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Disclaimers

The findings in thin report are not to be construed as an
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nated by other authcriied documents.
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In order to begin the evaluation process and reduce the number of candidate
architectures for more intensive examination, and benchmarking, a set of abso].ute
and quantitative criteria were developed. The table below simlnslrizes the per.
formance of the nine initial architectur~~ on these absolute and quantitative
criteria.

ARCEITEC’IVRE Q(JM~TIThTrVE ABSOLUTE
CRIT~~IA SCORE CRIT~~IA

fl ’ERflJ~~ 8/32 1.68 (best ) problem~v interrupts &traps
PDp-].~ ‘ 1.14.3 passed all
~~1 5/370 1.36 passed all
AN/GYIC-12 0.914. failed floating-point
ROLM/NOVA 0.92 failed virtual memory

mapping
B6700 0.91 failed protection
SkL-32 0.86 failed virtual memory

memory
failed floating point

T3YJC-20 ‘ 0.144 (worst) failed protection

The result of this initial ranking and. screening process was to narrow the list
of candidates to three machines# the Interdat a 8/32, the PDP-11, and the ~~ 4
5/370, which were then more inte vely investigated using test progrem, cost
model, support software , and licen evaluations discussed in later volumes of
this report .
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1. INTRODUCTION

This volume describes how the candi date computer architectures were initially
chosen and the methodol ogy and data used In rank i ng these architectures according
to absolute and quantitative criteria during the prelimi nary screening of the
architectures. These measures were applied to a fiel d of nine candi dates wi th
the objective of doi ng a coarse screening to determine three ~r four “best” carmdi-.
dates that would be subjected to a much more detailed analysis. At the point this
procedure was formulated , it was known that time and money limitati ons woul d pre-
clude doing a detailed analysis on all nine candidates; consequently an initial
screen i ng to limi t the field was necessary.

This report covers the measures formulated for that screening , the methodology
used to evaluate the architectures according to those measures , the raw data and
rankings obtained from the measures, and a post screening analysis of the sensi-
tivity of the results to the way in which the measures were combi ned.

In drawing up measures for a coarse screening , there were potential problems
in selecti ng measures that discrimi nated for or against particular candidates , so
that the resul ts of the screening mi ght be unreasonably biased toward or away from
some candi date architectures. A good deal of judgment and collective wisdom went
into the measures so as to prevent such biases from marring the selection process.
Each criterion can be argued to be an important one on its own merits, and should
stand up against careful inspecti on by knowl edgeable parties. Some criteria were
selected as absolute criteria in the sense that a selected candidate must satisfy
each of these. In elevating a cri terion to a rank of “absolute ,” the criterion
had to be present practice in the i ndustry as a whole , and had to contribute in
some identifiabl e way to ai ding the mi ssion of the computer family architecture.
Here , for example , such criteria as protection and virtual-to—real address trans-
lation were included. Architectures that satisfy these criteri a are so coninonplace
today, and the characteristics of such criteri a are so useful , that it is reasonable
to treat these as absolute .

One criterion that might have been absol ute was made a quanti tative criterion
to avoi d biasing the selection procedure. This criterion , described later as
virtuali zability , has been a standard feature of the IBM 370 architecture, but of
no other architecture among those considered. In dealing with this as a criterion
there was a question about whether or not any of the other architectures satisfied
this property, and there was a real danger of rejecting most of them on this cr1—
ten on if it were gi ven absolute status. Al though virtualizability is Important,
it is not considered sufficiently important at this time In the development of
computer technology to use as a key factor in selecting one architecture from among
several , so It was not given absolute status. As computer technology develops,
It may be that virtual i zable machines become commonplace wi th conconmmitant develop-
ment of important systems that rely on this concept. If this happens, then a CFA
selection meeting held at that time might well treat vi rtualizability as an absolute
measure.

1
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The measures described here were developed by a working subcommi ttee and
presented to the full Selection Committee at a meeting on 3-4 December 1975.
The -basic methodology involved the col l ection of data for each of architectures
for each of the measures , which could then be normalized into some manageable
form. Independently the Selecti on Committee organizations submi tted weights for
each quantitative measure that gave their views on the importance of each of
these measures in meeting the objectives of missions of those organizations.
The outcome of the meeting on 3-4 December was a revised set of criteri a and
procedures which in general adhered to the proposed metnodology but had some
refinement , so as to be acceptaole to the voting majority (two-thirds majority )
of the Committee members.

In the peri od that followed this meeti ng , nine subcommittees (one for each
candi date architecture ) gathered the requisite data for the quantitative and
absolute measures . These data were audited for accuracy and consistency , and
presented to the Selection Commi ttee at a meeting hel d 17-20 February 1976.
Questions in interpreting cri teria that arose during the audit were presented
to the ful l Committee for final determination. At this time , the resul ts showed
that only three architectures passed the absolute criteria screening. These
were the B-6700, the PDP-1i , and the IBM 370. The quantitative criteria showed
that the Interdata 8/32, the P0°-il , and the IBM 370 led the other architectures
by comfortable margins. Interdc ta ’s 8/32 had failed one aosolute criterion on
a technicality , and in fact, closer study over the next few months showed that
it may satisfy this criterion and probably shoul d have passed the absolute cri-
teria. This question was never totally resolved by the Selection Commi ttee.
On the other hand , the B-6700 was later shown to have failed one of the absolute
criteria , so it was subsequently eliminated from consideration. The screening
procedures thus reduced the field to three candi dates -- the Interdata 8/32,
the DEC PDP-11 , and the IBM S370 -- for further detailed study.

This volume records the criteria , ranking methodology , and findings of the
• Selecti on Comittee. In several cases, measures for architectures were modified

and refined over a period of time. In no case other than those pointed out above
for the B-6700 did the refined data alter the final selections. The final section
of this vol ume reviews the chronology of the development and collection of the
measures.

Section 2: Initial Selection of Candidate Architectures
Section 3: Definition of Important Terms and Relevant Background
Section 4: Absolute Criteri a
Section 5: Quantitati ve Criteri a
Section 6: Audited Values of Cri teria for Candidate Architectures
Section 7: A Composite Score of the Quantitative Criteri a
Section 8: Robustness of the Evaluation Procedure
Section 9: Chronology of Development of Absolute and Quantitative

Criteri a
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2. INITIAL SELECT ION OF CANDIDATE COMPUTER ARCHITECTURES

In March and Apri l of 1975 letters we re sent from NRL and ECOM to 21 Navy
and 15 Army commands , laboratories , system centers , and project managers soli-
citing proposals for “candi date” instruction-set architectures for the CEA.
Candidate architectures initially nominated were: IBM System/370, Da ta Genera l
PIOVA/ROLM 1664, Burroughs 6700, and DEC PDP-11.

This list of four architectures was fel t to be insufficient , so a meeti ng
of NRL , NUSC, and ECOM personnel was held in July of 1975 to extend this list.
As a result , the following were added to the initial list: DECsystem 10, Inter—
data 8/32, and Xerox Sigm a Series.

At the first CFA comi-ttee meeting on 1 and 2 October 1975, the list of candi-
dates was reviewed, and two new architectures, the AN/UYK-7 and the AN/UYK-20,
were added to the list at the request of Mr. Henry Hill of NAVSEA . The DECsystem
10 and the Sigma/Xerox were dropped from the list because of a lack of support on
the Comittee as to the potential of these two candi dates. Subconmiittees were
formed to represent each of the candidate architectures.

At the second CFA committee meeting on 3 and 4 December 1975 the SEL-32 was
also added to the list of candidates at the request of NSWC , Dahlgren. Before
the third CFA meeting, at the request of ~M , ARTAD5, the AN/GYK-12 was Includedin this eval uation. At the third CFA meeting each architecture was examined In
detail with respect to the absolute and quanti tative criteria.

No addi tional candidate architectures we re added after the AN/GYK-12. The
final set of nine computer architectures that underwent the initial screening
process described in the remainder of this report were:

AN/GYK—12
AN/UYK—7
AM/UYK-20
Burroughs 6700
Data General NOVA (and ROLM 1664 )
DEC PDP-11
IBM System/370
Interdata 8/32
SEL 32

Al though the DECsystem 10 was dropped from formal consideration at the first CFA
meeting, a member of the CFA committee collected enough Information so that it

• . could be informal ly evaluated.

- 
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3. DEFINITION OF IMPORTANT TERMS AND RELEVANT BACKGROUND

This section pr ovides descriptive information on terms used in succeedi ng
sections.

a. Definition of Comp uter Architecture

The phrase “computer architecture ” has been used to encompass a variety of
concepts , but in the context of the CFA Committee it has the following specific
meaning:

Computer Architecture: The structure of the computer a programmer
needs to know in order to wri te any machine—language program that
wil l run correctly on the computer.

Wi th a well specified architecture , details of data bus width , technology
(core memory versus semiconductor memory , TTL versus ECL circuits ) , implementa-
tion speedu p techniques such as cach e memories and instruction lookahead buffers ,
physical size of computer , etc. need not be of concern to the programmer. A
clear (and clean) distinction between the architecture and implementati on details
allow s software to be transported between computers wi th the same architecture
even though they may have very different implementations. This separation of
architecture and imp l ementation is not a radically new idea [Amdahl , et al 1964).
The IBM System/360-370 series of machines , the DEC PDP-11 series , the Data General
NOVA series are just three examples of where this has already been successfu lly
accomplished to a greater or lesser degree. The IBM System/360-370 is probably
the best example. Aside from the 360 Model 20 , the other ~ouple  dozen model s
have an excellent record for compatibility between models. — In fact , a good
way to get a feel for what a complete computer architecture looks like , unencum-
bered by implementation details and “features,” is to look at IBM ’s System/370
Principles of Operation [1973]. The IBM manual is the definitive statement of
the 370 architecture. It does not come in separate versions for each of the 370
models -- it adequately descri bes the architecture for them all . It is signifi-
cant to note that computer architectures are not as vulnerable to advances in
technology as are specific implementati ons of the architecture . The IBM 360
archi tecture was announced in 1964 and now 12 years later it is still IBM ’s
main architecture . The 360 architecture (as extended in the 370 architectu re)
may wel l last another decade before IBM finds it necessary to move to a new
architecture.

b. Overview of the Components of a Computer Architecture

Data Types

A central aspect of any computer architecture is the data types that it
supports. In this section we list the .lata types that need to be well supported
in the selected architecture .

• 

•
~~ ~Other computer manufacturers have also been able to build compatible imple-

mentations of the IBM S/370. The Amdah l 470/V6 is probably the best known
example. National Semiconductor and Cambridge Memories have also announced
plans to build and market compatible implementations of the S/370.

• ‘1 4
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Bytes/Characters (8 bits). Applicati ons : Character processing; input
from transducers, e.g., 8-bit output from A to D converters. An
architecture often specifically supports a particular character format,
e.g., ASCII or EBCDIC , and hence the character format must be con-
sidered part of the architecture .

• Integers

Small Integers (16 bits). Applications: input from high resolution
transducers (rarely more than 12 bits needed here); arithmetic
processing of physical signals; address calculations (addresses ,
array indexes , etc.); program control (loop index , conditional

- 

branching , etc.)

Large Integers (32 bits). Applications: extended precision ari th-
metic processing of signals and general purpose computation;
random number generation; address ca lcu ation; program control .

• For integers , there is the question of what representation to use: sign—
magnitude , one ’s complement , or two’s complement. (For reasons of im—
plemertation efficiency and its unique representation of zero, two’s
complement has become the industry standard.)

Floating Point Numbers (32 and 64 bits). Application : Fl oating point can
be of~~Tgnificant assistance in ari thmetic processing: they relieve
the programmer of having to be concerned with scaling fixed point (i.e.,
i nteger) results. Unfortunately , the specificati on of floating point
formats and operations are not a trivial matter. Numerical analysts
have given this probl em considerable attention and their resul ts and
guidel ines were summari zed in an early report to the CFA Committee
[Ful le r , 1975).

Individual Bits (Booleans). Appl i cations: Program control ; description
of physi cal state (e.g., valves , relays, switch positions).

Variable Size Fiel ds. Applications: Extraction and insertion of odd
• size fields in strings, recor ds, and control blocks. Very useful

when efficient packing of primary memory is required. (An interesting
example of a byte manipulation facility is provided by the DECsystem—10• architecture.)

Decimal (4 bits per digit) . Variable number of digits per decimal number.
Not of prima ry Importance in mi l tary tactical environment; useful In
support functions -- in other words , the range of applications commonly
programmed in Cobol (inventory , payoff , etc.).

It is not a requirement of an architecture that it have instructions to
di rectly manipulate each of the above data types; only that the architecture al—
low the efficient manipulation of the data types. The test program evaluation
process was i ntended , among other things , to exercise the architecture wi th re-
spect to these data types.

- I  
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The data types enumerated above are based on powers of 2 (i.e., 8 , 16, 32 ,
and o4) . This simply reflects the dominant trend in current computer architec-
tures. Machines that do not follow this format (e.g. , DECsystem 10 and B6700 )
should be evaluated wi th comparable data types. For example , let the DECsystem
10 with its 36-bit words use 7 or 9 bit bytes, 18 and 36-bit integers , and 36
and 72—bit fl oating point numbers.

c. Operators for Data Types

Every architecture needs a set of operators (instructions ) to process its
data structures. The architecture must ei ther include an instruction for opera-
ting on each supported data type (e.g., IBM S37O) or provide a data tagging scheme
(e.g., B6700). Bel ow is a list of the main types of instructions for operating
on data (other instructions for program control , I/O, etc. are discussed later):

(1) Load/Store or Move

(2) Ari thmetic (add , subtract, multip ly, divide , negate, absolute value , etc.)

(3) Shift , rotate, and other instructions for field alignment

(4) Logical (and , or, clear , compl ement, etc.)

• d. Open Instruction Set 
-

An important attribute of any architecture ’s instructi on set is that it is
relati vely “open.” In other words, architectures should not pack their operations
so densely that there is no room for expanding the instructi on set. There are two
separate but important reasons to leave the instruction space fairly open:

(1) Accommodate future extensions. For example , the extended floating point
instructi ons in the IBM S370 do not share the same format as the single and double
precision formats because there was not enough room left in the instruction space ,
similarly for the fl oating point in the PDP-11/40 (note there was not room for two
addresses as in other POP-il instructions). On the other hand , the vi rtual mem-
ory addi tion to the IBM S370 is a good example of an extension that was added well
after the ini tial architecture but which integrated well because (among other
things) space was left in the instruction space.

(2) Certain implementati ons of the architecture may warrant implementation
- 

I of a limi ted (and approved ) set of specialized instructions for specific applica-
tions. Room needs to be left for these specialized instructions without requiring

- 
. the use of contorted formats.

• e. The Effective Address Calculation Process

An aspect of computer architectures that yields to a rich variety of ap-
proaches is how addresses are constructed from the fields of an instruction .
The simplest approach is to just embed the ful l address in an instruction . How—
ever , this is usually both inflexible and inefficient in the use of the bits in
the instruction . The following techniques have been developed to make the con-• struction of addresses from the instruction a more efficient and powerful process:

6

~

T ~~~~~~~~~~~~~~ ~~~~~~~~
--

~~~
--- -

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~

--
~~~~~~~~~~ 

• - .- •



_ _ _ __ _ _ _ _  :

(1) Indirect addressing (single level or multi — level )

(2) Indexing

(3) Base—thsplacement addressing

(4) Automatic incrementing (decrementing ’) of address pointers during address
calculation

(5) Combinations of two or more of the above techniques in a single address
calculation

Wel l designed address calculation processes make the use of important data struc-
tures such as stacks, arrays, and linked lists very efficient. Unfortunately,
it is di fficul t to make any absolute statements about the relative merits of ad-
dress calculation schemes (e.g. , multi—level indirection versus single—level in-
direction) ; a lot depends on how wel l the address calculation process integrates
with the other features of the architecture . Therefore , we must again rely on
test programs to measure the value of alternative schemes.

f. Memory Structure

We will need to disti nguish between the virtual and physical address spaces
of the computer architecture. The virtual address space is the set of addresses

• that can be generated by the effective address calculation process during n-
struction execution . In other words , the address space the programmer works in
while accessing data structures and calculat ing jump addresses.

The physical address space is the set of addresses corresponding to real
F memory locations. In some computers , there may be the trivial one-to-one map-

ping between the vi rtual and physical address spaces. However, many other corn-• puters have been able to use the virtual /physical address space disti nction to
advantage . Some of the more obvious advantages are:

(1) It frees programs of explicitly needing to know the amount of physical
memory at a particular installation.

(2) It prov i des a powerful form of memory protection.

(3) If a very large vi rtual address space is available in the architecture
and automati c paging of physical memory is provi ded, the programmer is
freed from the manual task of managi ng overlays.

(4) If the virtual address space is uncomfortably smal l (e.g., 64K bytes)
the address translation mechanism can provide a way to support large
physical address spaces.

Some computer architectures use memory addressing schemes that make it
di fficult to identify the size of the virtual and physical address spaces. Hence,
to make the definitions more specific , let the virtual address space of an archi-
tecture be the set of addresses a program can access (via the effective address
calculation process) without having to execute any privileged instructions to
alter segment or page descriptors In the memory translation unit (Fig. 3-1).

7
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For example , the IBM System/370 has a virtual address space of 2 bytes, even
though at any particular instant (because of the base-displacement addressing
scheme) the processor can only access on the order of 64K bytes (i.e., 4K bytes
relative to each of the 16 general purpose registers). The 370 is capable of
alteri ng its immediate addressabi lity into the virtual address space via any

• number of non-privileged instructions (e.g., Load Address or Add Regi sters).
• By contrast, the DECsystem 10 is limited to 256K words of virtual memory even

though many DECsystem 10 systems have more than 256K words of primary memory.
In order for the DECsystem 10 to alter its addressability it must initiate a
supervisor call to change the contents of a page table.

g. Control Structures and Protection

( 1) Program Control

The instruction set of the architecture needs to include a complete set of
operation s to facilitate the flow of control in a program . Examples of instruc-
tions include : unconditional branch , conditional branch , subrouti ne call and
return mechanisms , execute instructions , repeat instructi ons, and increment—jump-
if-not-zero instructions. In addition , the operators described in paragraph 3.2.2
need to set condition codes for use by skip or conditional branch instructions.

Probably the poi nt for most discussion in this section of the computer archi-
tecture is the structure of the subrouti ne call/return instructi ons. It is fairly
wel l establ i shed by now that control stacks provide a convenient and powerful way
to implement subroutine calls (e.g., the POP—il , HP3000, B5500 and B6500). Whether
control stacks are used or not, the selected architecture should facilita te the
writi ng of reentrant, multi -level , and probably recursive procedures.

(2) Traps and Interrupts

An architecture needs well defined mechanisms to efficiently handl e exceptional
condi tions duri ng program execution (traps) and asynchronous signal s from pen —

• pheral uni ts (interrupts).

(3) Processor State

The state of all registers in the architecture of the processor must be clear-
ly defined and readily saved and restored to facilitate process context switching.
Some high performance implementati ons of processors provide two, four or even eight

• sets of registers that hol d different processor states in order to speed context
• swi tching. An architecture shoul d be careful not to preclude the use of such a

technique (and just as importantly, the architecture should not require the use
of the technique!).

For the purposes of the fol lowi ng evaluation process, we define the processor
state as the set of bits that must be saved on ei ther an interrupt or trap in order
to resume execution of the Interrupted program at some future time. Accumulators,
the program counte r, condition codes , and Interrupt enable bi ts are all part of
the processor state . Other registers commonly found in processors , but not part
of the processor state , include the instruction register , memory address register,
and memory buffer register.

9
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(4)  Protecti on

Protection is an important aspect of an achitecture even wnen the computer
is not attempti ng to support the ubiquitou s multiprogramming operating system.
Examples:

Traditional: I/O Memory Management under control of supervisor programs.
The supervisor is able to run in a “privileged state” that al l ows access
to I/O devices and memory management tables.

Protection through addressability : Place Proqram Status ilord and I/O control
and status registers in virtual address space. A virtual to physical trans-
lation mechanism now provides the required protection.

Virtual machines: E.g., IBM CP67 and 18M VM operating systems.

(5) I/O Operation

The part of the computer architecture dealing with the operation of the I/O
units is of critical importance in many of the real-time applications in which

• this proposed architecture will be used. Specification of the architecture of
the I/O section is di fficult because of the large amount of detail required.

• For examp le , the specific format of the byte or word a disk unit sends to the
processor on an aborted access is not normally considered part of the computer ’s
architecture yet the programmer must understand the format in detail to write
the routi ne to handl e the abnormal termination of the disk unit. If one attempted
to completely define the architecture of all the I/O units of interest , the I/O
section of the architectu re would quickly become much larger than all the rest
of the archi tecture combined. Moreover , for those computers not using magnetic
tapes , say , the architectural specificati on of the magnetic tape unit is of lit-
tie interest. Therefore , we will adopt the fol l owing attitude with regard to
the specification of I/O units: specify only the general structure for communi-
cation with I/O units. In the PDP—li this has been done by formalizing the con-
cept of control and status registers. The IBM 370 has a set of I/O instructions ,
channel command words , and channel status words. Architecture supplements will
then be issued as I/O units are developed for the base architecture . If these
supplements are readily available , they can ~e used as guidel i nes for subsequent
implementation s of common I/O units (e.g., teletype interfaces , secondary memory
controllers , processor—to—processor links).

10
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4. ABSOLUTE CRITERIA

The criteria that were used duri ng the init ial screening of the computer
architectures were divided into two types: absolute cri teria that the architec-
ture must meet and quantitative measures that were used to rank order the archi-
tectures. This section enumera tes the absolute requirements and the next section

• presents the quanti tative measures.

All the absolute criteria (with the exception of criterion 5) had to be
satisfied by an implementatio n of the architecture which was operational by
1 January 1976. This elimi nated speculative decisions based on promi ses or
potentials that look inviting , but may not come to fruition. Failure to satisfy
any absolute criterion resulted in the elimination of the architecture from fur-

• ther consideration. The ni ne absolute criteria are given below. The formal
statement of each criterion is underl i ned , while explanations and examples are
not underl i ned.

(1) VIRTUAL MEMORY SUPPORT. The architecture must support a virtual to
physical translation mechanism. Sei Paragraph 3.2.5 above for a definition of
virtual and physical address spaces. By vote of the selection committee, a mech-

• ani sm commonly known as memory bank switching was deemed to be unsati sfactory.

(2) PROTECTION . The architecture must have the capability to add new,
experimental (i.e., not fully debugged) programs that may include I/O without
endangering reliable operation of existing programs. Architectures that use a
privileged mode to protect vital registers and system resources generally meet
this criterion.

( 3)  FLOATli~G POiNT SUPPORT. The architecture must explicitly support one
or more floati ng point data types with at least one of the formats yiel di ng 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 re-
sume operation of the program. For example , if the processor rece i ves a page
fault trap from the address translation unit , it must be able to request the
appropriate page be brought in from secondary storage and then resume execution .
If resumpti on of execution is logically impossible (e.g., an attempt to store an
operand into a read-only segment of vi rtual memory or fetch an instruction wi th a
parity error ) then the trap handler shoul d be able to abort the program wi th an

• 
• indicator of which Instruction and/or operand caused the termination. A similar• requirement exists for interrupts: the architecture must be defined such that it

• is capable of resuming execution fol lowing any interrupt (e.g., power failure ,
d4sk read error , console halt).

(5) SUBSETABILITY . Implementations of the architectures on small machine s
for dedicated applicati ons must not be required to include features of the archi-
tecture i ntended for use on larger , multlprogranwn~d, multi -application configura-tions. At least the fol lowing components of an architecture must be able to be
factored out of the full architecture:

11



Virtual —to-Ph ysical Address Translation Mechanism

Floating Point Instructions and Registers (if separate from general
purpose registers )

Decimal Instructions Set (if present in full architecture )

Protection Mechanism

This criterion proved to be extremely cifficult to apply because the definition
of what consti tutes a subset machine is largely si~bjective.

In order to retai n program compatibility across the implementations of the archi-
• tecture , the follow i ng criteri on must be satisfied:

The trap mechanism of the architecture must be defined such that instructions
in the full architecture , but not implemented in the subset machine , trap on
the subset machine and that it be possible to wri te trap routines for the
subset machine that al l ow it to interpretively execute those instructions
not impleme nted di rectly in hardware (or firmware) and then resume execution.
(This is an elaboration of absol ute criterion 4.)

Existence of sucn subsets does not have to be demonstrated in an operational im-
plementation of the architecture .

(6) MULTIPROCESSOR SUPPORT. The architecture must allow for multiprocessor
configurati ons. Specifically, it must support some form of “test-and-set” in-
struction to allow the implementation of synchron i zation functions such as P and V.

(7) CONTROLLABILITY OF ID. ~~processor must be able to exercise control• over any I/O Processor and/or I/O Controller (i.e., start, stop, conti nue , and• examine state registers). This criterion was also difficult to apply because
absolute control can be exercised in many di fferent ways, some of which may not
be among those intended.

(8) EXTENDIBILITY . The architecture must have enough spare capacity so
that its instructi on set can be extended as the needs ari se. 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.

12
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5. QUANTITATIVE CRITERIA

The criteri a that were used to rank the computer architectures quantitatively
were:

(1) VIRTUAL ADDRESS SPACE

(a) V1: The size of the virtual address space in bits.

(b) V2: Number of addressable units in the virtual address space.

For example , the PDP-ll (as defined in the model 40) has a 16—bit vi rtual
address which refers to 8-bit bytes. Hence

V 1 = 2
16 

~ 8 = 2
’
~

An item in memory is an addressable unit if it is possible to read and write
that unit wi thout altering other bits. (OR IMMEDIATE and AND IMMEDIATE were
agreed by the CFA commi ttee to be satisfactory methods for writing sing le
bits.)

(2) PHYSICAL ADDRESS SPACE

(a) P1: The size of the physical address space in bits.

(b) P2: The number of addressable units in the physical address space.

Considering the PDP-l1/40 again , which supports an 18—bit physical address
referring to 8-bit bytes gives us:

P
1 

- 2’~ x 8 = 2
21

(3) FRACTION OF INSTRUCTION SPACE UNASSIGNED

It is important to select an architecture that will allow reasonable growth
over its expected lifetime. Let U be defined as the fraction of the instruction
space in the architecture that is unassigned.

For example , consider the following small and primi tive Instruction set:

Short Ins tructions

14~J Halt

_____ 

Add one to AC

____ 
Clear  AC

13
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~egular Instructions

t i ,i,u,o 1 Unused

1L1~
U
~
11 Shift AC right one

________ 
Shift AC left one

Long Instruction s

F1,i-, 1 ,1[u,o!operand addressl Load AC
15

[111,1,1Io ,lloperand addrj~~ Store AC

[i~i,i,iIi,o1 Unused

Ii ,ij.ili .iJ Unused

The three short instructions consume 3/4 of the address space : no other
instructions can be defined that begin wi th 00,01, or 10. The one unused regu-
lar i nstruction leaves 1/16 of the instruction space free and the two unu sed

• long instructi ons leave 1/32 of the instruction space free. Hence for this ex-
ample U = 3/32.

• In general , 
~~~~~~~~~~~ 

is the number of unassigned instruction of length i, then

U = > u 1
2~~

1 < i <

(4 ) SIZE OF CENTRAL PROCESSOR STATE

The amount of information that has to be stored or loaded upon i nterrupt
and/or context swapping is cl early an important factor in the response of real
time systems and in the overhead of multiprogrammi ng systems. Let the processor
state be defined as all the bi ts of information in a processor that must be saved

• in order to be able to restart an interrupted process at a later date. Processor
states normally include the accumulators , index registers , program counter, con-
diti on codes, etc.

(a) C
~j
: The number of bits in the processor state of the full

archi tecture.

(b) CS2 : The number of bits in the processor state of the minimum
subset of the architecture (i.e., without Floating Point , Decimal , Protection,
or Address Translation Registers).

Cc ) Cml : The number of bits that must be transferred between the
processor and prImary memory to first save the processor state of the full archi-

• tecture upon interruption and then restore the processor state prior to resumption.
This measure di ffers from C51 above in that “register bank swi tching ,” where

• 
•

14

—~~ - ti ~~L ~~~ ~~~~~~~~ _- -~~~ — ~— - ~~~~~~~~~—• -
~~~—~~~~~~ 

--—---- 

-- - - -—-•-•-- - •



provided for in the candida te architectures , may eliminate the need to save some
registers in primary memory, while the instruction fetches required to save the
state are included in C but not in C

ml si
(d) C : The measure analogous to C for the minimum subset of

the architecture~

To make an exact count of the number of bits in C~1, include the following items:

Accumulators

Index registers

Base registers

Program counter and program status word

Protection registers

Memory mapping registers (or bank registers if these are used for
vi rtual-to-real address transformations )

Interrupt mask register

Other registers visible to the operating system program that provide
context for it or for a user program

If an architectu re provides for several sets of certain registers to provide fast
switchi”g of multiple contexts, and if a program uses only one such register set
when it runs in one context, then only one set of these registers is used in cal-
culating C 

~
. The argument is that context changing is enhanced by multipl e

sets of re~ts ters , so that to switch a process when all sets are filled requires
only the switching of one set of context registers rather than all sets. A sin-
gle context is a measure of the complexity required to run a single user. The
C~~ measure is the same as C51 with memory mapping registers, protection reg-
isters, and floating point registers omi tted.

To measur e Cml , the bits in the processor state break down into three types.
Some bits need to be stored and retrieved , some bits need only to be reset since
the registers are duplicated In memory , and some bits need not be stored or re-

• set. If context switching among mu l tiple sets of registers is provided , then
all bits in these registers contri bute nothing to CM1; they are neither stored
nor set. Registers duplicated in memory are only counted once when they are

• read back into the processor registers. All other registers are counted twice
because they must both be saved and restored. In addi tion to the bits in the
registers, the bits in Instructions required to store registers and reset them
as necessary are coun ted i n CM1 and CM2. Registers that are a fraction of a
word in length count as a full word because storing and retrieving a part word
entails a full memory cycle.

(5) VIRTUALIZABILITY

• K: is unity if the architecture is virtua lizable as defined In [Popek and
• - Goldberg , 19741 otherwise, K Is zero.

• 15
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( 6 )  USAGE BASE

These two measures are meant to De approximate indicators of the existi ng
software and programme r experience base. A single individual designated by the
CFA Committee chairman determined the value of these measures for all candi date
architectures from a standard source. (The designated person was W . Burr.)

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

(b) B~: Total dollar value of the installed computer base as of
the latest date ~or which data exists prior to 1 June 1976.

(7) 10 INITIATION

I: The minimum number of bits which must be transferred between main memory
and any processor (central, or 10) in order to 3utput one 8-bit byte to a
standard peripheral device.

Al though this measure is intended to give some insight into the responsiveness
of an architecture , it is very di fficult to construct an interpretation of the
measure that serves this purpose well. The measure counts relatively few bits
for some architectures , and this , in turn , makes the measure very sensitive to
changes of a few bits. The I measure is also sensitive to several assumptions
in exactly what actions are to be performed in doing the input/output operation ,
and where parameters for the operation are found. Unfortunately, this sensi-
tivity made the I measure very arbitrary, and a rather inexact measure of input/
output responsiveness. Consequently, the CFA committee el ected to use the fol-
lowing guidel i nes to define as equitable a measure as possible.

The cri terion I will measure an input/output subprogram must do the following
actions:

(a) Select an input/output device whose address is given in cell 2998.

(b) Outpu t a character on that device whose value is given in cell
2999.

(c) The first instruction of that program begins in cell 3000.

To avoid sensitivity to this particular phrasing of the problem , the following
variations are permitted:

(a) The address of the character rather than the character itself
may be passea as parameter.

(b) The code for the device may appear in isolation or combi ned wi th
other bits to create an instruction to write on the given device.
This makes it unnecessary to include instructions for creating
a WRITE instruction containing the device select code passed as
a parameter.

16



Cc) Either or both parameters may be passed in a register or push-
down stack instead of in the given memory locations.

Plo testing of device ready is necessary because the assumption is that this is
representative of an interrupt process in which readiness is known .

(8) DIRECT INSTRUCTION ADDRESSABILITY

D: The maximum number of bi ts of primary memory which one instruction
can di rectly address given a single base register, which may be
used but not modified.

For example , the basic NOV A has the fol l owing memory reference instruction
format, and addresses 16-bit words :

FJ
oP ( ACf II X Displacement I

0 1 2 3 4 5 6 7 8  1.

8 12
D = 2  x 1 6 = 2  bits

(9) MAXIMUM INTERRUPT LATENCY

Let L be the maximum number of bits which may need to be transferred between
memory and any processor (CP, b C ,  etc.) between the tirn~e an interrupt is requestedand the time that the computer starts processing that interrupt (given that inter-
rupts are enabled). This may be interpreted as a measure of the longest non—
i nterruptable instructi on or sequence of instructions.

For exampl e, the worst case for an IBM 370 ~~ occur when an MYC instruction
moves 256 bytes from one memory location to another. The MVC instruction itsel f
is 6 bytes long. In this case:

L = (6+2x256)8=4l44 bits

(10) SUBROUTINE LINKAGE

The amount of Information that has to be stored and loaded to accomplish a
recursive subroutine cal l and return is clearly a factor in the efficiency of the
architecture for structured programing. Let the user processor state be defined
as all the bi ts of information which must be saved and restored duri ng a sub-
routi ne call and return. This user state normally includes the accumu l ators,
i ndex registers, and program coun ter , etc.

The number of bits which must be transferred between the 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.

J2: The analogous measure to Si above for the minimum architecture (i.e.,
without floating point regi sters ).

This measure gives an Indicati on of the size of overhead that might be encountered
in doi ng subrouti ne calls in the worst case for the bi ggest and smallest machines

17
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in the family. The bi ts counted here are related to the count in CS1 , CS ,CM , and CM . By presumpti on, the bits that are stored for J are e~actl~th~se for C~1, except the protection registers , memory map re~isters, interruptmas ks, and other registers that determine the global context for a program are not
saved.
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• 6. A COMPOSITE SCORE OF THE QUANTITATIVE CR ITERIA

After developing the 17 quantitative criteria just di scussed, the CFA com-
• mittee had to determine how the performance of the candi date architectures on

these criteria would be used to screen out all but three or four of the archi-
tectures for further consideration in the test program and software evaluati on

• phases of the study. Clearly, the candidate architectures should be ordered
rel ative to each of the 17 quantitative criteri a and these independent orderings
studied to detect weaknesses and strengths of the competing architectures. How-
ever, some unbiased scheme was ultimately needed to gu i de the commi ttee in its
selection of the final three or four computer architectures to undergo more in-
tensive study. Vari ous threshol ding and weighing schemes were proposed, and
the particular scheme that follows was chosen by the CFA commi ttee at the 3 and
4 December 1975 CFA meeting. Several alternative methods were proposed at the
third meeting on 28-29 February 1976, but the commi ttee decided to conti nue to
use the method presented below.

a. Relative Weighing of Criteri a

Each voting organization of the Selecti on Committee was allowed a total of
100 poi nts to be distributed among the various measures to indicate their rela-
tive importance to the command or activity. These were combined together to
give wei ghts of importance on the several measures. The measures were normalized
as described below , and the final score for each architecture was the weighted
sum of the normal i zed measures.

The weights were computed as follows: The actual value of W [x] was the
number of points given to criteria x by all the committee members divided by the
total number of points handed out. For example, if there were 25 committee mem-
bers and a grand total of 200 points are given to V 1 by the committee membersthen

W [V1] = 200/2500
= 0.08

Twenty-four of the voting CFA commi ttee members responded to the question-
naire and these responses are given in Table 6-1. Table 6-2 shows the composite
weights for Army organizations , Navy organizations , and the full Commi ttee
membership.

b. Normalizati on

• When attempting to combi ne these quantitative measures we immediately faced
two probl ems:

(1) Measures that inherently involve large magni tudes are not necessar~lymore 4mportant than smaller measures. For example , V1 is on the order of 10to 10 whi le K is either 0 or 1.

(2) The 17 measures are defined such that good computer architectures maxi-
mize some measures and minimi ze others. Specifically, the measures that a computer
architecture should maximize are:
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CRITERIGI~

• O~~ANIZAT1~ J Vi P1 U cS2 cM2 Ri I L J2
• V2 P2 csl Gil K B2 D 31

NADC 4 2  4 2 5  1 1 2 2 8 0 0 1 9 11 19 10 10
NELC 4 2  5 2 2 8  2 2 2 2 3 4 1 2 7 4 4  4 4
SAM—D 8 1 0  6 8 8  6 4 4 3 8 6 2 6 8 6  3 4
SATCO 1 2  4 4 2  8 7 7 7 0 3 3 9 2 0 9 8 6

~ VCC 5 5  5 5 7  8 6 8 6 1 2 2 9 9 8  8 6

• • ARTPD 3 4  5 5 3  3 2 13 3 5 6 2 1 1 8 9 1 3  5

~ JSCL 4 1 6  0 0 8  4 12 0 0 2 0  8 1 6 0 12 0 0 0

• MJSGi 5 0 2 5 10 15 0 0 5 0 0 0 0 5 2 0 10 5 0
2 2 1 5 15 5 4 3 4 3 5 2 2 1 0 10 10 6 2

NVL~
( 7 2  7 2 2  2 2 7 12 2 1 1 7 1 2 15 7 1 2

NS~~W 0 25 0 10 0 5 0 5 0 5 0 15 15 10 0 10 0

FCI~ D 10 10 5 5 0 5 0 5 0 10 5 5 10 10 10 10 0
NS1~ O 3 3 1 0 10 5 3 3 3 3 5 0 0 1 5 10 15 6 6

0 2  0 2 0 2 0  3 15 5 5 1 0  0 1 2 8 3 1 0  5
NSBDC 5 13 12 2 1 1 7 1 1 0  4 1 5 1 8 5 8 2
PCSC 7 5  7 3 3  5 0 7 3 3 7 3 1 3 10 11 10 3

0 0  0 0 0  2 3 2 3 0 0 0 7 0  0 2 0  0 0

AVSCO 5 5 3 2 1 0  5 5 5 5 1 5  0 0 1 0 10 10 5 5

~~CM 2 2 2 2 4 6 15 6 15 4 6 2 6 4 6 2 16
AVLAB 2 2 2 2 4  6 15 6 15 4 6 2 6 4 6  2 1 6

NAVSE 4 2 1 3  8 1 0  1 1 5 1 9 2 1 4 1 5 6 13 3
PACMI . 1 0 0  0 0 1 0  0 0 15 15 0 0 0 1 0 20 20 0 0

5 1 3  5 1 3 8 5 1 5 1 7 1 1 8 7 1 0  5 ~
NRL 8 8 1 1 11 5 5 3 5 3 5 2 2 1 0 6 6  6 4

Table 6—1 . Weighting of Quantitative Criteria by Member Organization
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FULL
ARMY NAVY COMMITTEE

CRITERION WEIGH TS WEIGHTS WEIGHTS

Vi .0412 .0444 .0433

V2 .0438 .0575 .0529

P1 .0425 .0706 .0612

P2 .0387 .0637 .0554

U .0513 .0644 .0600

CS1 .0587 .0375 0466

CS2 .0675 .0219 .0371

CM1 .0700 .0544 .0596

CS2 .0713 .0319 .0450

K .0500 .0587 .0558

B1 .0450 .0244 .0313

B2 .0200 .0281 .0254

I .0875 .1419 .1238

D .0912 .1081 .1025

L .0812 .0969 .0917

Ji .0637 .0625 .0629
• J2 .0762 .0331 .0475

• Tabl e 6-2. Quantitati ve Cri teri a Composite Weights
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V 1,V2,?1,P2,U ,K ,B1,B2, and D ,

• while the measures that should be minimized are:

CS1,CS2,CM3,CM4,I ,L ,J1, and J~.

Let our composite measure be a maxirial measure and transform all minimal
measures to maximal measures by taking the reciprocal :

= 1/X

To address the problem of differing scale in the measures , the following
procedure was applied to develop a normal ized measure .

Let the normalized X measure be denoted X. M is the number of architectures
being evaluated. Normalized measures have the attractive properties that they
all lie in the range (O,M); have a mean across the set of M architectures of
unity; and the standard deviation of the set of normalized measures is in the
interval (o,/m). Since all normalize d measures have an average value of 1 , no
measure intrinsically dominates any other measure. We could have taken the
normal i zation process a step further and adjusted the spread of each measure so
that the measure gave a standard deviation of unity (or some other constant)
across the set of architectures being evaluated. We did not do this for all
measures. Some measures were better “discrimi nation functions ” than others and
we did not want in general to lose this information by further normalization.
However , the c’~.mittee ha~ agreed that it is important to normalize the standard
deviation o~ some of the mtasures. Specifically,

V 1, V 2 1p1,p2 and 0

The standard deviation of these measures was normalized because they may
differ by several orders of magnitude between candidate architectures , but the
Selecti on Committee did not feel that the differences in utility , expressed by
t~ç measures, are orders of magnitude. For example , a logical address space of
2~~ bytes was ~~ 

considered to be 20 times more useful than a logical ad-
-dress space of 216 bytes.

For those measures for which the committee decided to normalize the standard
deviation to unity , the following procedure was applied:

= 
[(m~ fl ~~~~~ 

(~~~~l ) 2 ]2

= 
~~~~~~~ 

+1 = “ X 

-
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c. Scal ing and Composition of Measures

In order to combi ne the ten types of measures (17 i ndividual measures) we
used a simple , linear sum with each measure X scaled by its corresponding weigh-
ing coefficient W[X]. We used the maxima l , normalized form of each measure.

• Let A be the composite measure. Then

A =  w[v 1] V 1 + W [V2].~2 + W [P 1]~~1 + +

+ w [U] U + w [K] K + W E B 1] B1 + WEB2] ~‘2
+ WEC1]c

’
1 + WEC2]ç~ + w EC3]~~ + W[C 4]~~

+ W [I ]~ ,’ + W [L] jn,’ + W[J 1] J~ +

The weighing coeffici ents are defined so that they sum to unity and hence A is
in fact a normal ized measure with a mean of 1.
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7. AUDITED VALUES OF CRITERIA FOR CANDIDATE ARCHITECTURES

- This section reviews an audit of the absolute and quantitative measures ap-
plied in the ini tial screening of candi date architectures. The initial data were
supplied by each of the architecture subcommi ttees, and were audited by H. S.
Stone prior to the third CFA meeting (17-20 February 1976). Di screpancies and
inconsistencies discovere d in the preliminary audit were raised at the meeting
of the architecture subcommittees on 17 February , at which time a complete and
consistent set of data was obtai ned.

The data were presented to a meeting of the ful l CFA Committee on 18 Feb-
ruary , wi th particular emphasis on data points that were subject to interp reta-
tion or whose accuracy was in question. A few changes to the data were made
within the course of the next few days while the CFA committee was assembled
and additional checking could be done in real time . A few more changes to the
data were made ever1 after the fourth CFA committee meeting in Apri l 1976 because
of a late audit of the AN/UYK-7 architecture data due to late submission of
data on that architecture.

Tables 7-1 and 7-2 give the values for absolute and quantitative cri teria
for each of the nine candi date architectures.

The next section gives a composite descripti on of how the various phases of
the audit were conducted. Each of the criteria is discussed separately, with its
rel evance to the selection indicated. In many cases, there is an appraical by
the auditor (Stone) concerning the interpretation finally used to indicate if
that interpretation results in an accurate or inaccurate measure. In a few
cases , variou s interpretations might be app lied to some criteria , wi th varying
answers possible under different interpretations. The audit verifies that all
answers are given under the same set of interpretati ons , having selected one of
the several possible interpretati ons to app ly uniformly to all architectures.
Where an arbitrary decision was made , it was made with the concurrence of the
architecture subcommi ttee chairmen and the Committee as a whole , and it was made
so as to capture the intent of each criterion in questi on rather than to favor
any particular candi date architecture. The resolution of these questions is
given in the definiti on of the measure earlier in this report. Those criteria
which are sensitive to arbitrary decisions are so indicated . The final rankings
appear in Secti on 7.3.

a. Absolute Criteri a

• (1) Virtual memory. The architecture must support a virtual to physical
translation mechani sm.

The i ntent of this cri terion is to take advantage of the widely used feature
of many machines that is known as virtual memory. Many advantages accrue to
architectures that support virtual memory , most notable of which is the ability
to simplify programming by making the programmer unaware of the size of his
physical memory, and by providing a mechanism for keeping active portions of a
program in high-speed memory , wi thou t the need for programmer specificati on of
data movement between high-speed memory and auxiliary memory.
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The positive answers for this cri terion listed in the table are not con-

• testable, except for the AN/UYK-20 architecture. This architecture provides
the page registers necessary for relocati on , but does not limit the ability to
change these registers to privi l eged programs. Some members of the committee
fel t that preventing user state access to the page registers was a necessary
aspect of virtual memory; others di sagreed. The consensus reached was that
the AN/UYK-20 failed to meet the protection cri terion , as wel l as the virtual
memory criterion.

The ROLM 1664 and SEL-32 architectures were both deemed to have failed
this criterion by vote of the CFA Committee on 18 February. Each of these
architectures provide an address translation mechanism commonly known as “bank
switching.” It is different in kind from paging as imp lemented by most of the
architectures and from the segmentation scheme used by the B—6700. In failing
the ROLM 1664 and SEL-32 on this point , the CFA Committee was exercising a
collecti ve judgment that bank swi tching is not an acceptabl e al ternative to a
virtual memory address translation system.

We note here that the SEL-32 architecture may at some time in the future
support an acceptable vi rtual memory mechani sm. The manufacturer has made a
recent statement indicating the intent to supply such a feature, and is working
on it. Because this vi rtual memory feature did not exist on 1 January 1976, the
SEL-32 architecture failed this cri terion.

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

The intent of this criterion is to provide a mechanism in the hardware for
aidi ng software development , and for preventing certain catastrophic software
failures from occurri ng in the field. Machines wi thout adequate protection
features have hampered software developments. Presently available hardware
protection features have proven to be valuable adj uncts to the architecture.

The AN/UYK-20 failed thi s criterion because it lacks memory protection.
Any user can modify the contents of the relocati on registers , and thereby read
and write any word in memory .

One generic way for an architecture to fail the protection cri terion is
for a program to have the ability to put the machine into a noninterruptable
state for an i ndefinite time. Since the usual situation for architectures is
to permit interrupts at the completion of instructions , the most prevalent way
to enter i ndefinitely long noninterruptable states is for an instruction to be
nontermi nating, and to be noninterruptable while executing. Architectures that
permitted nontermi nating instructions were carefully exami ned to identi fy if• these were or were not Interruptable.

Nontermi nating instructions include instructions with Infinite Indirect
chains and infinite chains caused by an EXECUTE instruction executing an EXECUTE
instruction . Architectures wi th multi -level Indirection include the ROLM 1664,
AN/UYK-7, SEL-32, and the AN/UYK-20. The AN/UYK-20 fails the protection cr1-
ten on for other reasons. The ROLM was original ly considered to fail this
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criterion but that decision was later reversed. The reasons for fai l ing are
rather subtle , but u der pathological conditions the ROLM can indeed enter a
nonterminating noninterruptable state . After 17 February it was pointed out
to the auditor that the only way of entering this state has been made a privi-
leged mode of opera ti on on the ROLM arch itecture , and that a user cannot force
the machine into the state wit !-. non privil eged instructions , so the ROLM was
considered to pass this cri terion . The subtle problem is due to the ability
to autoi ncrement indices used in indirec t chains. If no autoincrement takes
place , then an indi rect chain can be interrupted and repeated after the inter-
rupt has returned to the user. During an indirect chain , when an au toi ncrement
takes ~lace , no more interrupts are allowed until the chain terminates , s i nce

• at that point the instruction cannot be repeated. Thus the situation creates
a nontermi nating noninterrupt able state as part of the architecture (not just
as part of this implementation of the architec ture). However , autoincrementi ng
indices during indi rection is a privi leged operation so no user can violate
the protection criterion.

The SEL—32 passed the protection criterion at the time of the audit of 17• February on the oasis that the SEL-32 Reference Manual is not specific about• when interrupts may occur and when they may not , but the implementation of the
machine permi ts infinite chains of indi rect pointers to be interrupted between
in direct reference. While this assertion is still accepted , there are questions
that have to be investigated that cannot be answerea with the present documenta-
tion. Specif ically, cons ider the i nstruc ti on BRANCH AFTER INCREMENTING WORD.
This instruction increments a register and branches if the contents are nonzero.
The target of the branch is computed by an effective address computation that
could be nontermi nating. After the register is incremented , the instruction
cannot be repeated. Thus if the effective address chain is nonterminating , are
interrupts locked out , and if not , how does the program recover from an interrupt
correctl y when the interrupt occurs duri ng an indirect chain that termi nates
eventual ly?

Moving to the AN / UYK-7 , the absence of adequate documentation and missing
representation from the architecture subcommi ttee made it very difficult to as-
sess whether or not the architecture met the protection criterion . During the
audit it was revealed that nontermi nating indirect chains are possible , and ex-
perience wi th real machines executing real programs has shown that the machines
can enter nonin terruptable states during the execution of nontermi nating in-
direct chai ns. Thus AN/UYK-7 was considered to fail the protection cri terion .
Subsequent conversations between the auditor anu Wi l l is  Hurd of Raytheon Ser-
vice Organization established that the monitor clock interrupt can be honored
during infinite indirect chains , and thus some form of protection is possible.
This observation di ffers from the actual experiences related during the audit,
perhaps because the monitor clock was not armed to interrupt for those cases
reported. On this basis , the AN/UYK-7 is listed as having passed this criterion
in Table 7— 1.

The machines wi th EXECUTE instructions are the AN /GYK -i2 , AN / UYK-7 , and
IBM S/370. The IBM S/370 does not permit an EXECUTE instruction to execute
another EXECUTE instruction . The AN/GYK-i2 does permi t this to occur , and
presumably could have a chain of EXECUTES. Duri ng the audit procedures of 17
February , we accepted the statement that his chain is interruptable. The archi-
tecture manual is not specif ic on this point , so f i rm documentati rn of the
poi nt would have been required before accepting the AN/ GYK-1 2 as finalist.
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- The AN / UYK-7 , by Hurd ’s comments , has no infinite noninterruptable chai n,
so even if infinite EXECUTE chains are possible , they cannot violate the pro-
tection criterion .

(3) Floating point. The architecture must explicitly support one or more
floati ng-point data types with at least one of the formats yieldi ng more than
10 decimal digits of significance in the mantissa.

The significance measure was determined as representative of the most
stringent requirements actually encountered.

The AN/GYK-12 failed this criterion because it does not support floati ng
poi nt operations. The AN /UYK-7 fai led because it supports a format with only
31 bits (9.2 decimal digits ) of mantissa. It lacks three bits in the mantissa.
Because this is so close to the borderline , one might consider more carefully the
most stringent requirements on significance to determine how firm the 10 decimal
digit criterion is. Had the AN/UYK-7 looked like an otherwise excellent archi-
tecture, it is likely that the committee would have reconsidered the fl oating
poi nt absol ute criterion for it. As it turned out, however , the AN/UYK-7 did
very poorly on the quanti tative criteria scores ( see paragraph 7.3) and the com-
mittee was not disposed to relax this requirement for an architecture with so
littl e promise of being the final choice. It should also be pointed out here,
that the AN/UYK -7 has only one floating point forma t, which uses 64 bits . How-
ever , the AN/IJYK-7 i nexplicably devotes 16 bits to its exponent ( other machines
do very wel l with only 8 bit exponents ) , and wastes another 16 bits which are
unused. Other architectures with b4 bit fl oating point formats get about 16
digits of precision , while the AN/UYK-7 manages only about 9!

(4) Interrupts/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 intent of this cri terion is to permi t extensions and subsets of an
architecture to operate correctly so programs can be upward or downward com-
patible. The subsets and extensions may differ drastically in size, cost, and
performance , but every program wri tten for the native architecture can run on
the subset or extension machine .

An example of a machine that fails this criterion is the PDP-11/20, the
first model of the PDP-11 family, and not a representative of the PDP-l1 archi-
tecture treated by this committee. Since the PDP-11/20 does not have a virtual
memory facility , no traps or interrupts can occur at certain crucial points
duri ng the execution of an instruction . However, when virtual memory is added
to the architecture , a trap for a nonpresent page can occur during the effective
address to physical address computation . In the PDP-11/20 the program state
word does not stone sufficient information to retry an instruction if a page
fault occurs.

Because of this probl em, the state word for the architecture was modified
• by DEC so that the PDP-11/45 and other subsequent model s can support vi rtual

memory. This example shows how imperfections In an architecture can show up
after its official release, and how architectures can evolve to correct
imperfections.
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Instruction retry appeared to be a real problem in the Interdata 8 /32.
The 8 /32 has 16, 32 , and 48 bit instructions. There is no way after a trap or
an interrupt to tell whether the instruction which was being executed was a 16,
32 , or 48 bit instruction . This is of no consequence for I/O and external inter—• rupts , but for those traps which result from something caused by particular
i n s t ruc t ions , such as overflow or memory protection traps, it may be a problem ,
because it may be desirable to correct the cause of the fault , and then reexecute
the instruction . The classic example of this is found in demand paging systems ,
where an instruction causes a memory protection trap, and the OS then decides
that the trap was caused because the needed page was not in memory . The OS then

• loads the missing page , adjus ts the contents of the memory protection and virtual
to physical address translation registers , and then reexecutes the instruction
which caused the trap. If there are different instruction lengths , there may be
a problem in oacking the locat i on counter up to retry the i ns truc ti on.

This was thought to be a problem for the 8/32. It was discovered , however ,
that the 8 /32 ’s location counter is not incremented after memory protection traps ,
so there is no need to back up. The committee was unable to determine , however ,
what happens to the locati on counter after arithmetic fault , illega l instruction ,
machi ne malfunction , and privileged instruction interrupts . The consequence of
this was that the committee never was able to fully resol ve whether or not the
8/32 satisfied this criterion.

~~
) Subsetability . At least the fol lowing components of an architecture

must be able to be factored out of the full architecture:

Virtua l-to-physical address translation mechanism

Floating—poi nt instructions and registers (if separate from general
purpose registers)

Decimal instruction set ( i f  present in full architecture)

Protection mechanism

The method for subsetti ng out portions of the architecture is speci fied to
be by trap-and-emulate . Unlike other absolute criteri a , this cri terion did not

• require existence proofs of subset machines. The intent of this criterion is
to permit the procurement of machines wi th reduced features for applications
that do not use those features where there are side benefits in cost , size , and
weight due to reduction of capability .

• All architecture subcommittees reported that their architectu res were subset—
able. Because there was a great deal of disagreement in the exact measurement
of subsetability , we could not challenge the replies duri ng the audit. However,
the B-6700 and the AN/UYK—7 have not been subsetted in the sense of the cri terion ,
so that their subsetability is more speculative . In the case of the AN/GYK-12,
the question of superset rather than subset was raised. - What is the AN/GYK-12
architecture like wi th fl oating point?

(6) Multiprocessor support. The architecture must support some form of
- “test—and-set” instruction to allow for the communication and synchronization

of multiple processors.
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The intent of this criterion is to be sure that the basic architecture can
support configurations wi th multip le processors. A necessary and sufficient
addition to the instruction set of a typical stand-alone computer is an instruc-
tion that performs a “read-modi fy-wri te” operation in memory in such a way that
the operation cannot be interrupted . The necessity of an instruction of this
type has been well-known since the early 1960 ’s, and each of the candidate archi-
tectures have at least one such instruction in their repertoi res.

(7) Input/output controllability . A processor must be able to exercise
absol ute control over any I/O processor and/or I/O controller.

This criterion guarantees that a program retains absolute control over an
input/ou tput operation as part of the architecture definition. The interpreta-
tion of the criterion proved rather difficult. While all architectures neces-
sarily permitted individual devices to be started and queried for status , there
were varying degrees of control exercisable wi th respect to stopping the devices.
It is reasonable to stop all input/ou tput , or to stop selected devices. All
architecture s had some way of stopping a single device and stopping all devices,
but how they did it varied widely in efficiency . In all cases it is efficient
either to stop a single device or to stop all devices dependi ng on the architec-
ture , and in some cases both types of operations can be done efficiently.

Si nce the criterion did not spell out how to interpret input/output control ,
we accepted any definition of the ability to stop input/output as acceptable.
All architectures passed this cri terion.

(8) Extendability . The architecture must have some method for addi ng in-
structions 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.

The intent here is to provide for evolutionary development of the architec-
ture. Some years in the future new operation codes or corrections to deficiencies
in present operation codes may be invented , and the implementation of these can
be done most readily through opcodes that are undefined today. To capture the
ful l i ntent of this criterion it is most desirable for unimplemented operation
codes to cause traps in the present versions of the architecture , rather than to
be simple NO-OP ‘s. However, this was not enforced duri ng the audit because i t
was not spelled out explicitly in the criterion. All architectures have unused
instructi ons , so all passed this criterion.

(9) Read-only code. It must be possible to execute programs from read-only
storage.

This criterion is intended to permi t an added degree of reliability of oper-
ation to be attai ned by permi tti ng programs to be stored in a nonvolatile read-
only memory. Discussion during the audit indicated that every program can be
rewritten to be read-only on every architecture , even if that architecture does
not support special types of instruction s to facilitate this. The question ,
when phrased in absolute terms, had only one answer , namely, that every architec—
ture supports read—only code. As such , all architectures passed this criterion.
It might have been more meani ngful to exami ne this question quantitatively.
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b. Quantitative Criteri a

- (1) Virtual address space

V 1: The size of tne virtual address space in bi ts.

V2: Number of addressable units in the virtual address space.

Two aspects of these measures were open to interpretation . The audi t set-
tled on the following interpretati on for treating bank switching.

The virtual address for a machine with bank swi tching is the address within
a bank . The effect of bank switching is to increase the physical rather than
the virtual address.

The second i nterpretati on centered on the notion of “addressable unit. ”
There are several degrees of addressabi lity. An i tem may be fully addressable
in the sense that it can be accessed by the address produced by an effective
address computation . It’ descending order of power , other types of addressability
include (1) the ability to produce an effective address for an i tem within a
designated word , but if the effective address overflows that word i nto the next
word, the addressabi lity to the next word is not permitted , (2) addressing of
an i tem within a word by an address designator not computed by an effective ad-
dress calculation , and (3) addressing an item wi thin a word via a mask or entity
other than an address.

An example of the latter case is the OR IMMEDIATE c~nd AND IMMEDIATE instruc-
tions of the IBM 360—370. To resolve the issue of interpretation , the subcommi t-
tees voted to accept a definiti on that stated the smallest addressable item is
the smallest size i tem that can be individually wri tten i nto or read from memory.
This definition include s full addressability as defined above and each of the
more limi ted addressing modes. V and V are equal for architectures with OR
UiIEDIATE and AND IMMEDIATE instr~Ictions~ or anything more powerful for accessingi ndividual bits.

We mention here that the normalization of the virtual address space measures
may be called into question. Generally speaking, there was agreement that larger
virtual spaces are better than smaller ones, up to the poi nt where the virtual
address space is large enough. There was no consensus as to the relative good-
ness of an address space larger than necessary, nor was there a consensu s on what
size virtual address is large enough either for today or for the life cycle of
the CFA . Under these ci rcumstances , it is reasonable to pick some scheme that
tends to favor bi gger address sp ces, and it is impossible to say beyond this how
to normal i ze address spaces in the most meaningfu l and fairest possible way.

(2) Physical address space.

p
1: The size of the physical address space in bi ts.

P2: The number of addressable units in the physical address space.
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Where bank switching has been implemented , the physical address measures
Inc l ude the banks of memory available. For computers with virtual memory map-
ping, the physical address is the address resulting from the virtual—to—physical
address translati on. Physical address is defined apart from implementation since
the physical address size need not be equal to the largest memory configurati on
yet delivered.

For all architectures the ratio of p1 
to P

2 
is equal to the ratio of V

1 
to V

2.

(3) Fraction of instruction space unassigned.

U = ~~ u~2
1 where u

~ 
is the number of unassigned instructions

of length i.

The figures for U given in Table 7-2 have been determined from the manuals de-
fining the architecture for each machine .

This measure is intended to show how much fl exibilit y exi sts wi thin the
defined architecture to permit evolutionary changes in the future. As long as
U is not equal to zero for an architecture it is possible to add new instruc-
tions , and there is no restriction on the number of new instructions that can
be added. A very low value of U makes the addition of new instructions somewhat
awkward, but does not prevent it. High values of U permit new instructions to
be added wi th relative ease.

(4) The size of central processor state

CS1: The number of bi ts in the processor state of the full architecture.

CS2: The number of bi ts in the process state of the minimum subset
of the architecture.

CM1: The number of bi ts that must be transferred between the proces-
sor and primary memory to first save the processor state of the
full architecture upon i nterruption and then restore the proces-
sor state prior to resumption.

CM2: The measure analogous to CM1 for the minimum subset architecture.

These measures give an approximation to the complexity of the implementation
of the architectures, as well as a measure of the responsiveness of the architec-
tures to worst-case context changes for interrupt processing. See Section 5 for
a description of how this is measured.

The data for the Burroughs B-6700 is in question because it counts two
registers that hold the additional mantissas require~’~ for double precision float-i ng-point data. The 8-6700 subcommIttee chairman feit that these registers are
not a necessary part of the architecture. However, they are indeed a part of
the present architecture and are counted in this audit. Not counted are addi-

- 
tional bits in the state due to the B-6700 display registers. There was insuf-
ficient information at the time of the audit to determine how these should be
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treated. For this audi t they are not counted per Se, because CM , and CM
count some of the bits in the display that have to be stored to ~han ge co~texts.In all likelihood a careful exami nation of the question of di spl ay registers
wou ld leave the numbers unchanged or increased.

( 5 )  Virtua lizabi l i ty.

K: K is unity if the architecture is virtual izable in the sense of
Popek and Goldberg , otherwise it is zero.

The intent of this criterion is to capture the concept of virtual machines
that has shown to be of value in commercial computer systems. An architecture
that supports virtual machines provides a mechanism for a privileged program to
run as unprivileged and produce the results identical to those it produces as a
privileged program. The importance of this i dea is that an operating system
can be run in user mode as a subsystem of another operating system. This per-
mits the operating system in user mode to be protected against its own failures ,
and significantly enhances the ability of debugging operating systems. More-
over , wi th the virtual machine concept, many different operating systems can be
run simu l taneously  in  a m u l t i p r o g r a m m i n g  f a s h i o n , thereby permi tting users to
run programs under the operat ing system that  provides the fac il i t ies most de-
sirable for each individual user.

The definiti on of virtual machine as provided by Popek and Goldberg in
their article in CACM [Popek , 1974], is a very strict definition that guarantees
that any operating system that runs on architecture X in privileged mode can
also run on architecture X in nonprivileged mode. If an architecture f a i l s
this definition it may still support vi rtual machines in a more lim$ted sense.
For example , an operating system that uses only a restricted set of facilities
of arch itecture X might be run in privileged and nonprivileged mode.

The audit of responses to this question accepted a positive reply only if
some conv inc ing  evidence supporti ng the reply was offered as well. The IBM
360-370 is  vir tua l i zab l e, and s tandard opera t ing  systems run on v i r t u a l  machines
for this architecture. The PDP-11 is virtualizable because one such machine
has been successfully demonstrated. This machine is a PDP-11/45, not a PDP-11/70
which has been the subject of the remainder of this audit. However, the dif-
ferences between the PDP-11/45 and PDP-11/70 are inconsequential with respect
to virtualizability , and the manufacturer expressed willingness to supply hard-
ware modifications as nonstandard options to PDP-11/70 imp lementations similar
to those used for the virtual PDP-11/45 implementation. On this basis , the
virtua lizabi lity of the PDP-11 family was accepted by the ful l committee.

All other positive responses from subcommittees were changed to negative
responses in Tabl e 7-1, because they either proved to be incorrect or there was
no evidence to support the positi ve response.

(6) Usage base. -

The number of computers del ivered as of the latest date for
-
~~ which data exists pri or to 1 June 1976.

B : Total dollar value of the installed computer base as of the
2 latest date for which data exists prior to 1 June 1976.
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The figures for B and B fall into three categories, commercial end-user
machi nes , commercial O~M machines , and military machines . The end—user machines ,
B-6700 and IBM 360-370, count present installations only. Machines del ivered
in the mi d-1960 ‘s and retired and replaced since then are not counted. Con-
trary to this , the OEM machines count total number of deliveries. For the OEM
market , the total number of deliveries is a good estimate of present installa-
tions , but is a high estimate. Figures for military machines are based on total

• instal l ations. ROLM and Data General Nova sales were added together for the
ROLM (NOVA ) architecture .

This measure is intended to give some imp ression of the existi ng base In
terms of programmers and experienced support staff (as identified by the number
of installations) and in terms of other tangible items such as software base,
documentation , and similar aspects proportional to the total investment in an
architecture (as measured by the dollar value of the instal l ations).

Regardless of how these measures are gathered, it is cl ear that the IBM
360-370, PDP-11 , and ROLM (NOVA ) have orders of magnitude more installations
than the other architectures , and the investment in the IBM 360-370 overwhelms
the sum of the i nvestments in the other architectures.

(7 ) Input/output initiation.

I :  The minim um number of bits which must be tra nsferred between
- mai n memory and any proce ssor i n order to output one 8-bit

byte to a standard peripheral device.

This measure was i ntended to give some insight into responsiveness of an
a r c h i t ec ture , but it was very di fficult to construct an interpretation of the
measure that would serve this purpose well. The measure counts relatively few
bits for some architectures, and this in turn makes the measure very sensitive
to changes of a few bits. For example , is the 8-bit byte counted in the measure
or is it excluded from the measure? Since the measures are normal ized to pre-
serve ratios, an additive bias of eight bi ts could have a profound effect.
When the eight bits are excluded a 64-bit value for I is four times as bad as
a 16-bit value , but when the eight bi ts are included , the relative values be-
come 72 and 24 which is only a factor of three in range. A compromise solution
was worked out for this measure, and is described in Section 5.

The PDP-11 and Interdata 8/32 architectures can perform the operation
with a singl e 16-bit instruction . The SEL—32 and ROLM computers al so performed
reasonably well for this measure, which is to be expected for the class of
minicomputers in general . The low val ue recorded for the IBM 360-370 comes
as a result of using the WRITE DIRECT instruction rather than the standard
input/output procedures involving channel commands. It was argued success-
fully that the WRITE DIRECT and READ DIRECT mechanism in the architecture
woul d be used to achieve highly responsive input/output in extreme condi tions,
although the origina l intent of these instructions is for communication be—
tween computers rather than for input/output.
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(8) Oirect instruction addressability .

- D: The maximum numbe r of bits of primary mem ory that one instructi on
can directly address given a single base register , which may be
used but not modified.

Large D fields generally simp lify programming because they reduce the need to
set base registers and to maintain addressabi lity .

Because an architecture may have several di fferent formats, each wi th di f-
ferent D fields , the commi ttee required that the format selected for this measure
~e the one used for standard LOAD and STORE operations , or the equivalent thereof.This elimi nated anomalies , like the MOVE CHARACTER LONG in the IBM 370 architec-
ture, from consideration.

(9) Maximum interrupt latency.

L: The maximum number of bits that may need to be transferred be-
tween memory and any processor between the time an interrupt is
requested and the time that the computer starts processing that
interrupt (given that interrupts are enabled ).

The intent cf this measure is to f ind the worst-case fcr responsiveness
within the architec tur3. L measures the longest possible execut ion time for a
singl e non interruptable inst~-uction or noninterru ptable sequence of thstructions.

Architectures wi th nonterminating noninterruptable instr~ictions have in-
fin ite L measures and are so indicated in Table 7—2.

(10) Subrouti ne linkage .

- J1: The number of bi ts that  must be transferred between the proces-
• sor and memory to save the user state , t ransfer  to the cal l ed
• routi ne , for the full architecture . No parameters are passed ,

and the subrout ine call must be recursive.

J2 : The same number for the minimum architecture. 
-

This measure gives an i nd i ca t ion  of the size of overhead that might  be en-
countered in doing subrouti ne calls in the worst case for the biggest and smallest
machines in the family. The bi ts counted here are related to the count in LS1,
CS2, CM1, and CM2. By presumpti on the bits that are stored for J 1 are
exactly those for CS1, except that it is not necessary to save the protection
registers, memory map registers, interrupt mask , and other registers that deter—
mine the gl oba l context for a program. Architectures wi th small processor states
or that have LOAD/STORE MULTIPLE instructions show up well on these measures.

• Architectures wi th independent registers for floati ng-point data such as
IBM S370 and PDP-11 are penalized in these measures, because they include the
overhead for storing and retrieving the floating—point register files , while
thi s almost never occurs in typical subroutine calls in these architectures.

I
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The B-6700 figures ignore the di splay registers since it is not known how
to treat them in thi s measure.

c. Quant ita t ive  Scores

The weig~ing functions and candi date scores are given in Tabl e 7—3. Those
appearing in Tabl e 7-3 are composite functions due to combined Army/Navy weights.
Breakdowns for Army weights and Navy weights have been reported by William Burr

• in a memo dated 19 Marc h 1976. Al though the ordering of the architectures was
slightly different for the composite and individual weighting functions , the
orderi ngs were remarkably stab le. Table 7-4 shows the contri bution of each
cr i terion to the comp osite scores of each architecture.

An analysis of this stability for the composite weights is the subject of
the following section.

IA
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CAN DIDATE cFA ’s

INTER ROLM DEC UNIVAC UNIVAC LITTON
ABSOLUTE IBM DATA 1664 PDP AN/ SEL BURROUGHS AN/UYK AN/GYK

# CRITERION Sf370 8/32 -11 UYK-7 32 B6700 —20 —12

1 V i r t u al Memory V V N V V N V N V

2 Protec ti on V V V V V Y? N N

3 Fl oa t i n g  Point V V V V N V V V N

4 Interrupts/Traps V ? V V V Y V V V

5 Subsetability V Y V V Y? V V? V V?

6 Multi Processor V Y V Y V V V V V

7 I/O Control lability V V V V V V V V V

8 Extensibility V V V V Y V V V V

9 Read Only Code V V V V V V V V V

SUMMARY V ? N V N N N N N

V Yes , Meets Criteri a
N No , Fa i ls Cr i t e r i a
V? Conditi onal Yes
? Unresolved

Tabl e 7— 1 . Candidate CFA Values for Ab solute Criteri a
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CANDIDATE CFA ’s

INTER DEC UNIVAC UNI VAC LITTON
QUANTITATIVE IBM DATA POP AN/ SEL BURROUGHS AN/UYK AN/GVK

• * CRITERIA S/370 8/32 ROLM 11 UVK-7 32 B6700 -20 -12

1 V 1** 27 27 20 20 24 22 24 20 20

2 V2** 27 27 20 19 24 22 20 17 • 20

3 p * *  27 27 22*** 25 23 26*** 24 20 29

~ 27 27 22*** 24 23 26*** 20 17 29

5 U .371 .355 .039 .043 .15 .450 .019 .125 .219

6 CS
1 1344 1632 1008 1168 992 304 306 1328 1008

7 CS
2 

576 576 112 144 448 288 204 336 752

8 CM
1 

3168 1120 1882 736 1472 768 408 2256 1344

9 CM
2 

1312 32 544 480 1472 704 408 720 1088

1 0 K  1 0 0 1 0 0 0 0 0

11 B1 17 ,300 185 13,800 14,700 346 75 90 400 30

12 B2
***** 16,000 14 169 311 147 23 207 8 6

13 I 64 16 48 16 128 64 169 80 32

14 D 15 27 20 19 18 22 18 20 20

15 L 6192 560 114 112 2112 288 255 — -1376

16 1904 2368 1360 1040 1280 960 459 1408 1344

17 1136 
• 

1280 320 400 1280 960 459 640 1088

** These values are •of the form 2~ where x in dicated data except for B6700 which Is
of the form 3 ( 2 X )

*** with momory bank switching.
**** Includes NOVAS. *****In $ X i~6

Table 7-2. Candidate CFA Values for Quantitative Criteri a

• - 37

___________ _ _ i___~-



~~~~~~~~

Criterion Weight Architecture Score

V
1 

.04 I 8/32 1.68

V2 .05 PDP—11 1.43

P1 .06 i~i 370 1.36

P2 .06 AN/GYK—12 0.94
- 

U .06 i~LM 0.92

.04 806700 
• 

0.91

.04 SEL 32 0.86

.05 AN/UYK—7 0 • 46

K .06 AN/UYK—20 .0.44

B1 .03

B2 .03

I .12

D .10

L .09

.06

• .05

Table 7—3. Ccmç~osite Quantitative Scores Using the
Conbined Army/Navy Weights
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INTER DEC t.VIV~C WIVAC LI’I’1t14
• IBM I~iTA POP AN! SEL ~JR1(XJGHS NJAJYK AN/GYIC

CRITERIA S/370 8/32 ~4Y~A 11 UYK—7 32 B6700 —20 —12

V
1 2.693 2.693 0.344 0.344 0.621 0.400 1.213 0.344 0.344

V2 2 .756 2.756 0.455 0.445 0.726 0.509 0.455 0.439 0.455
P1 1.156 1.156 0.386 0.560 0.411 0.759 0.659 0.367 3.541
P2 1.962 1.196 0.443 0.516 0.467 0.807 0.425 0.419 3.528
U 1.884 1.805 0.198 0.219 0.762 2.286 0.095 0.635 1.112

• 0.535 0.440 0.713 0.615 0.724 2.365 2.350 0.541 0.713

0.456 0.456 2.345 1.824 0.586 0.912 1.287 0.781 0.349
0.325 0 .921 O.~48 1.402 0.701 1.344 2.530 0.457 0.768
0.160 6.572 0.386 0.438 0.142 0.298 0.515 0.292 0.193

F 

• K 4.500 0.000 0.000 4.500 0.000 0.000 0.000 0.000 0.000

3.321 0.035 2.642 2.819 0.066 0.014 0.017 0.076 0.005
B
2 

8.531 0.007 0.090 0.166 0.078 0.012 0.110 0.004 0.000

I 0.599 2.398 0.799 2.398 0.299 0.599 0.227 0.479 1.199

D 0.642 3.665 0.665 0.653 0.647 0.736 0.659 0.665 0.665

L 0.051 0.569 2.795 2.845 0.150 1.106 1.249 0.000 0.231

J1 0.583 0.469 0.816 1.068 0.868 1.157 2.420 0.789 0.826

0.575 0.510 2.042 1.634 0.510 0.680 1.423 1.021 0.600

Table 7—4. Normalized, Unweighted Scores for Each Architecture
and Quantitative Criterion
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8. ROBUSTNESS OF THE EVALUATION PROCEDURE

a. Analysi s

There was some concern about the role of the weighti ng of the measures, the
normalization of the measures, and the measures themselves in the selection of
final i sts. In this section , we show that, given the weights applied by the com-
mittee as an indication of the importance of ideal i zed concepts, the finalists
selected are very insensitive to the exact details of the selection procedure.
Almost any reasonable methodology for measuring the key concepts quantitatively
would select the same finalists .

Table 7-3 gives the joint Army/Navy weights to two decimal places. (More
precision is maintained by the analysis program.)

Note in Table 7-3 that the K measure (virtualizability ) and B and B mea-
sures (present machine base) are given moderate weightings , but th~ sum o~ theseweights is roughly 12% of the total wei ght. These measures were awarded to the
IBM S/370 and PDP-1i , with the NOVA/ROLM garnering some of the B~ weights .However, these measures are accounted , they shoul d properly advance the PDP-11
and IBM 360 about 12% ahead of the other candidate architectures , except for
NOVA/ROLM which woul d lag about 6% behi nd the other two. Thus these measures
in a sense present an advantage of 12% for the IBM S/370 and PDP-i1 architectures
that tends to select these machines if the other measures are equal for all
architectures.

But the other measures are not equal for all architectures. The PDP-11
and IBM S/370 have characteristics that show up wel l in the quanti tative mea-
sures in rel ation to other machines. For example , the size of virtual memory
is large for the IBM S/370, and is maximum among all architectures. No matter
how this measure is normalized , it should show up as an advantage for the IBM

• 360. Thus the IBM 360 shoul d do well for V and V , and fairly wel l for P
and P2, because it has a good ability to mate use ~f large memory. These
sures have weights that total up to another 21% of the sum of the weights. When
the 21% is considered in conjunction with the 12% menti oned above, we fi nd that
the IBM 360 is clearly at or near the head of the list in items that carry 1/3
of the total weight. In a field of nine candidates, this is almost sufficient
to ensure its selection among the top three candidates, since it is extremely
unlikely that three other candidates can gain enough weight on the remaining
i tems so that all three can exceed the score of the IBM 360.

A similar analysis hol ds for the POP-li , which , as menti oned above, properly
shares 12% of the weight with the IBM 360, and to a lesser extent with ROLM , and

• receives addi tional bonuses for items that are characteristically good for mini-
computers. These include a low interrupt latency and a fast input/output re-
sponse. Even wi th noise in the I measure, as given in’ Table 7—2, under any
reasona bl e measure of the input/outpu t respons iveness , the PDP-11 must come out

• near the top, because this is one of the functions for which the architecture has
been designed. The I and L measures carry 21% of the weight , which , together

-

, 

with the 12% mentioned above, comes to at least 33% of the weighted measures for
which the POP-il should perform well. Again , using the logic mentioned above,
It becomes extremely unlikely wi th this advantage that the PDP-ii will fall out-
side the first three.
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The Interdata 8/32 was selected by the quantitative criteria in spite of the
fact that it suffered from the 12% handicap split among IBM S/370, PDP—li, and
ROLM. However, since its architecture is similar to the IBM 360 architecture,
it does well in the 21% of the weighti ng functions involving memory for which
the IBM 360 architecture does well , an d because it  i s a min i compu ter with an
archi tecture optimi zed for minicomputer applications , it competes reasonably wel l
in measures of responsiveness.

Given the relative strengths of the PDP-1i , IBM 360-370, and Interdata 8/32,
• and the weights applied to the concepts on which the selection is to be based,

there is very littl e freedom left to enabl e a different candi date to excel in
sufficiently many categories to pl ace in the top three.

Note that the PDP-il and IBM 360-370 will do well in at least one third of
the weighted categories under any normalization , and the union of these categories
represents about one-hal f of the total weights. Some architectures do very poorly
throughout these measures, and consequently have a severe handicap with regard to
doi ng wel l enough in the other categories to become finalists.

For example, among the categories v , V , P , P , B B • K an d I ,
totaling 45% of the total weight, the R0~M a~chl~ect~re äoes

2moderately wel l in
the I measure and very well in B1~ but otherwise has a consistently poor showing.Likewise , the AN/UYK-7 and SEL-32 do very poorly on all but at most one or two of
these measures. The B-6700 and AN/GYK-12 do a little better on these measures,
but still lag well behind the IBM 360-370 and PDP-1i under any reasonable method
of scoring the functions prior to weighting. On the remaining quantities carrying
55% of the weight , if three architectures were to garner enough points to depose

• the PDP-11 and IBM 360-370 from being finalists, the scores would have to be split
almost entirely among the three finalists with very littl e if any weighting awarded
to the POP-li and IBM 360-370. Gi ven the data gathered for these other measures,
the PDP—il and IBM 360-370 do sufficiently well on the measures to stay in as
final i sts for any reasonable normal i zation of the measured data.

The architecture whose final weighting is most likely to change under other
normalizati ons is the Interdata 8/32, simply by virtue of the fact that it gained
the most under the present normalizati ons. In a few categories such as the D
measure an d the memory measu res V , V , P , and P , the Interdata 8/32 obtained
a large fraction of the avai1able1wei~hts

1in the ~resent normalization. Other nor-
malizati ons are unlikely to increase the points gained here by Interdata, and may
reduce them. However, again the finalist selection is rather insensitive to the
norma li zations, because Interdata gained 60% more weight than the nearest non—
final ist. Rather drastic changes in the normalization methodology would be required
to drop the Interdata architecture from the top three contenders.

The results therefore are largely insensitive to the precise manner in which
key characteristics are measured and normalized. There is, however , possible sensi-
tivity due to the possibility of including or omitting a candidate architecture.
A good tutorial explanation of the phenomenon that mi ght be experienced here ap-
pears in the HMathenatical Games” secti on of Scientific American [Gardner , 1976).

• The problem can be posed roughly as fol lows:
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Suppose you are ~jiven three i teilis with quantitative measures of your relative
preferences. When you compare i tems in pairs you prefer A to B , A to C and B to
C. in this comparison you naturally prefer A among the set of three objects. Yet
it is possible to develop a consistent set of quantitative data that selects C
(apparently the least desirable i tem) over A when three objects are considered as
a collection.

Marti n Gardner offers an example to support his statement. The example is
rephrased to put it in the context of the architecture selection .

In evaluat i ng arch itec ture A , you give it a ranking of 3 on all cri teria.
Architectu re B has a rank of 2 on 56% of the cri teria , 4 on 22%, and 6 on 22%.
Architectu re C ranks 1 on 51% and 5 on 49% of the criteria. (Higher ranks indi-
cate stronger preferences.)

In comparing i tems pairwise , A ranks over B on 56% of the criteri a , A ranks
over C on 51% of the criteria , and B ranks over C on (1 x .22) + (.22 x .51) +
(.56 x .51) = .6178 of the criteria. If all criteria are weighted equally , then
pai rwise rankings suggest A is best and C is worst. However, if you pick an
architecture by giving it credit for each criteri on on which it does best and
no credi t otherwise, then C is best and A is worst. A is best among the three
architecture s on .56 x .51 = .2856 of the criteria , B is best among the three
on (.44 x .51) s- (.22 x .49) = .3322 of the criteri a and C ranks top among the
three on .49 x .78 = .3822 of the cri teria. Thus it is a three-way race if we
pick C over A , but if B drops out , then A is picked over C. This phenomenon is
known as “Simpson ’s paradox” accordi ng to Gardner. Its explanation is due to
the fact that in a three—way race, B receives some weightea preferences that are
di stributed unequally a;iiong A and C when B drops out.

- In the architec ture selection , if any architecture is omi tted from the
quanti tative measures then the weigttts it gained are redistributed among those
tnat remain , and the redistributi on is oone unequally. For example , if the

• SEL -32 were dropped , then the B-6700 would stanu to gain i nordi nately on the
CS1 and CS i~ieasures , since much 

(t the weight on tnese measures given to
the SEL-32’wouiu revert to the B-6700.

The arguments usea ear iier were based on a fiel d of nine candidates , since
it is unlikely for a few of those nine candi dates to do well enough on 55% of
the weightea measures to catch up with the leading contenoers that have done
so well on the other 45% or tne weighted measures. When the field is reouced
to five contenders or six contenders, then we have to look at more of the weights
than the 45% examined above to ascertai n that race is not sensitive to the nor-
malizati ons. Note that Simpson ’s paraoox is a possibility , but not necessarily
a h-ig,iuy probable outcome of a preference evaluati on of the type conducted. Al—
though we have not iooked at all possible competiti ons wi tn fewer than nine
architectures, the tnree finalists tend to gain most of the avaitaole weight on
so many criteria that it ~s unlikely that a nonfinalist can drop out of the
race and gi ve a sufficient quantity of weight to another nonfinalist to change
the outcome. Therefore we conclude that the cata apr~ears to be robust for com-
petitions wi-tn rewer than ni ne architectures , but this conclusion remains to
be tested more ri gorously.
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b. Conclusions

The initial screening process has been conducted under reasonable technical
guidelines, wi th the seiectlon of the finalists determi nea by the merits of the
architectures as measured by factors deemed to be important by the Army/Navy CFA

• Comittee. Measures were maoe accurately and consistently, wi thin the limita-
tions due to time and availability of accurate data. The selection of three
final i sts was a function of the preponderance of the heavily weighted data in
their favor, rather than due to idiosyncracies or biases in the measuring and
wei ghting process.
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9. CHRONOLOGY OF DEVELOPMENT OF CR ii~~ IA

In an attempt to make the rationale Dehind the absolute and quantitative
criteria as c lear as possible , this section describes tne sequence of develop-
ments that lean to -tne final set of nine absol ute and 17 quanti tative criteria
describe d in this report.

An ini tial memo [Fuller and Smi th , 1975] discussing sel ection criteri a was
distribu tea at cne first CFA meeting on 1 and 2 Octooer 1975. This memo was the
result or discussions over the course of the summer of 1975 at the Naval Re-
search Laboratory between S. Fuller , 0. Parnas , 0. Siewiorek , i. Shore, and W.
Smith . At the first CFA riieeting , a ~eIection Criteri a subcommittee was formea
to develop specific criteri a the CFA committee could use in the sel ection of a
computer architecture . The members of the Selection Criteri a subcommittee were:
S. Fulier (Chairman), R. Estell , L. Haynes , r4. Tinkelpaugh , and 0. Wi se .

The Selecti on Cri teri a subcommittee met on 28 and 29 uctober 1975 , and the
results of the subco m mittee were repo rted at the second CFA meeting on ~ and 4
Decembe r 1975 [ F u l l e r , et al., 1975). in the Selecti on Criteri a subcomittee ’s
report seven quantitative cri teria were proposed: V 1, P1, U , CS 1 , CM 1 , K and
B . The 5, n, and R measures of test programs were âiso briefly~desct1bed andpkposed as quantitative cri teria capable of providing the most realistic measure
of an architectu re ’s capabilities . At the secona u-.’~ meeting, however , it was
the consensus ot tne committee that it would be impractical to unciertake a bench—
marking effort on all nine cana-i date architectures , and the decision was-made to
expand upon the absolute and quantitative criteri a developed by the Seiection
Criteria subcommittee , -in order to use them as an initial screening procedure,
prior to any test progra m erTort. Wi th this in mind , the CFA committee proceeded
to add the fol lowing quantitative criteri a to the criteria originally proposed:
v , ~~~~ CS.), CM.), B2, I , 0, L, J.,, and J2. Some ot tnese quantitative
m6asu1~es w~re a~ded because the tull CFA committee felt they were important at-
tributes of a computer architecture missed by the original set of criteri a, but
others were added because tne absolute and quanti tative criteri a were now an im-
portant part of an initial screening process to be used before a oenchmarking of
the architectures was done. i, ii , J1, J2, CS~,, CM~,, and , to a limited extent,V and P9 were added to try to gauge the effe~tivehess of the computer archi-t~cture that the commi ttee agreed would be more completely exami ned in the test
program phase of the evaluation process.

Each of the candidate architecture subcommi ttees were responsible for deter-
mining the value of their machine on the defined cri teria. H. S. Stone was ap-
pointed “audi tor” of tne responses from the architecture subcommi ttees. On 17
February 1976 , Harold Stone and the cnairmen of the architecture subcommi ttees

[ ann several other members of the CFA comi ttee met to review the responses of
the architecture subcommittees, and to challenge ann veri fy or correct the values

L 

in question . The results of this meeting, f urther discussion at the third CFA
meeting on 18—20 February 1976, and additional work on the part of the auditor -
after the meeting , resulted in values for the absolute and quantitati ve criteri a
accepted by the comi ttee ann are reported in the 1976 audit by H. S. Stone

• [stone , 1976].
-
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APPENDIX A: FORM FOR ARCHITECTURE EVALUATION

ARCHITECTURE EVALUATION

CANDIDATE ARCHITECTURE :_____________________________________________________

ABSOLUTE CRITERIA 
-

(1) Virtual Memory Support Yes No

(2) Protection Yes No

• (3) Floating Point Support Yes No

(4) Interrupts and Traps Yes No

(5) Subset ab i l ity Yes No

(6) Multiprocessor Support Yes No

(7) Controllability of 10 Yes No

(8) Extendability Yes No -

QUANITATIVE CRITERIA

CATEGORY MEASURE SCORE

V irtual Address Space

______bits

V
2
: un its

Physical Address Space

_____bits
1

P : 
_______

units
2

Fraction of Instruction Space Unassigned

U: 
_ _ _ _ _ _  H

Size of Central Processor State
- 

• C _______ bits

C2 ________bits
- 

C3 ________bits

C4 ________ bits

• A-i .

~

_

~
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CATEGORY MEAS URE SCORE

Virtualizability

K: Ye s No
10 Initiation I: ______bits

• Direct Instruction Addressability

D: ________bits

Maximum Interrupt Latency

L: 
_________

bits

Subroutine Linkage 
-

________bits

__________bits

Signature of Chairman__________________________________

Date
____________________________________________

_____  ____  _ _ _ _ _ _ _  

12~ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _



APPENDIX B: BALLOT FOR WEIGHTING QUANTITATIVE CRITERIA

CATEGORY MEASURE WEIGHT

VIRTUAL ADDRESS SPACE

1
V 2 :

PHYSICAL ADDRESS SPACE

P2:

FRACTION OF INSTRUCTION SPACE UNASSIGNED

U: 
______

• SIZE OF CENTRAL PROCESSOR STATE

______

C
~2
:

Cmi :

Cm2
VIRTUALIZABIL ITY

K 
_______

USAGE BASE

B1 :

B2:

10 INITIATION

I :  
_______

DIRECT INSTRUCTION ADDRESSAB ILITY

• 

- 

0: 
______

MA X U4JM INTERRUPT LATENCY

L: 
______

B—i
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~ ____ 
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CATEGORY MEA SURE WEIGHT

SUBROUTINE LINKAGE

• • TOTAL 100 POINTS

ORGANIZATI ON ____________________________________

SIGNATURE
_____________________________________

DATE____________________________________________

t
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