used to specialize a computer system

for certain environments, e.g., factory floor, submarine, or aerospace

applications.

3. Data-type emphasis

Computers are designed with data types (and operations to match) that are

appropriate to their tasks. Some emphasize floating-point arithmetic,
others string handling. Special-purpose processors, such as Fast Fourier

Transform processors, belong in this category also.

4. Operating-system
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The generality of the computer is used to program operating systems that
emphasize batch, time-sharing, real-time, or transacting processing needs.

Current Dimensions of Use

In the early days of computers, there were just two classifications of

computer use, scientific and commercial. By 1971, when Computer Structures
[Bell and Newell] traced the evolution of computer use, computer use had

diversified to seven different functional segmentations: scientific,
business, control, communication, file control, terminal, and time-sharing.
Since that time, very little has changed in terms of functional
characterization, but two points are worthy of comment. First, file control
computers still have not materialized as mainstream separate functional

entities, despite isolated cases such as the IBM 3850 mass-storage system, and

second, terminal computers have evolved to a much higher degree than expected.

The high degree of evolution in terminals has been due to the use of

microprocessors as control elements, thus providing every terminal with a

stored program computer. Given this generality, it is has been an easy

matter to provide the terminal user with facilities to write programs. In

turn, this phenomenon has affected the evolution of time-sharing (when using

the term to denote close man-machine interaction as opposed to shared use of

an expensive resource).

Functional segmentation into categories with labels such as "business",

"control", communication", and "File control" reflects a naming convention

rooted in the old two category "scientific"/"commercial" tradition. An
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alternative classification, more useful today, is the segmentation scheme

shown in able Fundisg). It is based on the intellectual disciplines and

environment (e.g., home based) using and developing the computer systems. It
shows the evolving structures in each of the disciplines, permitting one to
see that nearly all the environments evolve to provide some form of direct,
interactive use in a multiprogrammed environment. The structures that
interconnect to mechanical processes are predominately for manufacturing
control. Other environments, such as transportation, are also basically real
time control. Another feature of discipline-based functional segmentation is
the fact that each of the disciplines operate on different symbols.

Commercial (or financial control) based environments hold records of

identifier names for entities (e.g., part number) and numbers which are values
for the entity (e.g., cost, number in inventory).

Table FunDise: Discipline/Environment Based Functional Segmentation Scheme

Commercial environment [financial control for all
industry, retail/wholesale
distribution=sbilling, inventory, payroll, accounts receivable/payable]
=srecrds storage and processingtraditional batch transaction
processing against data base business
analysis (includes calculators) *

Scientific*, engineering and design based environment
=snumbers, algorithms, symbols, text, graphs storage and processing
traditional batch computation
data acquisition®interactive problem solving*
real time (includes calculators and text processing)

signal and image processing*
data base [notebooks and records]

Manufacturing environment
srecord storage and processing
batch*
data logging and alarm checking
continuous real time control
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discrete real time control
machine based
people/parts flow

Communications and Message Based
message switchingfront end processingstore and forward networks
speech input/outputterminals and systems
word processing, including computer conferencing and publishing

Transportation systems
network flow control
on-board control

Education-based
computer assisted instruction
algorithms, symbols, text storage and processingdrill and practice
library storage

Home-based using TV set
entertainment, record keepint, instruction

*Implies continuous program development

The scientific, engineering, and design-based disciplines use various

algorithms for deriving symbols or evaluating values. Text, graphs, and

diagrams are the major ways of representing objects, and have to be processed.
For these environments, the computer has changed from a calculator (as it was

initially funded to do trajectory calculations for ballistic weapons) to a

sophisticated notebook for keeping specifications, designs and scientific
records. Whereas the computer was initially only used as a transducer to

collect data to be analyzed later on larger machines, it has since evolved to

direct recording and analysis of time varying signals and images and even to

direct analysis and control. Many transducers now have, or will have,

computers embedded in them in order to encode information at a high level so

that their output does not have to be processed by another computer.

Connections to other larger computers are instead used solely in a network

fashion to handle graphical display and control functions.
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The function of computers in both the manufacturing environment and the
commercial environments has evolved from simple record keeping to direct
on-line human control.

Process-control computers have evolved from their initial use as assisting
human operators (controllers) with data logging and alarm condition monitoring
to full control of processes with either human or second computer backup. The

structure of the computer and the control task varies widely depending on

whether it be a continuous process (e.g., refinery, rolling mill) or a

discrete process (e.g., warehouse, automotive, appliance manufacturing).

Transportation for aircraft, trains, and eventually automotive vehicles is a

form of real time control that uses both discrete and continuous control.
Control is carried out in two parts: on board the vehicle and the network

(airspace, highway) that carries the vehicles. The transportation control
function dictates three unique characteristics for the computer structure:

1. very high reliability. Society has placed such a high value on a single
human life that all computers in this environment can not appreciably
raise the likelihood of a fatality.

2. very small size for on-board computers.

3. extreme operating and storage temperature range for on-board computers -

especially for automotive vehicles.

Communications and message based computers have evolved from telephone
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switching control, message switching, and front ends to other computers to be

the dominant part of communications systems. With these evolving systems, the

communications links have changed from analog-based transmission to

sampled-data, digital transmission. By using all-digital transmission, data
and voice (and video) can ultimately be used in the same system. Voice
transducers enable speech communications with the computer.

Word processing (i.e., creation, editing, and reproduction) together with the

long term storage and retrieval, and transmission to other sites (i.e.,
electronic mail) have evolved from several systems:

1. Conventional torn-tape message switching (e.g., TWX, Western Union, Telex)

2. Terminals with local storage and editing (i.e., Flexowriters (R), Teletype
(R) ASR's, magnetic card/magnetic tape automatic typewriters, and the

evolving stand-alone word processing terminals.

3. Large shared text preparation systems for centralized documentation

preparation, newspaper publication, ete.

4. Large systems with central filing and transmission (distribution). These

text canwill negate need for substantial hard copy. With these systems,

be prepared either centrally with the system,, or with local intelligent
word processing systems.

5. Computer conferencing. People can sit at terminals and converse with

others without leaving their office.
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The education-based environment implies a system which is a combination of
transaction processing (for the human interaction part), scientific
computation as the computer is required to simulate real world conditions
(i.e., physical/natural phenonmena), and information retrieval from a data

base. These systems are evolving from the simple drill-and-practice systems
which use a small simple algorithm, through simulation of particular
real-world phenomena, to knowledge-based systems which have a limited, but

useful, natural-language-communications capability.

Home based computers are beginning to emerge. The dominant use to date is in

providing entertainment in the form of games that model simple, real-world
phenomena, such as ping-pong. Appliances are beginning to have embedded

computers that have particular knowledge of their environments. For example,

computer-controlled ranges can cook particular food in fairly standard ways.

Alternatively, cooking can be controlled by embedded temperature sensors.

Simple calculators to record checkbooks have existed for quite some time.

These will soon evolve to provide written transactions for recording and

control purpose. Many domestic activities are in essence scaled-down versions

of commercial, scientific, education, and message environments.

With the evolution of each machine class (super, mainframe, minicomputer,

microcomputer, and the hand-held calculator), one can see several cases of

machine structures which begin as highly specialized and evolve to being quite

general. This evolution is driven by applications in accordance with the

Applications/Functional View of computer classes.

The same applications-driven evolution toward generality applies to software.
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Operating systems take on multiple functions as they evolve with time because

users specify additional needs, and operating systems designers like to add

function. Thus a COBOL run-time environment might be added to a simple
FORTRAN-based real-time operating system. At the next stage a comprehensive
file system might be added.

Returning to hardware as the target of applications-driven evolution, consider
the case of a computer installations using large, highly general computers,

where minicomputers are applied to offload the large computers. The first
application of the minicomputer is thus on a well-defined problem, but soon

more problems are added, and the minicomputer system, with the help of a

general-purpose operating system, is soon performing as a general computation

facility. Then the offloading cycle begins again.

Part of this phenomenon is due to the inherent generality of a computer, and

part is a consequence of constant-cost evolution. This applies also to

calculators. For example, the early scientific calculators evolved from just
having logs, exponentials and transcendental functions to include statistical
analysis, curve fitting, vectors and matrices.

{Machines, then, evolve to carry out more and more functions. We believe that
shows an estimate of{the prime discriminant is data type.

{data type usage by application. We have postulated mostly high-level data

{types, e.g., process description. We strongly warn that this distribution is

gure datatyp

{only a guess. Attempts to measure such distributions to date have not shown

{marked differences across applications (except for numerical vs

{non-numerical) {because the data types have not been of a sufficiently high
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{level.
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VIEW 6: The Practice of Design

Whereas previous views emphasized the object being designed, this is a view of
the design process which gives rise to the object. Two models of design,
those of Asimow and Simon, are presented, followed by some remarks on factors
that particularly influence computer design.

In Introduction to Design [1962], Asimow gives a general perspective of

engineering design and how the formal alternative generators and evaluating
procedures are used. He also indicates where these formalisms break down and

where they don't apply. Asimow defines engineering design as "a purposeful

activity directed toward the goal of fulfilling human needs, particularly
those which can be met by the technological factors of our culture." He

distinguishes two types of design: design by evolution and design by

innovation. While there are examples of both in this book, design by

evolution predominates both in this book and in the computer industry.
Asimow's first diagram called Philosophy of Design, shows theFig. Asimow)

basic design process. Asimow lists the following principles [Asimow, 1962:

5-6).

1. Need. Design must be a response to individual or social needs
which can be satisfied by the technological factors of culture.

2. Physical realizability. The object of a design is a material
good or service which must be physically realizable.

3. Economic worthwhileness. The good or service, described by a

design, must have a utility to the consumer that equals or
exceeds the sum of the proper costs of making it available to
hin.

4, Financial feasibility. The operations of designing, producing,
and distributing the good must be financially supportable.
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5. Optimality. The choice of a design concept must be optimal
among the available alternatives; the selection of a
manifestation of the chosen design concept must be optimal amongall permissible manifestations.

6. Design criterion. Optimality must be established relative to a
design criterion which represents the designer's compromise
among possibly conflicting value judgments that include those of
the consumer, the producer, the distributor, and his own.

7. Morphology. Design is a progression from the abstract to the
concrete. (This gives a vertical structure to a design
project.)

8. Design process. Design is an iterative problem-solving process.
(This gives a horizontal structure to each design step.)

9. Subproblems. In attending to the solution of a design problen,
there is uncovered a substratum of subproblems; the solution of
the original problem is dependent on the solution of the
subproblen.

10. Reduction of uncertainty. Design is a processing of information
that results in a transition from uncertainty about the success
or failure of a design toward certainty.

11. Economic worth of evidence. Information and its processing has
a cost which must be balanced by the worth of the evidence
bearing on the success or failure of the design.

12. Bases for decision. A design project (or subprobject) is
terminated whenever confidence in its failure is sufficient to
warrant its abandonment, or is continued when confidence in an
available design solution is high enough to warrant the
commitment of resources necessary for the next phase.

13. Minimum commitment. In the solution of a design problem at any
stage of the process, commitments which will fix future design
decisions must not be made beyond what is necessary to execute
the immediate solution. This will allow the maximum freedom in
finding solutions to subproblems at the lower levels of design.

14. Communication. A design is a description of an object and a

prescription for its production; therefore, it will have
existence to the extent that it is expressed in the available
modes of communication.

Asimow goes on to define the phases of a complete project.

1. Feasibility study. The purpose is to determine some useful solutions to

the design problem. It also allows the problem to be fully defined and
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tests whether the original need which initiated the process can be

realized. Here the general design principles are formulated and tested.

2. Preliminary design. This is the sifting, from all possible alternatives,
to find a useful alternative on which the detailed design is based.

3. Detailed design. This furnishes the engineering description of a tested
and producible design.

While the above are the primary design phases, there are four succeeding

phases resulting from the need for production and consumption by the outside

world.

4. Planning the production process. This is really another design process

which is simply a special case of design. The goal is to design and build

the system that will produce the object.

5. Planning for distribution. This activity includes all aspects related to

sales, shipping, warehousing, promotion, and display of the product.

6. Planning for consumption. This includes maintenance, reliability, safety,

use, aesthetics, operational economy, and the base for enhancements to

extend the product life.

7. Retirement of the product.

Obviously all of these activities overlap each other in time, and interact as
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the basic design is carried out. For example, any design that doesn't
consider the distribution and consumption phases will fail. Historical
information appears to constrain the first phases of the design. In reality,
the later phases occur concurrently with the design, but with less intensity
as the product moves from phase to phase. Phister (1974) posits a model of

this process igs. Phister1 and Phister2))and gives the amount of time spend

in each activity (Fig. Phister3) pr a hardware product.

A more abstract model of design is the one that Simon uses for human problem

solving and calls "generate and test". In The Sciences of the Artificial,
Simon [1969] discusses the science of design and breaks the problem into:
representing the design problem alternatives, the search (i.e., generating
alternatives), and computing the optimum. When it is too expensive to search

for the optimum, as is often the case, one resorts to selecting satisfactory
alternatives and testing them. For most parts of computer design, the design
variables are selected on the basis of satisfactory rather than optimum

choice. Simon also discusses the tools of design, including the use of

simulation as an alternative to building the complete system, and the use of

simulation as a method of evaluating the behavior of various alternatives.

In addition to the contribution of "generate and test" to the Practice of

Design View presently being discussed, Simon's work has also contributed

indirectly to views discussed earlier in the chapter. In his discussion of the

importance of the design hierarchy, Simon introduced the notion of

"architecture of complexity". The first three views of this chapter have been

influenced by this hierarchies view.
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The search for design optimums, whether it be by "generate and test" or some

other alogrithm, often encounters the problem of design representation. The

more representations one has, the larger is the number of design problems that
ean be tackled, and hence the closer one can get to a global optimum. Most

disciplines have at least two: schematic and visual representations. In

chemical engineering, heat balance is obtained by x, not from a plant piping
diagram. In the design of power supplies, transformer design is accomplished

using equivalent circuits, not by using physical representations. In the

design of computer buses, most designers work with timing diagrams, although
state diagrams and Petri nets are alternative representations.

In general, the importance of alternative representations in computer

engineering is not well understood. The large number of representations that

do exist at the programming level is deceptive. There are many different

algorithmic languages, but they differ mostly in syntax, not in semantics.

It is too simplistic to think that computer design should be a well-defined

activity in which mathematical programming can be employed to obtain optimum

solution. There are major problems, five of which are listed below:

1. the cost function is multi-variable
2. the primary measure, performance, is not well understood

3. the objective function that relates cost and performance is not understood

4, objectives are not as objective as they look

5. there is a dynamic aspect (because the technology changes rapidly) which

is hard to quantify.

These problems are explored in the following extract from a discussion of
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design given in [Bell, Grason, and Newell, 1972: 23-24].
Objectives can often be stated as maximizing or minimizing some
measure on a system. A system should be as reliable as possible, as
cheap as possible, as small as possible, as fast as possible, as
general as possible, as simple as possible, as easy to construct and
debug as possible, as easy to maintain as possible -- and so on, if
there are any system virtues that have been left out.
There are two deficiencies with such an enumeration. First, one
cannot, in general, maximize all these aspects at once. The fastest
system is not the cheapest systen. Neither is the most reliable.
The most general system is not the simplest. The easiest to
construct is not the smallest, and so on. Thus, the objectives for
a system must be traded off against each other. More of one is less
of another and one must decide which of all these desirables one
wants most and to what degree.
The second deficiency is that each of these objectives is not so
objective as it looks. Each must be measured, and for complex
systems there is no single satisfactory measurement. Even for
something as standardized as costs there are difficulties. Is it
the cost of the materials -- the components? Does one use a listed
retail cost or a negotiated cost based on volume order? What about
the cost of assembly? And should this be measured for the first
item to be built, or for subsequent items if there are to be
several? What about the costs of design? That is particularly
tricky, since the act of designing to minimize costs itself costs
money. What about cost measured in the time to produce the
equipment? What about the cost of revising the design if it isn't
right; this is a cost that may or may not occur. How does one

particular situation one can imagine an omniscient designer knowing
exactly which of these costs count and being able to put dollar
fact, no one knows that much about the world they live in and what
they care about.

assign overhead or indirect costs? And so on. In a completely

Infigures on each to reduce them all to a common denominator.

The dilemma is real: there is no reducing the evaluation of
performance in the world to a few simple numbers. The solution is

understanding and assessing system behavior in various) partial
aspects. Various measures for each type of objective are developed,
and each shows something useful. Since all measures are partial and
approximate (even conceptually), rough and ready measures that are
easy to make, display and understand are often to be preferred to

developed and used, even if not perfect. Experience with how a

measure behaves on many systems is often to be preferred to a

better, but unique, measure with which no experience exists.

to understand what systems objectives are: they are guides to

more exact and complex measures. Standard measures are to be

While this book does not treat systematically all the different system

measures, many of them are illustrated throughout the book Table BGN
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provides a guideline, listing in one place the components that contribute to
overall cost and performance.
Table BGN: Cost and performance components for a system. 972

Cost Components

Cost Components Arising From the Design Effort

24)

specifying
designing (drawing, checking, verifying)
prototyping
packaging design
describing (documenting)
production system design
standardizing

Cost Components Arising From Production

buying (parts)
assembling
inspecting
testing

Cost Components Arising From Selling and Distribution
understanding
configuring (i.e., user designing)
purchasing
applying
operating in the environment (heat, humidity, vibration, color, power,
space)
repairing
remodeling

Performance Components

Performance Factors Arising From Designing, Producing, & Selling
environment
for a single task
for a set of tasks

operation times
operation rate
memory size & untilization

reliability, availability, maintainability, and error rate
mean time between failures (mtbf)
availability (percent)
mean time to repair (mttr)
error rate (detected, undetected)

It is necessary to point out some conflicts among the various activities. The
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list of conflicts is very real and taken from experience.

System Cost Versus Component Cost. DEC sells products at each of the

packaging levels of integration from chips to turnkey application systems.
Because each product is constructed from lower packaged levels, and the levels
model (View 3: Packaging Levels of Integration) strictly applies, it is very
difficult to have designs that are optimally competitive at every level. For

example, if DEC sold just hardware systems (cabinet level) it would not need a

boxed version of its CPU's. The box level could then be deleted and the price
of the systems product would be proportionately lower. When primitives are to

be used as building blocks, there is a cost associated with providing
generality. For example, some boxes are overpowered for most of their final
applications because the powering was designed for the worst possible
configuration of modules within the box. (Some boxes have also been

underpowered as increases in logic density were accompanied by increases in

power density, permitting new worst case configurations in existing boxes.)

Initial Sales Price Versus User Life Cycle Cost. There is a cost associated

with parts that break and have to be repaired and maintained. Nearly every

part of the computer can be improved over a range of a maximum of a factor of

10 to provide increased reliability (extended MTBF) for a price. To the

extent these costs are added, the product will be less competitive in terms of

a higher purchase price. However, if the total life cycle costs are

considered, the product may still be better even at the higher initial cost.

Reliability, Availability, Maintainability (and Producibility) Versus

Performance. By designing to take advantage of the fastest components and
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operating them at the limit of their capability, one is able to have increased
performance. In doing so, the tradeoff is clear, producibility, reliability
(error rate), and maintainability (ease of fixing) all generally suffer.

Performance Versus Cost. This is the most traditional design tradeoff. In

addition to the conventional product selection, the planning of a computer

family further increases selection/tradeoff process.

Early Shipment Versus Product Life and Quality. By delivering products before

they are fully engineered for manufacture, one is able to improve the ship
date but at a significant risk. If faults are found that have to be

retro-fitted in the factory or field, the cost far outweighs any early product

availability.

Another Longer Design Versus Product Life. By taking longer to design, a

product can be designed in such a way that it is easier to enhance. On the

other hand, if prospective customers, especially new customers, are faced with

a choice between the competitor's available non-optimum product and your

non-available optimum product, they may not be willing to wait.

Orerating Environment Versus Cost. Here there are numerous tradeoffs even

within a conventional environment. In each of the packaging dimensions:

heat, humidity, altitude, dust, EMI, etc. there are similar tradeoffs that may

appeal to unique markets or may simply translate to increased reliability in a

given setting. The Norden 11/34M is an example of packaging to provide a

PDP-11 for the aerospace environment.



Chapter 1 54
G. Bell, C. Mudge, J. McNamara Latest Edit 3/8/78

The principles of computer design and the optimization efforts associated with
those principles are parts of computer science and electrical engineering,
which are the responsible disciplines for these actvities. From computer
science come many of the technical aspects, such as instruction-set
architecture; much of the theory, such as algorithms and computational

complexity; and almost all of the software design, such as operating systems
and language translators, that are applied in the practice of computer

engineering. However, in their construction, computers are electrical. Thus,

the discipline that has fundamental responsibility is electrical engineering.
Table Maxims

set of maxims compiled by Don Vonada, an experienced DEC engineer. Many other
Thus discussion of the Practice of Design View concludes with

engineers in many other companies have developed similar sets of maxims.



Chapter 1 55
G. Bell, C. Mudge, J. McNamara Latest Edit 3/8/78

VIEW 7: The Blaauw Characterization of Computer Design

Another view is based on the work of Blaauw [1970]. He distinguishes
architecture. implementation, and realization as three separable levels in the

construction of anything, including computer structures.

The architecture of a computer system defines its functionality (behavior) as

it appears to the machine-level programmer, and can be characterized by the

instruction set processor, the ISP. The implementation of a computer system
is the actual hardware structure - the register-transfer (RT) level behavior
and data flow organization. This also includes various algorithms for

controlling a machine as it interprets an architecture. Realization
encompasses the actual technologies used and includes the kind of logic, how

it is packaged and how it is interconnected. Realization includes all the

details associated with the physical aspects of the machine.

Modern architectures (ISPs) usually have multiple (RT) implementations. For

example, the LSI-11, 11/40, and 11/60 are different implementations of the

same basic PDP-11 instruction set. Sometimes, although rarely, a particular
implementation has more than one realization. For example, the IBM 7090 has

the same architecture and implementation (i.e., the same ISP and RT structure)

as the IBM 709. The difference lies in realization: the 709 used vacuum

tubes, the 7090 used transistors. For a more recent example, two models of

the PDP-11 architecture that share the same implementation are the 11/34 and

Norden's ruggedized realization, the 11/34M. The realization differs,
however, as the latter uses militarized semiconductor components, militarizaed

component mounting, and a different packaging and cooling system.
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The following table attempts to clarify the distinguishing characteristics of

architecture, implementation and realization.

Characteristics of Design Areas (Blaauw and Brooks, Computer Architecture,
19784, In preparation 9 Chapréer /')

Architecture Implementation Realization
Purpose function cost and buildable and

performance maintainable

Product principles of logical design release to
operation manufacturing

Language written block diagran, lists & diagrams
algorithms expressions

Quality measure consistency broad scope reliability

Meanings ISP RT-level machine; physical realization;
(used herein) Microprogrammed physical

machine ISP sequential machine implementation
(at logic level)

This book concentrates on the realization and implementation columns in the

above table. Instruction set architecture is discussed only insofar as it
interacts with the other two characteristics. There are also some differences

between the views of Blaauw and Brooks and those expressed in this book. It is

important to try to reconcile these differences, because everyone engaged in

computer engineering uses the words architecture, implementation, and

realization - quite often to mean different things. This book will not Limit

the definition of architecture to just a machine as seen by a machine language

programmer. Instead, it will use architecture to mean the ISP associated with

any of the machine levels described in View 2, Levels of Interperters.
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Therefore, architecture standing alone will mean the machine language, the

ISP. This book will also use: architecture of the microprogrammed machine as

seen by a microprogrammed machine's microprogrammer; architecture of the

operating system as the combined machine of operating system and machine

language; and architecture of a language for each language machine. For

example, ALGOL, APL, BASIC, COBOL and FORTRAN all have as separate and

distinct architectures as a PDP-10 and a PDP-11 do. This use of architecture,
Since it describes behavior, is quite consistent with Blaauw's. Moreover,

when applied to software structures, Blaauw's framework fits well. There are

two implementations, FORTRAN-IV-PLUS (an optimizing comopiler) and FORTRAN IV

(a threaded code system), of the one ANSI FORTRAN architecture. Moreover,
different implementations use different realization techniques: some use

BLISS, others use assembler language.

Although Blaauw and Brooks define implementation and realization clearly,
these definitions aren't widely used. The main problem is that they are both

sensitive to technology changes and hence interact closely. Computer

engineers tend to overuse and intermix them so that the two words are used

interchangeably. This is reflected in this book, where they are used to have

roughly the same meaning (e.g., "The KI-10 was implemented using TTL H-series

logic.") In the table, definitions are given for the two words to further

relate descriptions back to these definitions if the reader chooses.

"Implementation" is the Register Transfer level machine, roughly the

microprogrammed machine, and "realization" is the physical realization, the

physical implementation in terms of packaging and technology.

The most useful distinction is between architecture on the one hand and
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implementation (subsuming realization) on the other. Seeing the distinction
clearly enables one to preserve architectural compatibility between machine

models, and this is crucial if users' and manufacturers! software investments
are to be preserved. Implementation can then be as dynamic as desired, being
continually changed by technology. Architecture must remain static for long

periods (ten years is a common goal).

Maurice Wilkes, in 1949, only one month after his EDSAC computer was

operational, and before any stored program computers in the United States were

operating, had already perceived the value in having a series, or set, of

computers share the same instruction set. He said the following.

"When a machine was finished, and a number of subroutines
were in use, the order code could not be altered without
causing a good deal of trouble. There would be almost as
much capital sunk in the library of subroutines as the
machine itself, and builders of new machines in the future
might wish to make use of the same order code as an existing
machine in order that the subroutines could be taken over
without modification."
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Appendix: Performance

Performance parameters are a combination of architecture (the ISP), hardware

implementation, and resources (the PMS structure) being acted on by programs

(the use). Simplistic hardware measures, such as instruction times, can be

used to characterize machine performance for many cases. However, the ultimate
performance parameters have to be based on actual use parameters, otherwise

there is no way to correlate the primitive hardware measures to real

performance. Benchmarks of synthetic or real workload provide the only real
test by which performance can be compared. These might include standardized

benchmarks such as Whetstones for the algorithmic scientific languages and

COBOL benchmarks for commercial applications.

When one measures performance, there is a tacit assumption that sufficient
software exists to exploit a hardware structure, and that the transformation

from the basic hardware machine (the macro machine) to the user machine (as

provided by a language such as COBOL or FORTRAN) is relatively constant across

various architectures. As each level is crossed, a transformation takes place

requiring computational work. The form of the work with compiled languages is

direct execution via the processor and run time support program. With

interpreted languages, the processor executes an interpretation program which

indirectly interprets the data (i.e., final program).

At the lowest level, the internal micro machine provides the architectural

facade, the ISP, operating at roughly 10 times the speed of the macro machine.

Thus a macro machine executing 1 million instructions per second may have an

effective microcycle time of 100 nanoseconds for executing 10 million micro
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instructions/sec. At the next level, a macro machine (ISP) executi ng 1

million instructions per second, is capable of perhaps 0.1 to 0.25

higher level FORTRAN language statements (instructions) per second
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on the mix of built-in functions and external functions called.

It is difficult to use the simplistic constant ratio measures across each

level of interpretation when comparing machines of differing classes (e.g.,
micro to super) because there is not a consistency of data-types (e.g., micros

currently have no built-in real arithmetic, whereas minis do). However, for
machines within a class (e.g., mini) where the data-types are implied by the

class name, simplistic comparison is probably all right, since the two

machines most likely have about the same data-types. Hence a count of the

number of data-types reflecting the built-in operations is one of the more

significant architectural performance indicators, whether it be for a micro

machine, macro machine or a language machine.

PMS (Resources) Performance Parameters

The PMS structure, with the corresponding attributes determining performance

(memory cycle time, processor execution rate), provides the basis for

understanding machines and comparing them with each other.

a PMS diagram of a basic computer, with the parameters that, to a first

approximation, characterize performance. Alternatively, one might use a more

descriptive, or tabular form; but the goal is to provide a

structural/performance basis for parameterization, comparison, and specifying

Figure

the finite resources of the computer so that performance can be determined

against actual workload.
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It is imperative to consider the resource constraints, and the effect of their
interaction as each next layer of a machine is designed. For example, a

certain line printer requires buffer space (Mp. size) and processing time (Pc.
speed) which is then unavailable at the next machine level (e.g., FORTRAN).

Bell and Newell (1971) argued that a machine (at any level) can be described
with any number of parameters, and carried out the exercise for up to 5

parameters:

Number of parameters
allowed: 1 2 3 4 5

1 Pe(i.rate) Pe(op.rate)
2 Mp (size)
3 Ms(size)
4 Pe(i.width)

No. of terminals5

Information.rate between the processor and memory, is used as the processor

speed indicator instead of the more conventional instructions per second.

Compound indicators such as the product of processor speed times memory size
to indicate basic computational performance were not allowed. Amdahl states a

correlation between space and memory size (see page 00).

The following example shows 3 different architectures with 2 implementations

of a stack architecture (one has the stack in the primary memory, Mp, and the

Theother assumes the stack is in the processor, Pe, using fast registers).
hardware implementations are held roughly constant (the Pe-Mp data rate) and

the architecture is varied in order to compare the effect on performance.

Note the difference in the various measures in what should fundamentally be

[Beek
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about the same performance for a given problem.

The benchmark program is the simple expression, A :

No. of
Accesses

Program(bits#)
Bits ac cessed

Time to
(microseconds)

stack Stack jeaddress or
(top in Mp) general reg. 3-address(top in Pe)

push B push B load B add B,C,A
push C push C add C
add add store A
pop A pop A

Instns. 4 13

Hopt+3a+6d 30p+3a+3d 1op"+3a+3dtop'+3a+3d
size 64 64 T2 60

164484192 16448496 24448496 12+48+96
=266 =160 =168 =156

execute#® 0.541.546 0.541.543 754+1.543 37+1.543
=8 =5 25.25 =4.87

Statement exec. 1/8 -125m 1/5 2m 1/5.25 19m 1/4.87 21m
rate(actual
performance)

Oper.rate 2/8 -25m 2/5 Km 2/5.25 38m 2/4.87 =.42m

ate 4/8 5m 4/5 8m 3/5.25 57m 1/4.87 -21m

im 1m 32m imPe(i.rate)/ 32m im 32m 32m
word length
*assumes: address/a = data/d = 32d; op 8b; op! Kb; op" 12b16b;

assumes a memory limited processor which can access 32b/microsecond

The statement execution rate (the actual performance) is the highest for the

3-addre ss machine, reflecting the highest performance whereas the conventional

instns/ sec measure shows it to have the lowest performance (by a factor of 4)

over the fastest machine. A more subtle measure, operation-rate, is

B +

Program

Inst.
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should be

instructions/sec. tends to become a significantly poorer measure. The various
vector/array machines (e.g., ILLIAC IV, CDC STAR, CRAY-1) have single
instructions to operate on at least 64 operands per instruction, hence

instructions/second would be a poor measure. Hand held calculators have

single instructions such as Sin, Polar to Cartesian co-ordinate conversion:
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correlated with the true benchmark statement execution rate. It
noted, (ignoring the first machine, a stack machine with stack i n Mp) that the

information-rate is a good performance indicator - versus the conventional,
but poor, instruction-rate measure. For more unconventional machines,

using anything but a final benchmark problem would be unfair. Accesses/sec.
will be used as a Pe performance measure.

The multiprocessor case

For multi-processors the number of processors x the memory accesses/sec.

roughly gives the total. Pe.rate can be computed more precisely by using the

number of primary memory modules, Mp, and their data-rate as can be seen in

Chapter 00 on the C.mmp computer. For a system where the memory access time,

and the memory rewrite time equal the time for a Pe to operate on a word, the

performance [Strecker, 1970] is roughly:

p

Pe.speed (in accesses/sec.) = (m/t.access) x (1 - (1 - 1/m) )

where m = # of Mp modules, and p = # of Pe's
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Note that when p = m = large, the performance reaches an asymptote:

= m/te x (1/e)

In the case of multiprogramming systems (e.g., real time, transaction, and

timesharing), the time to switch from job to job is important if there is a

high context switching rate.

The memory sizes (in bytes) for both primary and secondary memory gives memory

capability. The memory transfer rates are needed as secondary measures,
especially to compute memory interference when multiple processors are used.

This measure also permits system performance to be computed by subtracting the

secondary memory transfers and external interface transfers. For file systems
which require multiple accesses to secondary memory for single items, the file
access rate capability is needed in order to compute performance. Similarly,
for multiprogrammed systems which use secondary memory to hold programs, the

access rate is needed.

Communications capability with humans, other computers, and other electronic
encoded processes are equally important structure and performance attributes.
Each channel (e.g., a typewriter) has a certain data rate and direction (full
duplex for simultaneous two way communication). Collectively, the data rates

and the number of channels connected to each of the 3 different environments

(people, computers, other electronically encoded processes) signify quite

different styles of computing capability, structure and ultimately use.

ISP (Architecture) Parameters
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Whereas the hardware structure and operation rates mainly determines
performance, the architecture does contribute. Within a given
machine class (say minis), architecture has less of an effect on performance

provided the data-types are embedded. The values for the data-types dimension
is given in order of increasing complexity in However,ble computer-space
it is difficult to order the dimensions, except by complexity, because the to

performance is determined by whether a given problem requires the embedded

data-type.

In the U.S. Defense Department's Computer Family Arehitecture (CFA) study
(Barbacci et al, 1977; Burr et al, 1977; Fuller et al, 1977a; Fuller et al

1977b] which lead to the selection of the PDP-11 as the standard architecture,
benchmarking was used to compare several architectures.

The measures were the number of bits statically required to encode the

algorithm (S-measure) and the number of bits that are dynamically flow between

the Pe and Mp (M-measure). A third measure gave the activity of the internal

register processor (R-measure).
--

The benchmarks oriented to reale Table from [Fuller et al, 1977b

time use were each programmed by programmers using assembly language. The

resultant programs were run on a simulator (instrumented to provide the S, M,

and R measures) that interpreted the formal ISPS descriptions of the machines.

The CFA project also developed a single architectural measure based on a

weighted average of various ISP parameters. The weightings were determined by

the CFA user community and each parameter was evaluated in comparison with
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several competitive architectures. The parameters and their weights are given
in Table 1 [from Fuller et al, 1977a].

Table 1 - Absolute Criteria for CFA Evaluation

1. Virtual Memory Support. - The architecture must support a virtual to
physical translation mechanisn.

2. Protection. - The architecture must have the capability to add new,
experimental (i.e., not fully debugged) programs that may include I/0
without endangering reliable operation of existing programs.

3. Floating Point Support. - The architecture must explicitly support one or
more floating point data types with at least one of the formats yielding
more than 10 decimal digits of significance in the mantissa.

4, Interrupts and Traps. - It must be possible to write a trap handler that
is capable of executing a procedure to respond to any trap condition and
then resume operation of the program. The architecture must be defined
such that it is capable of resuming execution following any interrupt.

5. Subsettability. - At least the following components of an architecture
must be able to be factored out of the full architecture:
Virtual-to-Physical Address Translation Mechanism

Floating Point Instructions and Registers (if separate from general
purpose registers)
Decimal Instructions Set (if present in full architecture)
Protection Mechanism

6. Multiprocessor Support. - The architecture must allow for multiprocessor
configurations. Specifically, it must support some form of "test-and-
set" instruction to allow the implementation of synchronization functions
such as P and V.

7. Controllability of I/0. - A processor must be able to exercise control
over any I/O Processor and/or I/0 Controller.

8. Extendability. - The architecture must have some method for adding
instructions to the architecture consistent with existing formats. There
must be at least one undefined code point in the existing opcode space of
the instruction formats.

9. Read Only Code. - The architecture must allow programs to be kept in a

read-only section of primary memory.
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Quantitative Criteria for CFA Evaluation
Weight (4)

1. Wirtual Address Space

4.3(a) The size of the virtual address space in bits.
5.3(b) 2° Number of addressable units in the virtual address space.

2. Physical Address Space
The size of physical address space in bits. 6. 1

5. 1

(a)
The number of addressable units in the physical

address space.
(b) 1 :

3. Fraction of Instruction Space Unassigned 6.0
y, Size of Central Processor State

(a) C_2: The number of bits in the processor state of the full 4.9
architecture

sibset of the architecture (i.e., without Floating Point,
Decimal, Protection, or Address Translation Registers.

3.7(b) The number of bits in the processor state of the minimum

6.0
the processor and primary memory to first save the processor
state of the full architecture upon interruption and then
restore the processor state prior to resumption.

(c) 1 : The number of bits that must be transferred between

1 for the minimum subset of 4.5C 2: The measure analogous to(d)
the architecture.

5. Virtualizability
K: is unity if the architecture is virtualizable as defined in 5.6
[Popek and Goldberg, 1974] otherwise K is zero.

6. Usage Base

(a) B.: Number of computers delivered as of the latest date for 3.1
which data exists prior to 1 June 1976.

(b) : Total dollar value of the installed computer base as of 2.5
to 1 June 1976the latest date for which data exists prior

7. I/0 Initiation
12.4

: The minimum number of bits which must be transferred between
main memory and any processor (eentral, or I/0) in order to
output one 8-bit to a standard peripheral device.

8. Direct Instruction Addressability
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D: The maximum number of bits of primary memory which one 10.2instruction can directly address given a single base registerwhich may be used but not modified.
9. Maximum Interrupt Latency

Let L be the maximum number of bits which may need to be 9.2transferred between memory and any processor (CP, IOC, etc.)
between the time an interrupt is requested and the time that the
computer starts processing that interrupt (given that interrupts
are enabled).

10. Subroutine Linkage
J,: The number of bits which must be transferred between the 6.3
processor and memory to save the user state, transfer to the
called routine, restore the user state, and return to the
calling routine, for the full architecture. No parameters
are passed.
J,: The analogous measure to S1 above for the minimum architecture 4.5
(e.g., without Floating Point registers).

The measures are defined so that computer architectures maximize some and

minimize others. The measures that an architecture should maximize are Vas
and D, while the measures that should be kept to av U, K, B2 12? 2

minimum are cs
1 CS5, CM,, CMo, I, L, J4s and Jo In the composite measures,

a maximal measure, the inverses of those measures to be minimized were used.
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Lloyd Dickman, of DEC, has enumerated they following for four DEC computers.

PDP-8 PDP-11 PDP-10 VAX-11

D 11.580 19.000 23.170 35.000
108.000 112.000 216.000 256.000

16.580 20.000 23.170 35.000
15.580 19.000 23.170 35.000
18.580 25.000 27.170 33.000
18.580 24.000 27.170 33.000

U 0.090 0.043 0.030 0.8002

2
1

78.000 1168.000 756.000 786.000CS
38.000 144.000 684.000 632.000CS 1

564.000 1136.000 144.000 1464.000CM
2

264.000 496.000 144.000 1336.000CM 4

K 1.000 1.000 0.000 0.0002

0.000 14700.000 0.000 0.000
0.000 311.000 0.000 0.000

? 12.000 16.000 36.000 64.0002
1

1272.000 1424.000 1476.000 1152.000
864.000 400.000 1476.000 1152.0002

1

Taking the four machines as one set he obtained the following.
VAX-11 1.23
PDP-8 1.09
PDP-11 1.03
PDP-10 -66

Actual (i.e., Compound PMS/ISP) Performance Measure

In order to measure the performance of a specific computer (e.g., an 11/55),
it is necessary to know the ISP, the hardware performance and the frequency of

use for the various instructions. That is the execution time, T, is the dot

product of the fractional utilization of each instruction Ui times the Ti time

to execute each instruction, Ti.

There are three ways to estimate the instruction utilization, U and hence

obtain T; each providing increasingly better answers. The first, simply

defines either a typical or average instruction. The second uses "standard"

benchmarks to characterize a machine's performance precisely. In this way

since themachines can be compared and there is an absolute measure. Finally,
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actual use has not been characterized in terms of the standard benchmark (and
May even not be easily characterized in terms of it) a specific unique
benchmark may be necessary. This later characterization is quite possibly
needed for real time and transaction prrocessing where computer selection and

installation is predicated on exactly doing the job.

Typical instructions

The simplest, single parameter of performance is the instruction time for some

simple operation (e.g., add). These were used in the first two computer

generations especially since high level languages were less used. Such a

metric is an approximation to the average instruction time and assumes all
machines have about the same ISP and hence there is little difference among

instructions, or that a specific data-type will be used more heavily than

another, or that a typical add time will be given (e.g., the operand is in a

random location in primary memory call versus being cached or in a fast
register).

Although it is possible to take the average instruction time by executing one

of every possible instructions, since the instruction use depends so much on

the data they interpret, this average is relatively meaningless. A better

measure is to keep statistics about the use of all programs and to give the

average instruction time based on use on all programs. Again, such a measure

while useful for comparing two machines implementations of models of the same

architecture, is also relatively useless, when it comes to particular specific

useage.
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Many years ago, there were attempts to make better characterizations by
weighting the instructions use (i.e., forming a typical U) as to what they
did, (e.g., floating point versus indexing and character handling) to give a

better performance measure. Instructions mixes were developed that began to
better elevaluate performance. These mixes, from Bell and Newell (1971 are3
given in Table Mix.

Table Mix Instruction-mix weights for evaluating computer power

Arbuckle[1966] Gibson Knight(scientific) Knight(con
Fixed +/- 6 10(25)? 25(45)?
X 3 6 1

Divide 1 2
Floating +/- 9.5 10
Floating X 5.6
Floating divide 2.0
Load/store 28.5 25(move)
Indexing 22.5
Conditional 13.2 20

branch
Compare 24
Branch on 10
character

Edit 4
I/O initiate 7
Other 18.7 T2 74

1

'published reference unknown.

2extra weight for either indirect addressing or index registers.
The Gibson mix, best known, is still used even today. It has a decidedly
commercial flavor, and quite possibly reflects the proportion of machines

executing commercial mixes with character operations as opposed to scientific,
switching and control where proportional more integer and floating-point data

types are used. Such mixes are still better approximations than a single

instruction average, because use enters in. Note that if the data-type

operation is not present in the machine, the programmed subroutine time must be
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Siven -- typically a factor of 10-20 greater than for built-in operations.

Standard Benchmarks

The best estimate of real use comes from carefully designed "standard"
benchmarks because it is understood and because other machines use it. Several
organizations, particularly those who purchase or use many machines extensively
have one or more programs that they believe characterize their own work load.
Whether a standard benchmark can be of value in characterizing performance
depends on the degree it is typical of the actual computers use. A further
advantage of benchmarks is that they are the language that the computer is to
be used, and hence, reflect the application and also characterize the language
machine architecture. To illustrate the variability in the scientific FORTRAN

benchmark metrics, performance of a number of machines, VAX-11/780 with

floating point accelerator option, is compared with the 11/70 and with the 2050

Model B for 17 benchmarks. Two scientific benchmarks of the National Physical
C

Laboratory in the UK are singled out as being the most useful
because of the extensive effort (e.g., frequencies of the trigonometric
functions, subroutine calls, and I/O were considered) and considerations into
designing them as typical. Although these characterize scientific mix with

FORTRAN, they can be used to compare various languages.

There are similar benchmarks for commercial processing which generally use the

COBOL language.

Exact use characterization
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In the event a machine has to be fully characterized before installation, there
is no alternative to running the exact problem which will be run on the final
system. This is the most expensive alternative to characterize performance and

should be avoided because of the dynamic nature of use. Showing that an

application will yield a given performance on a particular machine is a weak

guarantee about performance if any part of the problem changes.
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