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20, ‘specified by the CFA committee. Each test program was coded from two to four
times on each architecture to minimize the effect of programmer variability. An
Analysis of Variance procedure was used to determine the overall relative per-
formance of the three computer architectures. ty indicates average performance
tnd the lower the score on any of the measureggrihe better the machine handled th

set of test programs. el
Architecture S M R
=1L T.00 0.93 0.0%
IBM s/370 o2l st SoT ey Jag
Interdata 8/32 O. 8'2 0085 0083

Table 1

In other words, owr test program results indicate that the IBM 5/370 needs LG
more memory than the Interdata 8/32 to represent the set of test programs (or 21
more than the average of the three architecturec) and the PDP-11 is essentially
average in its use of memory. Similarly, the PDP-11's ability to "execute" the
test programs ranges between 937 and 947 of the average execution time based on
the M ana R measure, respectively. Across the test programs used in this study,
these results show that for all three measures and Interdata 8/32 is the superior
computcr architecture, followgd by the PDP-11, and the IBM S/370.
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1. INTROLUCTIUN

Wnile there are many useful parameters of a computer architecture that can pe
determined directly from the principles of operation manual, the only method known
to be a realistic, practical test of the quality of a computer architecture is to
evaluate its performance against a set of benchmarks, or test programs. In Volume .
11 we presented a set of absolute and quantitative criteria that the CFA committee
felt provided some indication of the quality of the candidate computer architectures.
[t is important to emphasize, however, that throughout the discussion of these cri-
teria it was understucd that a benchmarking phase would pe needed, and that many of
the quantitative criteria were peing used to help construct a reasonable “prefilter"
that woula help to reduce the number of candidate computer architectures from the
original nine to three or four. As described in Volume II, this initial screening
in fact reducea the set of candidate computer architectures to three: the IBM S/370,
the PUP-11, and the Interdata s/3¢.

Tne concept of writing benchmarks, or test programs, is not a new idea in the
field of computer performance evaluation. For the purpose of the CFA committee, we
define a test program to be a relatively small program (100 to 500 machine instruc-
tions) tnat was selected as representative of a class of preograms. The CFA commit-
tee's test program evaluation study described here must also address the central
problems facing conventional penchmarking studies:

a. How is a representative set of test programs selected?
D. Given limited manpower, how are programmers assigned to writing test pro-
grams in order to maximize the information that can be gained?

We face an additional problem here because we are evaluating computer archi-
tectures, independent of any of their specific implementation. In other words,
wnen evaluating particular computers, time is the natural measure of how fast a
test program can be executed. However, a computer architecture does not specify
the execution time of any instructions. Thus an alternative to time must be chosen
as a wmetric of execution speed.

This volume explains now the CFA committee addressed the above questions and
presents the results of the test program evaluation of the three candidate archi-
tectures. The next section, Section 2, describes how the 12 test programs used
in the evaluation process were selected, and Appendix A gives the actual specifi-
cations of the test programs used by the programmers to code the programs for the
candidate arcnitectures. Section 3 explains the measures of architecture perfor-
mance that were used in tnis study. Section 4 explains how 15 programmers were
assigned from six to nine programs each, in order to get a set of slightly over 10U
test program implementations that were used to compare the relative performance of
tne candidate architectures. The principle results of the test program evaluation
are presented in Section 5, and Appendix E contains the actual S, M, and and R mea-
surements of all of the test programs. Tne analysis of variance procedure, and
related procedures, used to analyze the test program statistics are also reviewed.
We conclude this report with a brief summary and discussion of our experiences and
problems, that should prove useful for any further work in this area.
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2. TEST PROGRAM SPECIFICATION

A Test Program Subcommittee was appointed at the first CFA cormittee meeting
of 1 ana 2 October 1975 and was charged with:

(1) determining the general criteria for test programs
(2) developing characteristics to be tested
(3) specifying specific test programs

Adembers were:

3111 Burr (Chairman) USA ECOM

LT Belten Allen NPGS

Mark Stephens PIMTC

rorrest Sumnmer NTEC

Wl lian MeCoy NSWC, Dahlaren

The Test Proaramn Subcommittee met on 20 and 21 October 1975 to formulate recommen-
dations tor the Deceriber 1975 meeting of the CFA committee.

The ultimate goal of the subcommittee was to desian a procedure that would
provide data about the relative efficiencies of the candidate computer architec-
tures, and not data about any particular implementation of an architecture. In
tne conventional venchmark approacin, the pertormance of a narticular computer on
roprosentative preqgrams (usually coded in a Higher Order Language common to all
the computers to be measured) is measured against time. Tnis would not satisfy
test proaram objectives pbecause it measures an actual implementation of an archi-
tecture. Tne subcounittee decided that the measures ot architectural merit nust
be time independent, and would have to be based on the number of bits of memory
required to represent a particular specified alaorithm and the number of bits
wmich were transferred petween the processor and main memorv to execute an alno-
rithr.  Ine next section, Section 3, describes in detail the measures of archi-
Loctare perroriance used in this study.

a. 4lternative Approaches

A number of alternative test program specifications were considered by the
Test Yrosram Subcommittee and the entire CFA committee. The major alternatives
are discussed here.

(1) digner Order Language Test Proqrams

A temptina proposal was to use test proarams written in a Higher Order Lan-
wage (il obut to use time independent measures. This hag the advantaae of
thlowane a single HOL source program to be used for all the architectures to be
ested. This also would have permitted the use of existing pencimark programs,
whicn were coded in FORTRAN, which were available from several sources (FCDSSA,
and NAUC), and which were extracted from "real" military systems. One disadvan-
tage of this approach was that no one language, even FORTRAN, was available on
211 the nine initial candidate architectures and those languages developed for
152 in tactical military applications (e.a., JOVIAL, CMS-2, CS-4, and TACPOL)
#ere eacn available on only a few of the candiadate architectures. There are
FORTRAN IV and COBOL compilers available for each of the three final candidate
architectures, however neither FORTRAN nor COBOL are widely used in tactical
military applications. The major disadvantage, however, was that there was no
practical way to separate the effects of compiler quality from the effects of




arcinitectural efficiency, and the object of the experiment was to measure only
the architecture. Tne HOL approach to the Test program effort was ruled out,
because the results would necessarily involve a significant undetermined compo-
nent, which would be due to variations in the efficiency of compilers which are
unlikely to be extensively used in tactical military applications. These
unmeasurable compiler effects might well mask genuine aifferences in the
intrinsic efficiencies of the architectures.

(2) Synthetic Programs

Another test program approach proposed the use of synthetic programs.
Synthetic programs are hianly parameterized programs, written in either assem-
ply or higher-level lanquages, and designed to provide a "representative" com-
putational and 1/0 load on a computer system. [Buchholz, 1969]. Synthetic
programs do not do any useful computation, but rather are structured as a set
of loops, controlled by the input parameters of the synthetic program, that
compute, initiate I/0 activity, or request operating system services. Syn-
thetic loads have been most sucessful in testing computer systems against
varying multiprogramming job mixes and for evaluating system configurations.

-Synthetic programs were not used here because we were interested in how well

an architecture's instruction set coula represent and execute specified
aloorithns.

(3) Code Test Programs in Assebly Language

Usina standard (ilachine-Oriented) assembly language for the test pro-
qrams was tne oobvious alternative to the use of Higher Order languages, but
it had several obvious disadvantages. First, each program would have to be
recodea for each machine, adding to the effort involved. Moreover, this in-
troduced proqrarmer variadility into the experiment, and previous studies
nave shown programmer variability to be large (variations of factors of 4:1
or more are commonly accepted). Finally, it is much more expensive to code
in assembly language than in HOL's, and this would limit the size or number
of the test programs. Nevertheless, the committee felt that there were ways
to limit, separate and measure these programmer effects, while there was no
practical way to 1imit or separate the effects of compiler efficiency. It
was therefore decided that the test programs would, of necessity, be coded
in assembly language.

b. Guidelines for Test Programs Specification

The Test Program Subcommittee attempted to establish a strategy for de-
fining and coding the test programs that would minimize the variability due
to differences in programmer skill. The strateqy devised was as follows:

(1) The test programs would be small "kernel" type programs, of not
more than 200 machine instructions. (In the end, a few test programs re-
quired more than 2UU instructions.) It was felt that only small programs
could be specified and controlied with sufficient precision to minimize the
effects of programmer variability. Moreover, insufficient resources were
available to define, code, test, and measure a significant set of larger
programs.

(2) Mr. W. L. McCoy proposed that the programs be defined as structural
programs, using a PL/1-1ike Program Definition Language (PDL) and then "hand
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translated" into the assembly languages of the respective architectures.

This proposal is essentially the IBM Structured Assembly Language methodology,
and it was adopted oy the subcommittee. It was recognized that PDL defini-
tions would be impractical for some test programs, specifically those intended
to measure interrupt nandling.

(3) Programmers would not be permitted to make algorithmic improvements
or moaifications, but ratner would be required to translate the PDL descrip-
tions into assembly language. Programmers were free to optimize their test
programs to the extent possiple with highly ootimizing compilers. This "hand
translation" procedure of strictly defined algorithms was expected to reduce
variations due to programmer skill.

(4) All test programs except the I/0 Interrupt Test Program would be coded
as reentrant, position-independent (or self relocating) subroutines. This was
pelieved to pe consistent with the pest contemporary programming practice and
provides a yooa test of an architecture's subroutine and addressing capabilities.

C. Selection of the Twelve Test Programs

The test program subcommittee then specifiea a set of 15 proposed test pro-
gram kernels. Tnese kernels were intenced to be proadly representative of the
Dds1C types ot operations pertormed in military computer systems. These test
prograis and the proposed metnodoloyy were presented to the CFA Committee at its
second meeting on 3 and 4 Lecempber 1Y75. Several additional test program ker-
nels were then proposed by Ur. R. Gordon and Mr. W. L. ilcCoy. An expanded set
of Z1 proposed test programs was prepared. This expanded set was tnhen presented
to tne CFA Committee at its third meeting in March 1976.

At that ineeting CFA Committee members were asked to rank the test programs
in order of their importance. A composite rating of each of the test programs
wdas made, ana 1t was agreed tnat the top 12 programs would pe the basis of the
test program experiment. An ad noc subcommittee was formed to finalize the ae-
tailed specification ot tne Test Programs. This subcommittee met on 12 March
1970 at MRL. Its wmempers were:

S. Fuller (Chairian) NRL/CMJ

W. Burr USAECOM

L. Haynes NSWC, wnite Vak
W. ficCoy WSWC, Dahlgren
L. venoia NUSC, new London
U. Parnas NRL/Darmstadt

This subcommittee reviewed tne 14 test programs designated by the CFA Com-
nMittee and produced a final revised set of Test Program Specifications. The
specirtications ot the 12 test programs are given in Appendix A and they are
pbrieftly describea below:

(1) 1/u kernel, four priority levels, requires the processor to tield
interrupts from four devices, each of wnich has its own priority level. While
one device is peing processed, interrupts from higner priority devices are
allowea.

(2} 1/u kernel, FIFO processing, also fields interrupts from four devices,
but witnout consideration of priority level. Instead, each interrupt causes a

4




request for processing to be queued; requests are processea in FIFD orger. «4hile
a request is peing processed, interrupts from otner devices are allowed.

(3) [/U device nandler, processes applicatior programs' request for /0
olock transters on a typical tape drive, and returns the status of tne transter
Jupon completion.

(4) Large FFT, computes the fast Fourier transform of a large vector
or 3¢2-pit floating point complex numpers. This benchmark exercises the
machine's floating point instructions, but principally tests its ability to
manage a large address space. (Up to one half of a million pytes may pe
required for the vector.)

(5) Cnaracter search, searches a potentially large character string
for tne ftirst occurrence of a potentially large argument string. It exer-
cises the anility to move througnh character strings sequentially.

(/) Bit test, set, or reset tests the initial value of a bit within a
Dit string, then optionally sets or resets the bit. It tests one kind of bit
manipulation.

(7) Runge-Kutta integration numerically integrates a simple differential
equation using third-oraer Runge-Kutta integration. It tests floating-point
arithmetic.

(8) Linked list insertion inserts a new entry in a doubly-linked list.
It tests pointer manipulation.

(9) Quicksort sorts a potentially large vector of fixea-lengtn strings
using the yuicksort algorithm. Like FFT, it tests the apility to manipulate
a laryge address space, out it also tests the ability of the machine to support
recursive routines.

(10) ASCII to floating point converts an ASCII string to a floating point
nuinper. It exercises character-to-numeric conversion.

(1) Boolean matrix transpose transposes a square, tightly-packead bit
matrix. It tests the ability to sequence through pit vectors by arbitrary
increments.

(12) Virtual memory space exchange changes the virtual memory inapping
context of the processor.

Tne specifications, written in the Program Definition Language., were in-
tended to completely specify the algorithimn to be used, but allow a programmer
the freedom to implement the details of the program in whatever way best suited
the architecture involved. For example, in the ASCII-to-floating-point bench-
mark, program J, the POL specification included the statement:

NUMBER « integer equivalent of characters POSITION to J-1 of Al
where character J of Al is "."

This description instructs tne programmer to convert the character substring
PUSITION, POSITION +1, ..., J-1 to an integer and store the result in the inte-
ger NUMBER. It left up to the programmer whether he would sequence through the

5
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string cnaracter-by-character, accumulating an integer numper until ne founa 4
dot, or pernaps (on the S/37u) use the Translate-and-Test (IRT) instruction to
tina the dot, tnen use PACK and Convert-to-binary (CV8) to do the conversion.
[t aia forbid him to accumulate tne result as a floating point number directly,
trorcing nim to tirst convert to an integer, ana tnen to tloating point.

For anotner example, tne Boolean Matrix Transpose specification, program K,
1ncludea the statement

swap BLI,J] with 8lJ,I]

where 8 1s a tightly-packed poolean matrix. An earlier version of the specifi-
cation saild insteaa

Teer « 8LL,J]
8Li,d] « 8Ly,I]
LU, 11 « [EMp

A strict interpretation of tnis latter example would force the programner to ao
explicit pit fetcnes ana stores, as in tne dit Test, Set, or Reset program, F.
ine later specitication allowed more flexibility.

d. P4UlLzuURES FuK WRITING, vtdubGInGg, AU MEASURING TAE TEST PRUGRAMS

12 test prograims were written by 1o programmers at various Aruy and Navy
lauordatories and at Larneygie-Mellon university. A set of reasonably comprenen-
Sive Instructions and conventions were needed to insure that the various progran-
iers produceda results tnat coula be compared in a meaning: il way. Section 4 ot
Li1s volume discusses tine assignments wmade to tne programmers, and shows now these
1551 4nments were made to minianze tine distortion of the final conclusions due to
varidtions between prograumers. In adaition, we also agrecd tnat it was not suffi-
S1ent to Just write the test proyrams in assembly language. We instructed each
projrdisi2r that all of the tfst programs that he wrote had to oe assembled ana run
un tne dappropriate couputer. Appendix 8 1S a copy ot the test data that we dis-
trivuteu to the programmers. A test program was detined to be debuggea for tne
purposes ot the CFA committee's work it 1t performed correctly on the test data
snown in Appenaix 8. Also note that some of the input parameters are markea to
indicate tnhey are tne data that was used when tihe test program's execution pertfor-
ilance wds fmeasured.

Appendix C aescribes the details of the subroutine cailing conventions assumed
for edch ot tne tiree final canaidate arcnitectures. These calling conventions were
ised by driver proyrams in the deougging and testing of the test programs. These
calling conventions were desiyned to make as efficient use of eacn architecture as
Qussiple, consistent witn tne constraint of requiring the test programs to be re-
entrant, position-inuependent subroutines.

L The exceptions were test programs A, 8, C, and L since they &li require
the use ot privileged instructions and it was impractical to require pro-
gramners to get stand-alone use of all tne candidate macnines. In these
four cases, an "expert" on a test program was designated and he was respon-
sible for reading in detail all implementations of the test program and
returning the test programs to the programmer tor correction it he detected
any errors. 6




3 O, v ANU R:  MEASURES OF AN ARCHITECTURE'S PERFURMANCE

very little has peen done in the past to quantify the relative (or absolute)
perforinance ot computer architectures, independent of specific implementations.
rnence, like it or not, we nad little choice but to define measures of architecture
pertormance for ourselves.

Funaamentally, performance of computers is measured in units of space and time.
To put it anotner way, the resources that are used to solve problems on computers
nave units of space and time (e.g., cemputer charges commonly include terms of pro-
cessor seconds used, primary memory space used, and secondary storage space used).
Tne measures tnat were usea by the CFA Committee to measure a computer architecture's
perrorimance on tne test progran were:

rieasure ot Space
S: Number of Dytes used to represent a test program.

rieasure of Execution Time:
“:  Numper of pytes transferred between primary memory and tne processor
auring the execution of tne test program.
R wuilper ofr pytes transferred among internal registers of the processor
during execution of the test program.

ine remainger of tnis section will develop exact definitions of these three
wedsures. lerns such as internal register and processor will pe given very spe-
1T1C detinitions and the constraints on the types of dyte transfers will pe
derinedu.

All of tnz neasures aescribed in this section are measured in units of s-pit
vytes. A more tunaamental unit of measure would pe bits, but we faced a number of
annoying prodblems with respect to carry propagation and fiela alignment that make
the measurement of S, ¢, and R in pits unduly complex. Fortunately, all the com-
puter arcnitectures unaer consideration by the CFA committee were based on 8-bit
vytes (rather than o, 7, or Y-Dit dytes) and hence the byte unit of measurement
can pe conveniently appliea to all these machines.

a. TEST PRUGRAM SIZE

An iniportant indication ot how well an arcnitecture is suited tfor an applica-
tion (test program) is tne amount of memory needea to represent it. We define
S(i,J,K) to pe the number of 8-pit bytes of memory used by programmer k to repre-
sent test program i in the machine language of arcnitecture j. Tne S measure in-
cludes all instructions, inairect adaresses, and temporary work areas required by
tne pragram.

Ine only memory requirement not includea in S is the memory needed to hola
tie actual data structures, or parameters, specitied for use by the test programs.
For exaimple, in tne Fourier transform test program S did not include the space for
tne actual vector ot complex floating point numbers being transformed, but it did
incluae pointers used as indices into the vector, loop counters, booleans required
Dy tne program, and save-areas to hold the original contents of registers used in
tne computation.

It one or more of the final candidate architectures had substantially differ-
ent data types (as would have happened it the 807UU had remained a candidate archi-
tecture into tne test program phase) we would have had to carefully define the

5




precision required by the input and output data rather than simply defining the
actual tormat of the data. Fortunately, tne IBM S/37u, PUP-11, and the Interaata
/3¢ all nave 8-Dit cnharacters, lb-pit integers, 32-pit and o4-bit floating point
numbers. Tne fact that some computer architectures support data types not sup-
ported by otner architectures is not a problem nere (e.g., the IBM S/370 supports
decimal numbers and 128 bit floating point numbers and the other candidate archi-
tectures do not). Test Programs simply specify the format of their input data
structures and, 1t a candiaate architecture does not have instructions to directly
support a data type, it provides support via emulation in software.

uwiven the three architectures being compared, the only point at wnich there
1s some complication is with the floating point formats. Even though all three
arcnitectures support 32 bit and o4 pit floating point numbers, they use different
formats and this leads to sligntly different amounts of precision. For example,
tne 1311/370 ana Interdata ¢/3¢ use a base of lo tor their exponent while the Pur-1l
uses a base of 2 and, in addition, the PUP-11 uses the "hidden pit" technique to
pick up a little more precision. These different formats will result in slightly
aifferent uegrees ot precision in the results LBrent,1973]; pathological cases
could ve constructed where the 32-pit floating point representation in one archi-
tecture will enable an algorithm to converge to a reasonable answer while the 3¢
DIt format of one ot tne other arcinitectures will not converge, and hence tne b4
01t tormat would be required. Clearly we would nave been in more serious diffi-
culty 1t the PUP-1u with 1ts Ju-pit format or the UYK-/ with its 4s-bit floating
)oint toriat (1o DIt exponent, SZ-bit mantissa) had needed to pe evaluated.

b. PRUCESSUR EXECUTIUN RATE MEASUKES

In selecting among computer arcnitectures as opposed to alternative computer
systeus, we are tace with a tundamental dilemma: one of the most basic measures
of a computer 1s the speed with which it can solve problews, yet a computer arcni-
tecture 1s an abstract description of a computer that aoes not define the time
required to perform any operation. (In fact, i1t is exactly this time-independence
tnat .akes the concept of a computer architecture so attractive!) wuiven this ai-
lenma, one reaction wignt pe to ignore performance when selecting amony alternative
Coiputer architectures and leave it to the engineers implementing the various pnys-
ical realizations to worry about execution speed. However, to adopt this attituae
wouldu invite disaster. In other words, although we are evaluating arcnitectures,
not implementations, it is essential that the architecture selected yield cost/
efrective implementations, i.e., tne architecture must pe "implementable."

fhe ri and R measures defined in this section were developed to measure those
aspects of tne arcnitecture that will arfect tne pertormance of implementations of
the architecture.

(1) Processor/remory Transfers

[t tnere 1s any single, scalar quantity that comes close to measuring the
"power" ot a computer system, it is the pandwidth between primary memory and the
central processor(s). LBell and Newell, 1971; CR, 1976; Stone, 1975]

Tnis measure is not concerned with the internal workings of either the pri-
mary meiiory or the central processor; it is determined vy the width of the bus
(w) dDetween primary memory and the processor and the number of transfers per
secona tne pus is capaple of sustaining (see Figure 3-1). Since processor/mem-
ory oandwidtn is a good indicator-af a computer's execution speed, an important
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ileasure of an arcnitecture's effect on the execution speed of tne computer system
is tne amount of information it nust transfer petween primary memory and tne gro-
cessor during the execution of a program. If one architecture must read or write
¢x1U**6 pytes in primary memory in order to execute a test program and tne second
architecture must read or write lU**o pytes in order to execute the same test
program, tnen, given similar implementation constraints, we would expect the
second architecture to be supstantially faster than the first.

W Dits
Primary f’ Central
=
AN
Memory A Processor
B
Figure 3-1

Tne particular measure of primary-memory/central-processor transfers used by
the CFA Committee is called tne M measure. M(i,j,k) is the number of B-bit bytes
that must be read or written from primary memory by the processor(s) of computer
architecture J during the execution ot test program i as written by programmer K.

Clearly, there are implementation techniques use. in the design of processors
and memories to improve performance Dy attempting to reduce processor/memory traf-
tic, i.e., cacne memories, instruction lookanead (or behind) buffers, and other
ouffering schemes. Tnese are important impie.sgntation tochniques that are used in
nign-performance models of any architecture anc "© structure of the architecture
can affect tne d gree to whicn these implementation techniques will speed up execu-
tion. However, with the intention ot keepinyg our measure of processor/memory traf-
fic as simple, clean, and implementation-independent as possible, none of these
vbuffering techniques will be considered. At the completion of one instruction, and
before the initiation of the next instruction, the only information contained in the
processor is the contents of the registers in the processor state. (Refer back to
Volume II, for tne definition of processor state.)

Figure 3-2 may help clarify what I/0 traffic is included in the M measure. All
the pytes that are transferred to execute a test program across the processor/memory
pus and the I/u control bus are included in the M measure.

In many simple computer systems the 1/0 processors (or 1/0 channale) af Fiauve
3=¢ are repilaced oy UMA (airect wemory access) controllers or even simpler inter-
faces under direct (central processor) program control.
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Tavle 3-1 snows an example of a sma1l44ﬁh S/370 instruction sequence which
snoula nelp to 1llustrate tne calculation of m. Thne instructions are the basic

[0up of a routine for calculating tne inner proauct of two single precision float-
1ng DOINT vectors of lengtn LU.

M
(1) LA 2,1u(u,V) Set RZ to 14, the length of the vectors 4
(¢) LA 3,XVEC Load R3 with starting adaress of X vector. 4
(3) LA 4,YVEC Load RZ witn starting adaress of Y vector. 4
(<) SUR é; Clear floating point reg. 2. Use it to
accumulate inner proauct. 2
(9) SR 2.7 Clear R7 and use as index into floating
point vectors. Z
1xle= 1b
(o) LuuP LE 4,0(7,3) Load x(i) into floating point register 4. 8
(7) ME 4,U(7,4) Multiply X(i) oy Y(i). 8
(8) AUR Z,4 Sum:=Sum + X(i) * Y(i). 2
(9) LA 7,4(u,7) Increment index Dy 4 bytes. 4
(1u) 8CT Z,L00P Decrement loop count and branch back if
not done. _ 4
1UxZ2o=¢0U
(L11) STy <, Sur Store douple precision result in SUM. 20 12
Total 288 bytes

Taole 3-i. ¥ ifeasure tor Isr S/370 Inner Product Example

‘nstruction (1) is a 32 it instuction (RX format) and requires no operand fetches
from primary meiory. Hence the i1 measure ftor instruction (1) is 4 bytes. Instruc-
tions (¢) and (3) are also LA instructions ana also add 4 each to the M measure.
Instruction (4) is a lo-pit instruction (RR forinat) ana hence M = 4. Note that the
tact (4) initiates an s-byte floating point subptraction does not enter into the cal-
culation of M. (5) 1s also an kk-tormat instruction and adds ¢ to the M measure.
Instruction (o), a load, requires a 4-byte instruction fetch plus a 4-byte data
tetcn, as does instruction (7). Instruction (s) is a RR instruction which requires
only a ¢-pyte instruction tetch; instruction (9) is another Load Address requiring
only a 4-byte instruction fetch, and instruction (1U) is a branch requiring a 4-byte
instruction fetch. The final instruction, (11), requires a 4-byte instruction fetcn
and also an s-pyte store to save tne double precision floating point sum. Instruc-
tions (b) tnrough (lu) are each executed 10 times and hence their contribution to

it will pDe the proauct ot the cost of an individual instruction execution and the
number of times it is executed. Tne total M measure of this instruction sequence

15 Zoo bytes.

Altnougn tne rl measure nas deen designed to be as simple and clean a measure
ot processor/memory dandwidth as possible, we discuss below the areas where some
clarification is required:

a. it and field accessing. Some computer arcihitectures have a set of in-
structions for manipulating individual bpits in memory. In these cases, count in
the v ineasure a one byte read to simply read a bit from memory, and a l-byte read
followed oy a l-byte write to tetcnh the bit from memory, modify the selected pit
and store it pack in memory. The following examples, which are described using an
ISP-1ike notation, illustrate this principle:

LB
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SBT R1, u(R2) This is an Interdata 8/32 instruction
that sets a bit in memory. D(R2) spe-
cifies the beginning of a hit vector
and Rl identifies the bit within the
vector that is to be set.

(1) IR W[PC:PC+3] Four bytes of instruction are loaded 4
into the instruction register.
(2) AR D+R22<8:31>+ Load Memary Address Register with ad- )
R1<5:25> dress of pyte containing bit to be set.
(3) Ytenp<y: 7> MLHAR] Fetch byte 1
V:7>
“) Ltemp<Rli<gv:31>> 1 Set bit u

(%) ALMAR]<U: 7>« Rtewp  Store byte R
<:7> M= 5 bytes

(ot that several of the steps in the apove example do nat involve transfers fronm
aerory ang only transfers within tne central processor reristers. A measure for
wracessor reqister transfers will be developed in the next section.)

b. Carry Propagation. Another detail that may cause some ambiquity in tne
calculation of the !i measure is how to handle carry propazation. For example, the
POP-11 INC instruction increments a memory location by 1. How much should oe added
o the i measure to represent this incrementation? If incrementing on the PUP-11
is counted as a lb-bit fetcn followed by a 16-bit store, then this will usually be
an overestinate for a PDOP-11 implemented with an 8-bit memory pus. With an &-bit
bus, tne YOP-11 would fetch ¢ bits, increment this value, store the new byte. and
onlv 1t the carry propagated into the hiah byte would the second 8 pits need to be
moditied.

The problem pecomes worse when we consider an arcnitecture with 32-bit nointers.
[t an increment counts as a full word access and then a full word store, we find that
incrementing a 3Z-bit numder is uch more expensive than a lo-bit number, yet in im-
pleventations with memory buses of 1o bits or less, incrementing a 32-bit pointer
will almost always take the same time as incrementing a le-bit pointer.

In order to not overestimate processor/memory traffic with the M measure and to
nrevont the calculation of the M measure from becomina overly complex, all increments
[ ,5utizd o reguire on s-bit store. HModification of higher order bytes were ig-
nored since they occur infrequently. "

¢2) 2eqisters Transfers within the Processor

The processor/memory traffic measure just described is our principle measure
of a computer architecture's execution rate performance. However, it should not be
too surprising that this M measure does not capture all we might want to know about
the implementability of an architecture. In this section a second measure of archi-
tecture performance is defined: R -- register-to-register traffic within the pro-
cessor. MWhereas the M measure looks at the data traffic between primary memory and
the central processor, R is a measure of tha data traffic internal to the central

12
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processor. The fundaental goal of the M and R measures was to enable tne architec-
ture selection committee to construct a processor execution rate measure from ¥ and
R (ultimately an aaditive measure: aM + bR, where the coefficients a and b can be
varied to model projections of relative primary memory and processor speeds). An
unfortunate but unavoidable property of the R measure is that it is very sensitive
to assumptions about the register and bus structure internal to the processor; in
otner words, the "implementation" of the processor.

ta) Definition of the R measure

The definition of R is based on the idealized internal structure for a pro-
cessor shown in Figure 3-3. By using the register structure in Figure 3-3 we do
not imply that this is the way processors ought to be built. On the contrary, the
structure in Figure 3-3 has a much more regular data path structure than would be
practical in contemporary processors. There exist both data paths of marginal util-
ity and non-existent data paths that, if present, could significantly speed up the
processor. This structure was selected because the very regular data path, ALU, and
register array structure helped simplify our analysis.

R(i,j,k) is aefined as the number of 8-bit bytes that are read to and written from
the internal processor registers during execution of test program i, as written by
programmer k, on architecture j.

The ALU in Figure 3-3 is allowed to perform any common integer, floating point,
or decimal arithmetic operation; increment or aecrement; and perform arbitrary shift
or rotate operations.

(b) Further vetail and Clarification of the R Measure Definition

The definition of the R measure has been the center of considerable discussion
witn tne CFA Committee (see Section 3.4 for chronology of development of S, M, and
R). Tne following discussion and examples are presented here to fully define and
clarity the definition.of the R measure.

a. Only vata Traffic measured

A1l data traffic is measured in R and no control traffic is measured.
Figure 3-3 is intended to specity what will be defined to be control traffic and what
will pe data traffic for the purposes of the R measure. The R measure does not count
the following 'control' traffic:

(1) The setting of the condition codes by the ALU (or control unit) and
tne use of the condition codes by the control unit. The only time that movement of
data into or out of the Program Status Word will pe counted in the R measure is when
a Loaa PSW instruction is performed or a trap or interrupt sequence moves a new PSW
into or out of the PSW register.

(¢) Bits transmitted by the control unit to activate or otherwise control
the register file, ALU, or memory unit, are not counted in the R measure.

(3) Reading of the Instruction Register by the control unit as it decodes
the instruction to determine the instruction execution sequence is not counted in
the R measure. In other words, the Instruction Register (with the exception of dis-
placement fields) will be for most practical purposes a write-only register as far
as the R measure is concerned.

it
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i (¢4) Loading tne Memory Address Register is counted in the R measure, but
use 0T tne contents of the Memory Address Register to specify tne address of data
to pe accessed in primary memory is not counted.

f

i‘

| Among data traffic that was a candidate for exclusion from the R measure was

E the incrementation of the program counter. We decided to leave incrementation on

! the PC in the R measure, since it is not handled via special circuitry in most mini-
computer implementations, and since we have attempted to minimize the number of

i special “control paths" that we needed to define in our canonical CFA processor

' structure.

Tne above four cases of control information excluded from the R measure is
weant to oe a total enumeration oi the control flow in the canonical CFA processor.
secause of these control paths, three registers in the general register file (i.e.,
the IR, (AR, ana PS) are specialized in their function. All the rest of the regis-
ters in the register file are simply ordinary registers that can present their con-
tents to eitner tne A or B input of the ALU and which can be loaded from the output
| ot the ALU.

! De Virtual Address Translation

The virtudal to real address translation process is not counted in the R
measure. In otnher words, tne final memory address in the MAR is a virtual adaress
ana the work involvea in translating this virtual address to a real address is not
incluged 1n tne R measure. There are at least two reasons for this decision.

(L) A1l practical implementations of processors with a virtual to real
translation option do not use the central ALU but in fact use special data paths and
adders to allow the memory translation to go on independent of the basic operations
in tne processor.

(¢) Tne virtual to real translation process will not be used by some mem-
pers ot tne CFA.

It should pe noted here that the R measure will include the execution of load and
store instructions that are used to set up the control registers defining the real
to virtual translation process. In other words, the control registers of the mem-
ory translation unit are being treated as an "extended PSW" with respect to the R
ineasure.

(=7 ALU Uperations

Assume the ALU in the canonical CFA processor can directly handle all the
data types of the architecture: signed integer, logical, floating point, and unsigned
integer. The pasic reason here is that when performance is of concern the ALU of the
processor is capabie of nanaling the appropriate data types. The alternative would
oe to assume a simple processor (i.e., a two's complement adder) and then emulate the
more coinplex functions sucn as multiply, floating point operations, etc. The reasons
for going for the "full-function" ALU are the following:

(L) wWhen floating point execution time is of concern, processors are used
that nave floating point ALU's. Floating point operations are emulated on simple
two's complement adders wnen the floating point function is needed pbut performance
of the floating point is not essential.
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(2) Calculation of the R measure for floating point operations assuming
a two's complement adder would be tedious and given the architectures under consid-
eration there would pe little difference in the R measure for the floating point
operations of the candidate architectures.

d. Intra-Instruction R Optimization

R measures snould pe determined for the general case of an instruction
(witn auxiliary counts to reflect different addressing modes). For example, rec-
oynizing that the instruction SUBTRACT R1,R1 is really a CLEAR R1l, and then not
counting tne instruction as a (1) rRead Rl, (¢) Read Rl, (3) Write Rl, but only (1)
arite Rl 1s not allowed.

tven worse would pe to treat as a special case the instruction ADU R1,RZ
(where result is stored back in R1) when R¢ = U and define the R measure to count
unly the read ot RZ to determine it is zero. Any reasonable implementation of dan
instruction snould not try tor such optimizations. (Clearly, similar remarks hold
for wanipulation by zero and one, shifting by zero, etc.)

e. Inter-Instruction R Optimization

The R measure should not be optimized tor a test program via inter-
Instruction optimization. For example, each instruction must fetch its own instruc-
L1000 trom priandry memory. Tne idea of assuming an s-byte or lo-byte IR in the
processor and then tetching a new block of instructions only when the current olock
15 exnausted is not allowed.

Similarly, the R measure for an instruction cannot assume a little (or
0D14!) cache in the temporary registers in the register file and only go to primary
memory wnen the quantity is not in the “cache."

T consistency vetween the ¢ and R Measures

inere dare a numoer of tradeoffs that were made in the determination of R
and 1. “any ot these tradeoffs were prooably acceptable wnichever way they were
decided, but care had to pe taken to be consistent when counting M and R. A good
example nere was in instruction fetcning. The PUP-11, Interdata 8/3¢ and IBi1 S/3/u
all nave ¢, 4, and b byte instructions. If they haa peen determinea by always
tetcning o bytes and throwing away the unused pytes, then it is necessary to always
count tne instruction fetcn as o oytes in tne i1 measure. In fact, all three candi-
aate arcnitecture R and i ineasures were determined by assuming that tne machines will
only tetcn the first two bytes of an instruction and then, pased on the operation
code, deciae if tney need to fetcn any more bytes from memory. To ensure comparabil-
ity, one indaiviaual, William Burr, computed the M and R measure for eacn instruction
or alt tnree tinal candidate architectures.

J. “emory duffer Register
o memory buffer register is specified in Figure 3-3, but any of the gen-
eral registers in the register file can act as a memory buffer register. (In otner
words, tnere is no need for any special control lines to be attached to a MBR.)

h. The Cost of Incrementation

For the purpose of calculating tne R measure, incrementation need only
involve tne low orader byte of the register involved. For example, incrementing the
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PC oy ¢ counts as a l-pyte read from the PC and 1-byte write pack into the PC. The
times when the nign order pytes of tnhe PC need to be involved in the incrementation
process, because ot carry propagation, are sufficiently few that they can pe ignored
for tne purposes of the R measure. The fact that implementation with lb-bit buses
will route the low order 16 (or 32) pits of the PC to the ALU for incrementation does
not mean the R m:2sure snould count a full PC read and write a full PC write. (Qur
earlier measure of R for lo, 32, b4, etc. bus implementations was designed to model
exactly thesc “‘nefficiencies” in wide bus implementations.) Another reason for
arguing for treating incrementation as less costly than a full word add is that in
nigher performance machines the PC's will in fact be implemented as a counter, and
the lowes R count for an increment reflects the simple structure of an incrementer
versus a full adder. However, tne caution should be repeated here that the R measure
pears a stronger relation to simple rather than high performance implementations of
the architecture.

y P Constants

Constants of +1 (carry), -1 (borrow), all 0's, or, all 1's are assumed to
oe "free" (i.e., they don't require access to a register file of constants). All
other constants, including ¢ and 4, require access to one or mcre bytes of the constant
register file. As a result, incrementing by 1 costs one byte less than incrementing
Dy 2.

J.- Shifts

Although Figure 3-3 does not specifically shown them, it is assumed that
each architecture has a single register with appropriate lines into the control unit,
to control the shift amount. The R measure is not incremented for accessing this
register to determine the shift amount; however, it is incremented when that register
is loaded.

k. Multiple Assignment QOperations not Allowed

In an earlier definition of the R measure, we allowed operations with
multiple assignments such as:

MAR,PC « R1.

In otner words, MAR ana PC were simultaneously loaded with the contents of Rl1. (For
a 24-pit MAR and PC tnis would add up to a total R count of 9 bytes.) While many
processor implementations allow such a multiple assignment cperation (typically mi-
croprogrammed processors termed "horizontal" microprocessors) there are also many
implementations that do not allow multiple assignments. After extensive discussions
we decided that, since the ISP dialect used by the ISP simulator does not allow mul-
tiple assignments, the canonical CFA processor would not allow multiple assignments
in order to simplify the collection of R measures.

Hence, the above example must now pe split into the following two opera-
tions (with a total R count of 12 rather than Y):

PC « Rl
MAR « R1.

1. Registers that Must be Present in the Register File of the CFA Processor
17
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[nere are registers in tne canonical CFA processor structure tnat must de
in any implementation ot tne processor. Clearly all the registers in the processor .
state of the architecture must be in the register file, since their state must per-
S1st across i1nstruction ex,cution (e.g., general purpose register, program status,
tloating point registers).

n. Registers not in the architecture but in any processor structure

(1) Instruction Register 3

(¢) Memory Address Register: There must be some distinguished register  §
tnat can present an address to primary memory.

($) iemory pufter register for read-modify-write operations to primary
memnory .

(4) OUtner registers to hold temporary results mas be needed by some archi-
tectures obecause of the complex etfective address calculation process or because of
sequential complexities in the execution of the body ot tne instruction.

Tnere is no penalty associated with a proliteration of temporary registers in the
é processor as far as the R easure is concerned. Tne R measure counts only the num-

per of reads and writes to a register, not the number of rejisters needed to imple-
went an arcnitecture. Hence, tnere is a natural tendency in laying out the register
tile tor an arciitecture to aefine as wany temporaries as there are types of tempo-
rary 1ntoriation.

e o

Ine proposal was made by several CFA members that we 1imit the R measure to tne
registers in tne architecture ot the computer. Specifically, this would mean that
tne R measure would not count reaas and writes to the IR, MAR, memory buffer register,
and any otner temporary registers in the register file, but 70t in the architecture.
Tnis proposal nas tne attractive property that it makes the : measure somewhat easier
to define (and Just as importantly makes the R ineasure easier to measure automatically
on tne ISP simulator). Tne problem with this proposal is that somewhere arouna 1/3 of
the present 2 traffic is connected to the nonarchitecture rejisters in the canonical CFA
prucessor.  Since tne canonical CFA processor is meant to moiel an implementation of
tne processor, an R qeasure restricted to reads and writes ot pytes in the registers
1n tne arcanitecture wisses avout 1/3 of the processor's internal activity.

n. Lounting Byte Reads and writes Ratner tnan sus CLycles

Tnere was considerable discussion in the CFA committee as to whether the
R measure should count the numoer of (micro)cycles ot the canonical CFA processor
or tne number of bytes read and written from tne register file. The decision to
count byte reads and writes was made for the following reasons:

(L) The numoer of pbus cycles to execute an instruction is more sensitive
L0 a pdarticular processor structure than the number of bytes that are read and writ-
ten. Since we would like the R imeasure to be as "robust" a measure of architecture
1mplenientanpility we have chosen the measure less sensitive to the internal processor
bus structure.

D T —y

f zThere exist implementations wnere the PC state is kept in primary memory not in a R
register tile in the processor, e.g., the TIYY0U and the IBi1 3bu/37U. In these low-

3 speed 1nplementations much of tne R measure must be transterred to the M measure to

4 estimate the true pertormance. 18




(2) Tne practical difference between byte counts and cycle counts is that
the processor structure allows two or tnree byte counts (e.g., two if X « A and three
1t { « A+2) per cycle count. The issue boils down to whether we think it is reason-
aole to aifferentiate petween these different types of bus cycles. We argue that we
should aifterentiate since a three-byte cycle is more "complex" in either time or to
haraware than is a two-byte cycle. Three-byte cycles usually involve an ALU opera-
tion, i.e., extra time and three-byte cycles make use of the general structure of the
canonical CFA processor -- simple structures such as the PDP-11/20 or PDP-11/40 re-
quire two two-pyte cycles to get done what the canonical CFA processor gets done in one
three-byte cycle.

0. Role of ISP Simulator in M and R Measurement

doth the M and the R measures were measured indirectly by first measuring
the number of instructions executed of each instruction type and addressing mode.
The number of executions of each instruction type and addressing mode were deter-
mined (in most cases automatically via the ARF). The appropriate M and R values for
each instruction and addressing mode were then determined from the worksheets given
in Appendix D, multiplied by the appropriate factor, and totaled for each program.
Although more direct procedures were considered for measuring M and R on the ISP simu-
lator, they were rejected within the context of the time constraints of the CFA com-
nittee because:

(1) It was inpossible to run some of the test programs on the ARF (e.g.,
floating point instructions were not implemented in any of the ISP descriptions).

(2) tlore direct measurements were subject to considerable var ‘ation due
to the details of the ISP programs which describe the candidate architectures. (See
the apoendices of Volume IV for the ISP descriptions of the tnree final architec-
tures.) This variation was substantial because the ISP's were created by different
individuals, and oecause the primary constraint on the description was descriptive
clarity, ancd not efficiency (in the sense of accessing registers the minimum required
nunber of times).

(c) R Measure Calculation.

To simplify the calculation of the R measures, R values for all instructions
were considered to have the form:

R=R_ &R ¥R (31
T a op

When R . depends upon the instruction format, R_ is dependent upon the addressing

riode of the instruction, and Roo is determined®by the operation performed.

The calculation of 2 measures is illustrated in Figure 3-4, which shows how the
R count is determined for an IBM 5/370 RX format instruction:

A RYCXGRERT ).

RX instructions are considered to nave four distinct addressing modes, depending
upon whetner the pase or index reaisters specified are zero or nonzero. Using the
ARF, and inserting suitable "hooks" in the ISP descriptions, it was easy to count
the number of address calculations of each type, the number of executions of each
particular instruction format (i.e., RR, RX, SS, etc.), and the number of executions
of each operation.
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RX, RS, & SI INSTRUCTION INTERPRETATION
R COMMENT
IR<B:15> « MhIMAR) 2 Get hifud in instr reg
MAR « MAR + 2 B Inc counts only 1 byte
IR<15:31> « MhIMAR]) 2 Get rest of instr in IR
PC « PC + &4 & Inc Prog Counter
address interpretation -
instruction execution -
MAR « PC 6 Set up MAR for next instr.
TOTAL 15 :
RX ADDRESS CALCULATION
1. B2 =0, X2 = @ R COMMENT
MAR « [R<28:31> S Just 12 bits from IR
+ 2. B2 = @5 X2 > @
MAR « [R<28:31> + 12 bits plus 24 from reg
R[x2]<8:31> 8
3.B2 >8, X2 =0
MAR « [R<28:31> +
R(B2]<8:31> 8
4, 2>0, X2>0
MAR « [R<28:31> +
R[B2]<8:31> 8
MAR « R[x2] + MAR 9 12 bit displ plus tuwo regs
TOTAL 17
EXAMPLE INSTRUCTION :
___________________ i
A R4,DISP (R2,R7) RX ADD INSTR §
; s
i
RX instruction interpretation 16 i
: address interpretation 157 i
] MBR « Mu[MAR] 4 i
RIR1] « RI[R1] + MBR 12
TOTAL 49 :
Figure 3-4. IBM S/370 R Measure Example
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Figure 3-5 shows a similar instruction for the Interdata g/32:

A R1,D2{(X2)

Although the addressing modes for the Interdata 8/32 are somewhat different from
the IBM S/370, the example chosen also adds two registers (the PC and X¢) plus a
displacement to generate the effective address, and the basic structure of the
machines are quite similar. Consequently, the corresponding add instruction gen-
erates the same R count in both machines.

Ahile calculation of the R measures for the Interdata 8/32 and I8M S/370 is
straigntforward in most cases, this is not true for the PDP-11. This is because the
I8M S/370 and Tnterdata 8/32 have a rich set of operation codes, which determine the
precise instruction format, and which limit the addressing modes to a few similar
possibilities. The destination operand of an IBM $/370 add instruction is always a
register, and there are only 4 possible (and very similar) source operand addressing
modes. Moreover, the source operand is always in memory. The PDP-11 has far fewer
operation codes, but a rich set of addressing modes. In general, either the source
or destination operand may be a register or a memory location, which is addressed in
one of 7 ways. That means that each two operand instruction has a total of 64 ccmbi-
nations of addressing modes. In addition, there are interactions between the opera-
tions and addressing modes, which affect the R measure. For example, 1t makes a
difference in the R__ of a MOV instruction if the destination of the MOV is a register
or a memory Tocatiof? It also makes a difference if the destination cf an ADD is a
register or a memory location. Unfortunately, the effects are different for the ADD
and the MOV, because the ADD fetches and stores in the destination, while the MOV only
stores in the destination.

The optimum R measure for each of 12x64 combinations of double operand instuc-
tion and addressing modes could in principle be computed, as well as the R measure
for each of 46x8 combinations of floating point instructions and addressing modes.
and roughly 3Ux8 combinations of single operand instructions ana addressing modes.
This would have been very tedious, and wouid have corresponded to an implementation
which directly decoded the combination of the OP code, source mode, and destination
mode, rather than just the 0P code, and then implemented individual microcoded rou-
tines for each case.

0f course, such an implementation is possible, as are various compromises which
woula directly decode special cases of interest, but not every possible case. These
cases would not correspond to the kind of simple, reqular implementaticn we have
assuried in our development of the R measure. The PDP-11 R measure was calculated
assuming that only the operation code was decoded by the control unit. Moreover,
tne remaining instruction decoding, which is assumed to be performed in microcode,
is done in a very regular and straightforwara way. (bvious interacticns of address-
ing mode and operation were accounted for within this reqular structure, but nc at-
tempt was made to optimize every special case, or to recognize and optimize important
special cases.

Figure 3-6 illustrates how the PDP-11 R measures were conputea. Simply fetching
the first word of the instructicn and incrementing the PC generates an 2 measure of
9. A mode 6 address calculation requires an R count of 15. Performing the ADD it-
self takes an R count of 8, resulting in a total R count of 32. Fiaure 3-7 illus-
trates how this same instruction might have been optimized on a case by case basis.
The result now is R=28, which is a savings of 12.5% in R.
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RX1 AND RX2 INSTRUCTION INTERPRETATION

R
2
3
2
3

[R<@:15> « Mh[MAR]
MAR « MAR + 2
IR<16:31> « MhI[MAR)
PC « PC + 4
aadress interpretation
instruction execution -
MAR « PC 6

TOTAL 16

RX2 EFFECTIVE ADDRESS CALCULATION
l. X2 =0 R

MAR « IR<18:31> + PC 8

2. X2 > @
MAR « [R<17:31> + PC 8
MAR « MAR + R(X2]<8:31> 9

TOTAL 1 7§

EXAMPLE INSTRUCTION

Get halfud in instr reg
Inc. counts only 1 byte
GCet rest of instruction
Inc prog counter

Prepar MAR for next instr

COMMENT

15 bit disp plus prog ctr

15 bit disp plus prog ctr
add 3 bytes from reg

A R1,D2{X2) RX2 ADD INSTRUCTION
R
RX2 instruction interpretation 16
address interpretation 17
MBR « Mu[MAR] 4
RIR1] « RIR1] + MBR 12
TOTAL 49

Fiqure 3-5. Interdata 8/32 R Measure Example
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BINARY WORD OPERATION, S =8, D = 8

R COMMENT
MAR « PC 4 load MAR for instr fetch
IR « MuwMAR] 7 Load instr reg
PC « PC + 2 3 Inc prog ctr
instruction execution - instr type dependent
TOTAL 9
BINARY OPERATION, S > 8, D =8
R COMMENT
: « e
MAR « PC 4 Load MAR for instr fetch
IR « Mw(MAR) 2 Load instr reg
PC « PC + 2 3 Inc PC
effective addr. calculation = Mode dependent, addr in MAR
instruction execution - instr type dependent
TOTAL i
ADDRESS CALCULATIONS
1. MODE 2
MAR « Rls/d] 4 Get addr from reg
Rls/d]l « Rls/d] + 2 3 This is 2 for byte operations
TOTAL 7
2. MODE 6 °
MAR « PC 4 Set up MAR to read addr
PC « PC + 2 3 Inc PC for next instr fetch
MAR « Mu[MAR] 2 Get addr in MAR, and
MAR « MAR + Rl[s/d] 6 add index
TOTAL 15
EXAMPLE INSTRUCTION
ADD X (%2),%1 sADD INSTRUCTION, S =6, D = 8
R
Binary ins interpretation, s > 8, d = 8 9
Source Addr calculation, mode 6 15
MBR « Mw[MAR] 2
R(s] - Ris] + MBR )
TOTAL 32

Figure 3-6. PDP-]% R Measure Example
2




EXAMPLE INSTRUCTION

ADD  X(%2),% 2 ADD Instruction, S=6, D=0
R COMMENT
MAR « PC 4 Load MAR for instr.
IR<0:15> « Mw[MAR] 2 Load instr. reg.
MAR « MAR + 2 3 Bump MAR to get
IR<16:31> <« Mw[MAR] 2 rest of instruction
MAR « IR<16:31> + R[2] 6 Compute source address
MBR « Mw[MAR] 2 Get source operand
RIT] « R[1] + MBR 6 Add source and dest
PC « PC + 4 Bl Increment PC
28

Figure 3-7. Example of Case by Case R Measure
Optimization for the PDP-11
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It can certainly pe argued that, because the architectures of the IBM $/37U and
tne Interdata 8/32 fit more naturally into the model of equation 3-1, and because
they get to decoae an 8 bit operation code which includes some information carried
in the mode fields of the PDP-11, that the model chosen is somewhat Diased against
the POP-11.

A number of other minor specifications were also made uniformly to the R mea-
sure calculations of the 3 architectures. These involved instructions which do
different things in different cases. For example, there should properly be a dis-
tinction made between conditional branch instructions which do branch, and those
wnich do not. To simplify the collection of data, conditional branches and branch
and count type instructions were always assumed to branch.

(d) Range of Applicability of the R Measure

Ideal execution-rate measures would consider the execution speed of test pro-
grams across the entire space ot feasible processor implementations and then weight
the results from each implementation by tnhe number of implementations of that type
projected for the CFA architecture. Since we have neither the time nor the foresight
to collect execution rate measures over all possible implementations, an effort has
peen made to define a simple yet representative processor implementation structure.
Early attempts at defining an R measure included a family of implementations (based
on internal bud width) {Fuller, et al, 1975], but for practical reasons the committee
packed off to a single R measure.

Figure 3-8 should help to give the rationale pehind why R is defined as it is.
For any arcnhitecture there is a cost-performance tradeoff to make and in fact it is
pecause of tnis fundamental tradeoff that it is so attractive to consider a family
of implementations of a single architecture. This allows users of computer systems
to pick a processor with the cost-performance characteristics that best match the
intended applications.

The pasis of the present R measure is to specify as simple a processor imple-
mentation as possible. It we do not apply some knowledge of actual implementations,
we could continue to simplify the processor's internal register structure until we
are down to a universal Turing machine. An R measure based on a Turing machine would
certainly be in some sense fundamental, not be biased toward any of the candidate
arcnitectures, and well defined. However, there might be serious doubt as to the
utility of an R measure based on a Turing Machine since no one has been able to dem-
onstrate that tnere exists any significant correlation between Turing machine perfor-
inance and the performance of practical computing machines.

Therefore, we have little choice but to reject the Turing machine approach and
define a more practical (and more complex) processor structure. This is what we have
aone with the current R measure. Keep in mind there are undouotedly many “simple"
implementation structures on whicn it would be appropriate to base the R measure in
addition to the specific one selected. However, the one selected is meant to be a
moderately simplified model of the internal register structure of contemporary mini-
computer processors and microcomputer processors based on bit-slice LSI packages.

A shortcoming of the present R measure (as opposed to the set of R measures
originally proposed) is that it is a questionable indicator of high performance im-
plementations. Figure 3-8 attempts to illustrate this. Assuming R is a good indi-
cator of performance for the register structure shown in Figure 3-3, it is probably
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EXECUTION TINME

*

Gl

Architecture A
/f~Architecture B
£
/
k{//h— Architecture D
u{,~Architecture C
\
S
Touring Canonical
Machine CFA

Processor

COsST

The assumption underlining the use of a scolar R measure is that the
candidate architecture will behave similarly to Architectures A, B, and
C above, and not like D.

Fiqure 3-8: The Cost-Performance Space of Processor Implementation
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1150 a Joca indicator or processor implementations “close" to this canonical struc-
ture on the cost-performance curve. However, as we consider hign performance imple-
mentation, instruction buffers, caches. pipelining, forwara cancelling, etc. begin
to play an important role in processor performance. The present R measure is of
questionable utility in predicting the performance of architectures on these high
performance implementations. Given that much of the complexity of high performance
implementations is designed to maximize the rate at which the nrocessor can fetch
new instructions and data from memory, probably the best practical indicator the
committee can use for the re]a&ive performance of very high performance processors
would pe simply the M measure.

€. “ROCEDURES FUR COLLECTING DATA AND COMPUTING THE S, M, AND R MEASURES

Fron the beginning we realized it would not he realistic to give every pro-
arammer the definition of S, !, and R and ask him to calculate these measures for
nis own test programs. An important simplification in the computation ot the i
and R measures was obtained by tabulating the measures for each instruction (and
addressing mode) for the three architectures. The M and R measures for each in-
struction were then tabulated in the form of a “"worksheet." Copies of these work-
sheets are given in Appendix D.

aiven the worksheets, the computation of M and R reduces to counting the num-
ver of tines each instruction and addressing mode is executed. Two alternative
nrocedures existed for this phase of tne computation. An ISP simulator was avail-
anle {described in Volume IV) that took an ISP description of the computer archi-
tecture. the nachine lanquacne representation of the test program to be executed,
ana siwlated the execution of the test program on the machine described in ISP.
The IS¢ simulator has been instrumented to accumulate the number of times each in-
struction and addressing mode is executed and hence provides exactly the informa-
tion - :edea for computing the i1 and R measures. The majority of test programs were
neasureds using the ISP simulator. Unfortunately, there were a few test programs
tnat were not easily measured using the ISP simulator and these had to be done by
hand. The reasons for measurina some of the test programs by hand were: (1) within
the tine available we coula not aet a working version of the test program in a
machine-readable format that we could input to the ISP simulator on the CMU PDP-10,
or (2) the test program involved too much I/0 activity and the TSP simulator was
n0t constructed to handle I/0 operations automatically. (However, in the final
analysis it would probably have pbeen faster and less error-prone to single-step
the ISP simulator through 1/0 operations interactively and then get instruction
counts from the ISP simulator than to do it manually.)

The final step in the S, #, and R computations was handled by another program
that oerforned the additions and multiplications indicated on the architecture work-
sheets. Tnis program could either read instruction count information directly from
cnz output files denerated vy the ISP simulator or request the manual entry of in-
struction counts for those test programs neasured by hand. In addition to elimina-
t1n1 many tedious computations, this proaram eliminated many errors that would have
crept into the measures if tnis final tallyina process had been done by hand.

For the specific set of 105 test proqrams written and measured in the CFA
project, there is a very strong positive correlation between all the M and R
measures. ho decision made by the CFA committee would have chanqed if just
the i1 measure. rather than a weighted sum of the M and R measures, had been
used.
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Anotner feature of automating the final step of computing the S, M, and R mea-
sures is that 1f modifications to the S, M, and R measures are required, it is now
possible to change just the measures in the program and then rerun the S, M, and R
computations for all the test programs. Investigating the effect on the R ineasure
of "microcoded" tloating point operations could also be pursued this way.

d.  CHRONOLOGY UF UEVELUPMENT OF S, M, AND R MEASURES

Some ot the reasons for the particular torimn the S, M, and R measures have
taken are due to tne time constraints and tne sequence of development of these
measures over a period of time ranging from eerly Uctober, 1975 through July, 19Y7o.
The following account traces the development of these measures and attempts to in-
dicate where important decisions and changes were made in the definition of these
architecture measures.

An initial memo LFuller and Smith, 1975 discussing selection criteria was dis-
triputed at the 1nitial CFA meeting on 1 and ¢ Jctober 1Y/5. This initial memo was
tne result of aiscussions over tne course of the summer of 1975 petween S. Fuller,
U. Parnas, J. snore, U. Siewilorek and «. Sinith. Following discussion at the 1 and
¢ Uctober aeeting a Selection Criteria subcommittee was foriea to further aevelop
specitic criteria the CFA comnittee coula use in selecting a computer architecture

Urganization

S. Fuller (Cnairian) WRL /CHuY

R. Estell FCUSSA, San uiego
L. Haynes NSWC, Wnite Qaks
N. Tinkelpaugh NELC

U. Wise USAMICUM

Tne Selection Criteria subcommittee inet on 28 and 29 uctooer 1975 and the
results of our discussion were reported to the CFA committee at the 3 and 4 uvecei-
per 14/5 weating [Fuller et al., {975]. In that report the original versions of the
5, i, and R measures were presented. In the original definition of tne i and R aea-
sures, tney were in tact a set of measures, parameterized by the width of the pus.

In otner words, ratner than Just o, and i, , M, , M FRERER M04 were proposed where the
subscript was the widtn of the bus bDetween mefory and the processor. The present
definition of 4 1s in fact M,. The otner pus widths were dropped because the vari-
ation or bus wiatn added a dimension ot complexity in the selection process that was
telt to oe of limited utility to the purposes of the CFA committee. Following tne
vecember ly7o> CFA meeting a revised detinition of the S, 4, and R measures data was
written dand distributea to tne CFA committee on 15 January 1970 [8urr, 14Y/0]. Tnis
report still left a numper ot troublesome 1oose ends, particulariy witn respect to
the R measure, and tinally a memo on 24 May lY/0 was writcen to clarify these detini-
tions Fullzr, 1%/0j. tany people contriputed ideas and suggestions to tne tinai det
n1tion or the 5, i1, and R in aduition to the original Selection Criteria coimnittee.
fne nost active contributors were W. Burr, J. Siewiorek, M. Barbacci, W. Lordon, and
W. Snith. For tne purposes of the CFA committee, the working definition of tuc S, =,
and ® dieasures are given in very concrete terms in Appendix U where these measures
are specifically defined for each instruction, addressing mode, and instruction for-
mat for eacn of the three final candidate architectures. As should be clear from the
definition of the R measure, and to some extent the i1 measure, there is a limited but
nonnegligible degree of treedom in applying these measures to a specific architecture.
Care was taken to be as consistent as possible in calculating the measures for the
IvM S/37u, POP-11, and Interdata 8/3¢ and a single individual, W. Burr, examined (and
aid much ot the computation) of the M and R measures for all three candidate
architectures.
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Both the 20 November 1975 and 15 January 1976 reports on the S, M, and R mea-
sures proposed a relative weighting technique similar to the method used with the
quantitative criteria (see Volume II). However, at the third CFA meeting on 18-20
February 1976 this weighting scheme was rejected and replaced with the life-cycle
cost analysis described in Volume VI. The S, M, and R values are now input as co-
efficients to terms estimating the memory size and processor speed of future tacti-

cal computers.
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4.  STATISTICAL vESIuiN OF TEST PRUGRAM ASSIGNHENTS*

Selection of statistical experimental designs to compare the candidate comjuter
arcnitectures involved several major considerations. These are common to all situa-
tions in wnich a statistical design plan must be chosen.

At an immediate practical level, an experimental design selected must be execu-
tanle with tne available resources, including time, funds, manpower, and available
naraware and sottware. Moreover, the design must lead to experimental results which
allow assessment of the main issues under study. Tnat is, there must be a direct con-
nection between the questions wnich can pe answered from the data gathered and the
questions tformulated at the outset of tne study. Finally, the experimental results
must be capable of peing analyzed by clearly understood statistical methods which do
allow the assessment of tne main issues of tne study. These considerations influenced
strongly tne proad outlines of the designs chosen for comparison of the candidate
arcnitectures.

Tne test program phase of the computer family architecture evaluation process
involved comparison of twelve test programs on three machines. Approximately six-
teen programmers were availaole for the study and a complete factorial design would
have required each programmer to write all of the test programs on each of the ma-
chines (tor a total of s/o programs). Tnis was clearly not feasible witn the given
time and resource constraints, ana, consequently, a fractional design or several
tfractional designs haa to pe selected. Fractional factorial designs are discussed
by Luavies, lY71]1, e.g. The fractional designs to pe described pelow incorporate
valance in the way test program, machine, and programmer combinations are assigned.

It was necessary to consider designs which required each programmer to write
test programs for all tnree wachines. Utherwise, comparisons among the machines
coula not be separatead from comparisons among the programmers. A desirable design
woula nave instructea each programner to write a total of six or nine different test
progrdins, one tnira ot tnem on each ot tne three machines. For most of the program-
mers in tne study time limitations precluded this type of design, and some compromise
was required. The compromise design selected also nad to allow for precise compari-
sons anong tne tnree competing architectures. A type of design that meets both of
tnese opjectives is the nested tactorial [Anderson and McLean, 1974].

ine test program part of the study actually involved the use of tnree separate
experimental designs, nenceforth referred to as Phase I, Phase II, and Pnase III.
vested factorial designs were used for Pnase I and Phase III; Pnase Il did not use
a nested tactorial design and will pe discussed later in this section. Phase I was
usea to study test programs A through H, those deemed to be of primary interest.
Pnase [II was used to study test programs [ tnrough L.

*Sections 4 and 5 describe tne statistical design and analysis of the test
program assignments and resulting data. Those readers who do not want to
study the statistical considerations of the test program study may skip
ahead to Section 6 to get a summary of the principal results of the analy-
sis described in Sections 4 and 5.
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The Phase I design is a pair of nested factorials. The plan of the design is
shown in Figure 4-1. Each programmer thus writes each of two assigned test programs
on all three machines. Moreover, each of the test programs is assigned to two dif-
ferent programmers. When this design was originally formaulated, the plan included
requiring each programmer to write his six test programs in a preassigned randomly
selected order, so as to eliminate possible biases due to learning and gaining of
experience during the course of completing the assignments. This procedure was dis-
carded, however, when the programmers objected because of the varying availability
of the three machines for debugging. Programmers were instructed to complete the
assigned jobs in conformity with their typical practices and working habits with
regard to order, consultation with other individuals, and other such considerations.
Programmers in the study were not permitted to consult with each other, however, on
any substantive matters of completing their designated assignments. Al1 programmers
were instructed to keep diaries of their work on the experiment.

As noted above in the discussion of the nested factorial design, the Phase I
design was formulated with the goal of obtaining maximum possible information about
differences between the competing architectures. With the given Phase I design,
comparisons among the three architectures are theoretically not confounded by dif-
ferences among either test programs or programmers. The eight test programs in-
cluded in the Phase I design are those of main interest to the committee. The Phase
I design was viewed as the most important of the three designs formulated. It fo-
cused attention on direct comparisons of the architectures, treated the test pro-
grams of primary interest, and called for the largest number of observations among
the three chosen designs.

The design termed Phase 111 was formulated according to the same plan as was
Phase I, except that four test programs and four programmers were utilized. The
design layout is shown in Figure 4-2. The Phase IIl design contains half as many
observations as the Phase I design and thus gives statistical results of less pre-
cision. The test programs in the Phase III design are of lesser interest to the
commi ttee than those in Phase I. The four programmers in Phase III are distinct
from the eight in Phase I.

Together Phase I and Phase III designs provide a view of all three machines
and the operation of all twelve test programs selected by the committee. A third
experiment, labelled Phase II, was also planned. This was viewed as an auxiliary
effort, designed to provide information additional to that given by Phase I and
Phase III. Phase II was to be completed only if it was clear that the programmers
assigned to it would not be needed to aid in the completion of Phase I and Phase
III. The Phase Il design called for three programmers to write nine different test
programs, three on each of the three machines. The programmers assigned to Phase
II were able to devote enough time to the test program study to permit use of a
design which required them to write nine different programs. Six of the Phase I
programs and three of the Phase III programs were selected for Phase II. Success-
ful completion of Phase Il was viewed at the outset as somewhat of a bonus. Some
comparisons among programs not possible in Phase I and Phase III could be made,
and the statistical results of Phase Il could be compared to those of the other
tyo experiments. The Phase II design was formulated as a one-third fraction of a
3" complete factorial design. The 3.4.3 plar in [Connor and Zelen, 1959] was used.
This was made possible by dividing the factor test programs, which appears at nine
levels, into two pseudofactors, each at three levels. The layout of the Phase II
design is shown in Figure 4-3. One of the Phase Il programmers also participated
in the Phase I design. The only duplicate assignment, however, was test program
G on the IBM S/370.
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Programmer 1 2 3 4
Machine 11 370 8/32}11 370 8/32]11 370 8/32}11 370 8/32
Test Program I X X X X X X
J X X X X% X
K X X X X X X
L X X X ) 05 (IS ¢
Figure 4-2. Phase 111 Design
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Programmer 1 2 3
Machine 11 370 8/32j11 370 8/32]11 370 8/32
Test Program A X X X

B X X X

E X X X

I X X X

G X X X

H X X X

J X X X

K X X X

E X ‘ X X

Figure 4-3. Fhase II Design
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5.  ANALYSIS OF TEST PROGRAM RESULTS*

This section describes the expcrimental results and statistical analysis of the
test program data. The outcomes of the statistical calculations are interpreted in
light of t»c goals and purposes of the experiment. We shall-first focus attention
upon the Phase I experiment. The the Phase Il experiment will be discussed. Some
analysis combining data from Phase I and Phase III will then be presented. Finally,
the Phase 11 experiment will be described.

a. PHASE I MODELS

As noted in Section 4, the Phase I experiment consists of a pair of nested
factorial designs. A possible model for these nested factorial designs is

y

o Crtapl ST MR PN e M e
ijk i i k k

J 1 ijk ijk (5.1)
i=1,2,3,4, ji=1,2, k =1,2.3.

In this equation y__ is some response generated by the ith programmer writing
the jth test progrddkon the kth machine. Also,

(& = constant, termed the grand mean
Pi = effect due to the ith programmer
i = effect of the jth test program assigned to the ith programmer
Mk = effect of the kth machine
PMik = interaction between the ith prograrmmer and the kth machine
TM.. = interaction between the jth test program written by the itn
1K programmer and the kth machine
eijk = a random error term, assumed to be normally distributed ey
:;gnkTean 0 and variance not dependent on the values of i, j,

Figure 4-1 indicates that programmers 1-4 are in one nested factorial design and
programmers 5-8 are in the other. Data values from the Phase I experiment were
analyzed using the analysis of variance (ANOVA), as applied to the nested factorial
design. Some summary values resulting from the ANOVA calculations are displayed and
discussed below.

*As mentioned in Section 4, readers may skip ahead to Section 6 to get a summary
of the principal test program results.

st o




The Phase I experiment may also be modelled in a manner different from that
aescribed above. In Phase I there are two factors at eight levels each, programmers
ana test programs, ana one factor at three levels, machines. The two eight-level
factors may each be replaced by three pseudofactors at two levels each. Consider
the eight programmers, who constitute a single factor at eight levels. Now define
three factors at two levels each. Label these factors A, B, and C, and code their
levels as U and 1. Then the correspondence between the levels of the three pseudo-
tactors and the levels of the original factor (programmers) is showg in Figure 5-1.
We are concerned with a complete factorial experiment involving 3*2° = 192 total
observations. The actual Phase [ experiment is a 1/4 fraction of this. A model
may be tit using dummy variables to account for various effects and interactions.

b. TRAUSFORMATION OF THE DATA

The discussion in this subsection is applicable to all three designs, Phase I,
#nase II, and Pnase III. Values of the S, M, and R measures for all the experiments
are tabulated in Appendix E. Examination of the data given in Appendix E clearly
shows there is wide variation in the data from one test program to another, e.g.,
especially for the ii and R measures. Various statistical considerations suggest
that some transformation of the raw data prior to analysis is desirable. A tech-
nical discussion of transformation of statistics is given by [Rao, Section 6aq, 1973],
who illustrates use of the methodology in various contexts.

In the CFA study the purpose of a transformation of the data is to stabilize
variance, so that a model of the form (5.1) will hold. Specifically, the model (5.1)
assumes that the variance of the error term €y is constant, or independent of i,

j, and . Under this assumption inferences whqch follow from ANOVA calculations, as
aescribed below, are valid.

A variance stabilizing transformation is frequently suagested by consideration
of the experimental situation and prior understanding of the variation to pe expec-
ted in the data. For example, consider the M and R measures. Suppose some pro-
qramers each write two test programs and the averane run time of the second one is
k times the run time of the first. Then if the standard deviation of the M or R
readings 1s V for the first test program, it can be expected to be proportional to
kV for tne second test program. In other words, the variability (standard deviation)
in run times is directly proportional to the average run time. The accuracy of this
conjecture will be tested in the analysis discussed in the next section, but clearly
there is strong intuitive support for this assumption. Consider the Runge-Kutta
test program. Its 1 and R measures are dominated by the computation of the inner
loop performing the step-wise solution of the differential equation. Variations in
M and R ineasures will be a result of alternative encodings of this inner loop. Aver-
ange i and R measures will be doubled if the number of iterations requested is doubled.
‘oragver, doubling the numoer of iterations will also cause differences between the
ditferent Runge-Kutta proqrams to double. When the standard deviation of the test
aata is directly proportional to the mean, a logarithmic transformation will stapbilize
the variance, that is, remove the dependence of the variance on the size of the test
proaram [Rao, Sec. bg, 1973].

The model of (5.1) may be termed an additive model. That is, each observation

is modeiled as a sum of various effects and interactions, and the statistical error
term is also involved additively.
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Pseudofactors

Programmers A B C
1 0 0 0
2 0 (] 1
3 U I 0
4 0 1 1
5 1 0 0
6 1 0 1 |
7 1 1 0
8 1 1 1t

Figure 5-1. Correspondence Between Levels of a Given Factor
(Programmers) and Levels of Pseudofactors Used {
as Substitutes. ;
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When a logarithmic transformation is used for the data, y in (5.1) becomes
the logarithm of the response, such as the M or the R reading.’ Jkn this case, a mul-
tiplicative model in fact underlies (5.1). We may write

2. . :XTI'T M ﬂu. TU.. €__’
1jk i ij k ik ijk ijk (5.2)
o= il 2 304 j=1,2, k= 1,2.3.
The connection between (5.1) and (5.2) is

Inz, . =y.

ijk ijk
In x =
In v, = Pi‘
In Tij = ij
In uk Mk,
In W = pMik’
In ™57 TMIJK
L Eijk g e1JK

Thus, use of the logarithmic transformation on both sides of (5.2) yields (5.1),
and the muitiplicative model (5.2) may be viewed as the meaningful pasic underlying
model. As noted above, this situation seems to arise naturally in consideration of
|3 the i and R measures.

5imilar considerations for the S measure suggest a square root transformation
is appropriate to stabilize its variance. This transformation arises because the
variance, rather than the standard deviation, of the S measure of the second test
program in the above discussion can be expected to be proport1ona1 to kV. Use of
the sauare root transformation would imply use of the model in (5.1) with Y;
’ denoting the square root of the measured S value. ik

To summarize this discussion, we note that the purpose of a variance stabi-
lizing transformation in the CFA study is twofold. First, a transformation may
have underlying it a meaningful model for the data, such as the multiplicative
model (5.2). And second, stabilization is necessary to justify the use of ANOVA
techniques to analyze the data. It should be noted that the square root and loga-
E rithmic transformations are only two of a large number of transformations. A family

. $ " a
of practical transforms takes a response z and transforms it according to z for any

a > 0. With an appropriate 1nterpretati0n, the logarithmic transformations corre-
spond to the limiting value a = 0. This family of power transformation is discussed
in detail by [Box and Cox, 1964] In the present study only the square root and
logarithmic transformations have been used. As discussed above, the former trans-
formation appears to be appropriate for the S measure and the latter for the M and
R measures. Results of statistical analysis for both transformations on all three
measures will in fact by presented below.
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C. STATISTICAL ANALYSIS OF PHASE I DATA

Analysis of variance calculations were performed on both halves of the Phase I
experinent for ,S, /M, vR, In S, In i1, and In R measures. Each analysis or a half
of the Phase I experiment involved 24 data values. In each analysis the sample
variance of the 24 values was decomposed into sums of squares attributable to vari-
ations among programmers, test programs, machines, programmer-machine interactions,
and test proaram-machine interactions. The proportions of the total variance due
to the various sums of squares are summarized in Table 5-1.

These analysis of variance calculations indicate that test program and program-
e variations account for most of the variation in the data in the case of the M
and R measures, and that machine differences are extremely small on a relative scale.
iachine aifferences are noticeanle for the S measure. More detailed and precise
comparisons of the three machines are presented below.

Table 5-1 shows that in the case of the S measure there are some differences
between the two sets of programmers (1-4 vs. 5-8). Each half of the Phase ! experi-
ment is rather small, involving only four programmers and 24 observations. The out-
comes tfor the S measure suqaest that a larger sample of programmers may be necessary
to ontain results that representative of the population of professional programmers.

At the end of Section 5.1 an alternative formulation for the model of the Phase
I experiment was discussed. This formulation viewed the experiment as a fractional
factorial desian and replaced each of two factors by a set of pseudofactors. Using
aury variaoles, we fit models to sets of Phase I data with /S, /M, VR, In S, 1n N1,
and In R as the responses. In each model 24 parameters were fit, leaving 24 degrees
of freedom to measure experimental error. Estimates of the variance of the error
terin in the model (5.1) are shown for each type of response in Table 5-2. The esti-
mates ot variance shown in Table 5-2Z may pe used to construct confidence intervals
tor comparisons among the three architectures. As in (5.1), let ¥ . denote the
differential effect due to the kth machine. We establish the follbwing convention:

effect of the POP-11

Ill
”2 = effect of the I8l S/37V
M3 = effect of the Interdata 8/32.

Tanle 5-3 shows estimates of various machine comparisons for the Phase [ data. A
¥y5% confidence interval is quoted below each estimate. The confidence intervals
whicn do not cover the value U correspond to comparisons significant at level .U5
(=1-.95). Thus at level .U% the Interdata 3/32 is superior to the IBM S/370 on all
measures. For the M .M, comparison the PDP-11 is adjudged superior at level .05

on four of the measuées and barely misses being superinr when YS and M responses
are considered. iloreover, the IBM S/370 is inferior to the average performance of
the other two machines on all measures. The estimates of the comparisons M3-M1 and
1/2(M1+:13)-Mp are statistically independent, and no other pairs are independent. It
is worth noting that these comparisons amonq the competing architectures are based
upon consideration of test programs A through H only. It is reasonable, however, to
view the eignt programmers in Phase I as representative of a large population of
programmers.
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Response Estimate of 02
/S 18.175
M 272.546

R 577.863

.398
377
.400

Table 5-2. Estimates @ of the Variance of the Error Cormponent
in Model (5.1), Phase I Data, 24 Degrees of Freedom
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Table 5-4 displays estimates of the effects M, and u for the various measures.
The latter are obtained by exponentiating the estikates of M and are appropriate
tor the logarithmic models only. Since the effects noted in Table 5-4 are differential
values, a value of 0 is neutral for M, and a value of 1 is neutral for u . The figures
in Table 5-4 are consistent for the d*fferent measures and transformatiohs. The IBM
5/370 is noticeably worse than the other two machines. For the responses vS, vM, and
vR, the Interdata 8/32 appears to be modestly better than the PDP-11.

One may interpret the last three lines of Table 5-4 in the following way. The
I8M S/370 requires 142.5% as much space to represent test programs A through H as the
average of the three machines, while the PDP-11 and the Interdata 8/32 require 86.2%

and 1.5% as much space, respectively. Corresponding statements may be given for
execution times as reflected by the 1In M and 1n R measures.

easure S pAL /R In S In M In R

Comparison of Machines

I -.768 -1.918  -4.788  -.148 -.230 -.247
X 2.161  38.387  16.502 .354 .443 .482
2 -1.374 -6.468 -11.714  -.205 -, 218 -.235
, 862 .795 .781
i) 1.425 1.557 1.619
4 815 809 .791

.:li effects tor Pur-l1

ot s effects for IBM S/370

1 .u3: effects for Interdata 8/32

Table 5-4., Estimates of iMachine Effects in Models (5.1) and (5.2), Phase I
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d.  PHASE Il MOUELS AND RESULTS

Tne models for Pnase IIl experiments are the same as in (5.1) and (5.2), except
triat the subscript i assumes the values 1 and 2 only. The layout of the Phase III
aesigns is illustrated in Figure 4-2.

Taole 5-5 gives a summary of analysis of variance calculations for the Phase III
data. It is comparable to Table 5-1.

Estimates of tne variance of the error term in the Phase III version of model
{5.1) are snown in Tabple 5-b, which is the analog of Table 5-2. The estimates are
based on eight degrees of freedom. That is, models were fit to sets of Pnase III
data with /S, vd, vR, In S, In M, and In R as the responses. In each model 24 data
/alues were employeda, and dummy variables, were used to fit 1o parameters. It should
ve noted that the Phase IIl estimate of o~ have less precision than those of Phase I
-- they are based on eight degrees of freedom rather than 24. The corresponding fig-
dres in Tables 5-¢2 and b-b are comparable, though, with several of the pairs very
close.

Table b-7 is the analog of Table 5-3, and Table 5-8 the analog of Table 5-4.
None ot the confiaence intervals shown in Table 5-7 fails to cover the value U.
dowever, it is apparent that the PDP-11 performed noticeably worse than the other
WO machines in Phase 111. Also, there is very little difference between the IBM
»/3/J ana the Interdata /32 in Pnase III.

The relatively poor pertormance of the PDP-11 in Phase III appears to pe due to
1ts inaoility to nhandle test program I, quicksort. Certainly part of the explana-
tion ftor the poor pertormance of tne IBM S/370 in Phase I can be attributed to test
program A, 1/0 kernel witn four priority levels. In the next section results from
vnase I and Phase III are compined to produce overall estimates of machine effects
and overall comparisons of the machines.

€. CUMBINATION OF PHASE I AND PHASE III RESULTS

Let o, denote an estimate of a machine effect or comparison, such as M, or
J-M , in Phase I. Let ¢ denote the estimate of tne same effect or comparison
m Pﬁase III. In the pre&*sus two sections such estimates were given, as well as some
_ontfidence intervals. The purpose of this section is to present estimates of the torm

adp + (1-0)6“1,

where o is chosen to minimize the variance of the resulting linear combination and
U< ac<l. Taple 5-9 shows estimates of machine comparisons and Y5% confidence
ntervals. The value of o for eacn column in the table is given along the top bor-
dger. In all cclumns but the fourth more weight is given to the Phase I data. = »Hie
5-1U ygives estimates of machine effects with Phase I and Phase III data combi.ea

Five of tne confidence intervals for M.-M, in Table 5-9 fail to cover the value
zero, and the sixth one (for M) almost failg to cover. Thus, the evidence suggests
that tne Interdata 8/32 performs better than the IBM S/370 on all three measures, S,
M, and R. Also, the IBM S/370 tends to be worse than the average of the other two
machines.
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Response
VS
/M
/R
In S

In 1

In R

Table 5-o.

Estimate of o?
15.606
245,683
1u79.745
.174
.374

308

Estimate of o of the Variance of tne
Error Component in i#odel (».1), Phase III
Data, Eight Degrees of Freadom.
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Measure /S /i /R In S In M In R

Comparison of Machines

My ‘ 2,009  7.959  17.169 335 L s 223
i, 212 -5.,461  -9.011 .042 -.165 -.098
1 ~1.797 -2.498. -8.060 =174 -.066 ~.125
: 1.142 1.257 1.250
y 1.083 .848 .907
3 B4 .930 .882

ertects for POP-11
M,. w,i effects for IBM S/37u

iy wgr o effects for Interdata /32

Tanl: y-0. Estimates of Machine Effects in #Models (5.1) nd (5.2), Pnase III
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The estimates of u in Tapble 5-10 provide a summary of the Phase I and Phase III
data. The IBM S/370 reduires 120.8% as much storage as the average of all_three
machines for the 12 test programs studied. According to the M measure estimate, the
1B S/37u requires 126.6% as much time to "execute" the test programs as the average
of the three machines. The other figures in the lower part of Table 5-10 are inter-
preted similarly.

Measure /S at /R In S InM In R . i
Comparison of Machines a=,67 a=.64 a=.7Y a=,47 a=,66 a=,61

Mi +135 1,638 -.177 001 .U75 .Lb4 %
i 1.378  3.4u2. 11,123 .189 .236 .256

WJ -1.514 -5.039y -10.947 -.18Y -.163 -.192

4 1.uul 92 938

M 1.208 1.2606 1.292

s 328 L850 825

M. 1. effects for PDP-11

affects for IBM S/37V

affects tor Interdata /32

Tani w-1u. Estimates of Machine Effects in Models (5.1) and (5.2), Phase I and
vhase 11l Data Combined

PHASE TI MODELS AND RESULTS

Analysis of variance calculations were performed on aata arising from the
Phase Il design. Sone of the results for responses ¥S, In R, and In M are summar-
izea in Taole 5-11. This taole indicates the proportions of tne total variance
attributable to various suins of squares. The corresponding deagrees of freedom are
also incdicated. The statistical ana1Xsis was performed by utilizing the theory
associated with a 1/3 fraction of a 3% design. The variance was split into sums of
squares each with two degrees of freedom. Since two of the factors in the design
were in fact pseudofactors at tnree levels each to account for the nine test pro-
grams, several sets of sums of squares were combined. There is some aliasing in
the desian involving second-order interactions.
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reasure VS InM InR

Sulm ot squares egrees of freedom

Frograiuers 2 U277 .uls .026
Test Prograns 3 023 .053 .66V

racnhines ¢ 132 .U70 .ub8

Programmers Z LU3Y L0583 .047
A Macnines

Test Programs ' 8 JA32  .124 .121
X rachines

Test Programs 4 047 U7 .U74

A Programncrs

Table 5-11. Pnase II ANUVA Calculations Proportions of
Variance Attributaole to £ach Sum of Squares

Estimates of differential effects in a model comparable to (5.1) for the three
Mmacnines can also ope given. For tne /S measure they are -.952 for tne POP-11, 1.6Ub
ror the Ioii S/37v, ana -.653 for tne Interdata 8/32. For the 1n M measure the values
are -.ovl, .oUs, and .lod for the machines quoted in the same order, and the figures
are -.ovZ, .23, and .l123 for the In R measure. Thus, the experimental results tend
Lo rank tne machines witn tne PYP-11 first by a substantial margin, and the Interaata
/3¢ ranks second. It snould pe noted that test program A was included in the Phase
11 adesign, ana test prouygrams U and I were not.

g. AWALYSIS UF PAASE I AND PHASE III USING ONLY THE “BEST PROGRAMS"

£acn test program in tne Phase I ana Phase III designs was written by two dif-
ferent programuers. roreover, the models (b.1) and (5.2) for these designs involved
tnree tactors, programmers, test programs, and machines. In this section we des-
crioe analysis of the data when the factor representing tne programmers is eliminated
from tne designs. This is accomplished by selecting the smaller of the two S, M, or
R readings wnen a specified test program is written for a specified machine. The in-
terpretation of tnis approach to the analysis is that tne “best" programme is being
selected in eacn case. It is wortn noting, nowever, that "best" is merely among two
persons for the data in Phase 1 and Phase III.

Wnen tne designs are reduced to consideration of two factors in the manner des-
criged aoove, the model (5.1) is replaced by

= C e Ty Mj * Tt ey (5.3)

Yij R

where

= response when test program i is written for machine j,

3

y’ij
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Ti = effect of test program 1,

”j - vTtiect of machine j, '
THijz interaction between test program i ana machine j, {
eij = a random error term, assumed to be normally distributed

with mean 0 and constant variance o<,

The design (5.3) is a two-way layout (see [Anderson and licLean, 1974], e.g.). We
present below the usual analysis of variance table for vS, In M, and In R resnonses i
for tne Phase I and Phase III experiments. ‘

First consider the /S response for the Phase I design. Table 5-12 displays the
ANOVA calculations. The sum of squares for machines has been decomposed into two
narts, one involvina the comparison M -M3, and the other the comparison 1/2 (M1+M3)-M2.
The 1nteraction/error sum of squares has been similarly decomposed. Details of this
decomposition are presented by [Anderson and !lcLean, 1974], e.q. As above, the corre-
spondence 1s i) :  PDP-11, M,: IBM S/370, M3: Interdata 8/32.

Sum of earees of Mean :
Soarce ... Squswes  frgevem . .. . Bousve |
Test Yroarans 274,387 . / 39.198 1
lacnines I
=l e | 1 31 .3
l iy d- 37.38Y L 37 .9t ii
subtotal 33.350 l ‘
Interactin/error
(11, =15 ) <nroarams L.92Y 7 L.561
'§(“1+‘1\-r,31pronrans 113.134 8 lo.162
subtotal  124.ubYy 14
fotal 135,795 23

inle « -1z, ANOVA for /S, Phase I, Model (5.2)

Estimates of the aifferential effects Ml, MZ' and il3 in (5.3) are -.739, 1.779,
and -1.U4u, respectively.

Tables 5-13 ana 5-14 present the same calculations tor the In M and In R re-
sponses in Phase I. For In M estimates of M. M, and ¥i3 are -.166, .401, and -.215,

respectively. For In R they are -.196, .424, and -.228, respectively.
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Sum of Degrees of Mean

;. Source squares freedom Square
; Test Programs 128.981 7 18.426
}; Machines
: My -My .003 1 .003
FM +11) M, 1.932 i 1.932
subtotal 1.935 2
Interaction/error
(Ml-M3)Xprograms .291 7 .04z
[ (M, +M3) o ]Xprograns _3.701 4 529
subtotal _ 3.992 - 14
Total 134.908 23

Table 5-13. AWOVA for 1n M, Phase I, Model (5.3)

Sum of Degrees of Mean
Source squares freedom Square
Test Programs 136.962 7 19.965
ilachines
H -1y .004 1 .004 f
%(:41“\13)-”2 2.161 s 1 2.161
subtotal 2.164 2 1
Interaction/error %
(MI'M3)Xprograms .492 7 070 |
1 |
(F(11143) -4z IXprograms _4.124 i .589 ;
subtotal 4.615 14
Total 146.742 23

Table 5-14. ANOVA for 1n R, Phase I, Model (5.3)
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The results of this "“best" programmer analysis of the Phase I data are consis-
tent with other results previously described. Variability in the data may be attri-
buted primarily to differences among test proarams, rather than differences among
machines, and this is especially so for the i and R measures. Moreover, differences
among the three machines are largely described by noting that the performances of
the PDP-11 and Interdata 8/32 are comparable, and that the IBM S/370 is measurabdly
worse than the other two. It is interesting to note that the decomposition of the
interaction/error sum of squares shown in Tables 5-12-14 reflects this assessment of
the three machines.

The comparisons described above for the three machines were obtained for an
experiment involving test programs A-H. In the Phase III experiment test programs
I-L were utilized and the discussion in Section 5.4 indicated a different ranking
of the three machines was obtained. Similar results occur for the "best" programmer
analysis. Table 5-15 shows analysis of variance calculations for the response ,S.
Estimates of the effects My, My, and M3 in (5.3) are 1.403, -.162, and -1.241, respec-
tively. The decompositions in Table 5-15 use Mp-M3 and 1/¢ (Mp+i13)-M}, which differ
from tne comparisons in Tables 5-12-14, it should be noted.

Sum of Oegrees of Mean
Source _______squares freedon Sauare
Test Proqrans 161.399 3 53.800
rlacnines
Fly-i3 2.327 1 &.327
%("1,3”1;,)-.-11 11.812 1 11.812
subtotal 14.13Y 2
Interaction/error
(M,-#5) Xprograms 13.114 3 4.371
E%(N2+n3)-M1]Xprograms 77.358 2 25.746
subtotal 90.471 S0
iotal 266.00Y 9

Table 5-15. ANOVA for V'3, Phase 111, Model (5.3)
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Pe discussion in tnis section of analysis of the “best" programmer model
(v.2) v e accurately sucnarized by stating that the results are very similar
to tnose ootained in Sections 9.3 and 5.4.

h.  THE PROGRAIMERS' LOGS

In the oriyinal memo to programmers on & April 1976 the programmers were
asked to keep a diary of how their time on the project was spent. At the time
the request was made, it was expected that the primary use of the diaries would
pe in atiempting to understand anomalies in the statistical analysis. Though
tne memo requested a resolution of hours or half-days, and asked that the time
o2 aelineated into several ca.eqories, only seven of the programmers kept de-
tailed enoush records to provide any quaniitative information about how program-
ner cile was spent. Even among these seven, the tiue scale recorded, and the
separation of protiuns of the task, varied a great deal. An eighth programmer
recorded information on an hourly vasis, but failed to make any distinction amung
tne different phases of the task.

The availanility of facilities had a large effect on ine debugging time
recorded. The PDP-11 proyrams were debugged interactively with a synwolic de-
buaging package*, on a machine where a simple debugging package is part of the
microcode.** The [3i1 $/370 orograms were debuyjed on a batch system, where the
deouaqing tuols were core dumns and the trace of parameters values provided by
the ariver. For the Incerdata $/32 programs, almost no debuaginy time was re-
cordea because most of tne depujjing was done by one of the proarammers whu nade
wericaic weekend journeys to the only available Interdata site (Dceanport, N.o.).
12 recorded only the time spent debuqgiag his own programs. When a proarammer
recoru2d an nour debuggine on the S/370, it was noc clear how much of that time
23S spent exaniuing the listinag and how nuch was spent waiting for batch runs.

Even with the seven nrogramiars mentioned, there was often not enough sep-
iration of intormation. Sometimes a nrourammer would record "four nours spent
Stucyina all three nardware manuals"; it was impossible to tell in such instances
0w nucn titie was spent studying any one machine.

Aitn thesc caveats in nind, we present tne following taules summarizing the
sroarammer logs. The nuwuers in parentheses represent the number of programmers
nn which the times are based.

BEST_AVAILABLE COPY

* Dynanic vebuqqging Tool, udT
**The T,oital Equioment Corporation LSI-11
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Total Time Spent, Per Machine Per Programmner

POP-11 184 S/370 Interdata 8/32
Stuay 1y (b) 22 (5) 33 (6)
Coding 48 (7) 5% (7) do.5 (7)
Jebugyging 45.5 (7) 3V (7) 17 .5+ (15)

Total Time Spent, Per Problem Per Programmer

Study Coding Debugging
A 2. 2) .5 (1)
s D (L) 24 )
& Eor s (1) 4 (1)
J
3 B3 (3} 9.5 (3)
F 3.8 (1) 2 )
3 Sebia) 19.5 (3) IR ),
A 4 (2) 2 (2)
[ 4.5 (1} 14 (1) 33 (1)

o () Li5a63) B3]

« ) 24.5 (4) 19 (4)
L 6.9 (3] o (4) 525 1(8)
y | CHAUNULUGY UF TEST PRUGRAK ASSTGHMENT AND ANALYSIS

Ine statistical approacn to the design of the test program assignments was
developed by P. Snaman and S. H. Fuller prior to the tnird CFA committee meeting
-ZU rebrudry lY/o. The approach was explainea at tne meeting, a aescription

tne methodology was distriputed (Fuller and Snaman, 1Y/0j, and the CFA commit-
tee agreed to use this approach in the test program assignments. Volunteer pro-
gramners were requested at tne February CFA meeting and assignments were sent out
to eignt programmers in various Army and Navy lapboratories on 8 April 197o. During
the Feoruary CFA meeting, it pecame clear that we could not complete the test pro-
gram study without programmers in addition to the eight Army/Navy volunteers.
Tnerefore, a proposal was submitted by Carnegie-Mellon University (CMU) to the Army
Research Office, Durham, N.C., on 7 April 1970 for support of graduate students at
CMU to write test programs. Tne proposal was accepted and CMU was awarded a grant
(VAALCY-Tb-u-U29Y) to complete the test program study. Nine additional program-
mers from CMU were assigned test programs and by mid-July, 1976, all but three of

on |
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tne Y9 test programs in Phases 1, II, ana III were written, debugged, and S, ™,
and R measurements completed. Fortunately, a few "auxiliary" test programs in
aadition to tne basic Y9 were written and we were able to estimate values for the
three missing data points. (The missing data points and the estimated values used
by the CFA committee are shown in Appendix E. When these missing data points did
become available no significant changes in the results were found.)

Tne group of graduate students at CMU proved crucial to the completion
of the full set of assigned test programs. We gratefully acknowledge their
participation. Three of these students, Leland Szewcrenko, George Mathew, and
iarindra Jain have peen particularly helpful through their continued effort on
benalf of this project.

The results of the test program study were input to the life cycle cost models
on ¢3 July 1970 and the entire CFA committee was given a summary of the results at
the 24-¢o August 1976 meeting [Fuller, Burr, and Shaman, 197o0].
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This volume of the Computer Family Architecture (CFA) Selection Comnittee
Final Report has described how the test program phase of the CFA study was de-
veloped, what methodologies have been used, and what were the results of the
study.

0. Summary

Section 2 described the rationale leading up to the selection of the 12
test programs used in the study.

a. 1/0 Kernel, Four Priority Levels
b. 1/0 Kernel, FIFO Processing
1/0 Vevice Handler
. Larae Fast Fourier Transform *
Character Search
f. Bit Test., Set Reset

Hinge-xutta Integration

t. Linkea List Insertion

1. {uicksort

J. ASCII to Floating Point Conversion
k. Virtual Memory Space Exchange

ine full specitication of these test nrograms is given in Appendix A. The
test proarams were meant to span the rance of application most important to DoU.

Section 3 of tnis volume defined the three measures of pertormance used to
evaluate the candidate computer architectures on each test program:

S:  number of bytes used to represent a test proaram

“: tNumber ot bytes transferred between primary memory and the processor
during execution of the test program

‘umper of bytes transferred among internal recisters of the orocessor
curing executiorn of the test nrogram

[n Sections 4 and 5 statistical results of the test program measurements Aarc
discussed. Section 4 deals with general and specific design considerations and
statistical details presented in Section 5.

The test program study involved three different parts. These are labeled
Phase 1, Phase II, and Phase III. In Phase I eight programmers each wrote two
test programs on each of the three machines. The proqrams in Phase I were A
through H. In Phase III four programmers each wrote two test programs on each
machine. The test programs in Phase III were I through L. The Phase II desian
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was laplemented to attempt to corroporate information obtained from tne otner
two designs. Tnree programmers each wrote nine different test programs, three
on each ot tne machines. The test programs in Phase Il were A, 8, E, F, G, H,
J, %, ana L.

Tne principal results of tne test program study that were passed on to the
I1te-cycle cost mcdels (see Volume VI) was the composite performance of the
cangidate arcnitectures on the set of l¢ test programs in Phases I and III. An
Analysis of Variance (ANUVA) procedure was used to determine the overall rela-
tive performance of the three candiaate machines. Unity indicates average per-
tformance and tne lower the score on any of the measures, the better the machine
nanalea the set of test prograins.

Architecture S M R

rUP-11 1.0U V.93 U.94
IBM S/370 1.21 .27 1.29
Interadata 8/32 V.83 U.85 U.83

Taole b.1. Relative Performance of Candidate Architectures

In other words, our test program results indicate that the IBM S/370 needs 46%
more memory tnan the Interdata 8/3¢ to represent the set of test programs (or

¢le more than tne average of tne three architectures) and the POP-11 is essen-
tially average in 1ts use of wemory. Similarly, the PDP-11's apility to "execute
the test programns ranges vetween Y34 and Y4, of the average execution time based
on tne i and R measure, respectively.

considering tne test program results in a little more detail,in Phase I the
data revealed the IBM >5/3/U to pe significantly worse tnan tne other two machines
on 5, . and R measures at a confidence level of Y5%. Moreover, the overall per-
formanc: of the PUP-11 was virtually identical to that ot the Interdata &/3Z.
some part ot tne poor perforimance of the IBM S/37U can be traced to test program
4 (tne priority I/U nernel).

In vnase IIl alone, none of the comparisons among the three machines was
signiticant at a confidence level of Y5%. The PDP-11 was noticeably the worst
of tne three macnines on all three measures. T[he I8M 37U dominated the Interdata
©8/3¢ witn regard to tne 11 measure, the Interdata was better for the S measure,
and tnere was little difference between the two for the R measure. The rela-
tively poor performance ot the PuP-1l appearea to pe due to test program I, a
Juicksort program working with a list much larger than the virtual address space
of tne vuP-11 (64K bytes).

statisticdal results frow Pnases I ana III were comhined. In tnis analysis
Jie ranking of the three machines from best to worst on all three measures was:
interuata o/3¢, PuP-11, and I8M 37u. Tne PDP-11 was much closer to the Interdata
3/3¢ than the IsM S7u was to the PUP-LL. The average performance for the three
macnines in Pnases I and III is given above in Table 6.1. Figure b.l shows the
455 confidence intervals tnat surrouna comparisons of these avzrage values.

Tne outcome of Phase 11 largely corroborates the results of the other two
experiments. The ranking of three machines, from pest to worst is: POP-11,
Interaata 8/32, I8M 37U. This ranking prevails tor all three measures, S, M,
ana R. For the i1 ana R measures the PUP-11 is substantially petter than tne

59




T T T T 1)

i

Interdata ©/34. For the S measure, however, the PDP-11 ana Interdata 8/32 are
very close to each otner in performance. It is important to recall that Phase
Ll includges test program A, for wnich the IBM 370 performs relatively poorly,

and dees not incluae test programs D and I, which are relatively difficult to

1mplement on the PUP-11 pecause they have very large data structures.

The experimental designs executed in the test program phase of the computer
family architecture evaluation process permitted a quantitative comparison of
the three machines in the study. The experiments were not large-scale, and the
results need to be interpreted with some caution. In particular, only a very
small sample of programmers was used in each phase, especially in II and III.
Future studies of the same size and scope as the present one seem from the avail-
able evidence to be worthwhile undertakings. They could be used to attempt to
corrocorate the present results. Larger scale experiments would be much more in-
formative. (Thougn these are likely to require substantially more funds, however.)
Tne main statistical issues appear to pe the need to use a representative sample of
programmers and to obtain estimates of parameters with high precision.

Another important point emerging from this study is that there is a signifi-
cant interaction between the architecture under consideration and the test program
peing written. Tnis in fact was known a priori to be an important factor. Its
influence is clear in the contrast of Phase I, Phase II, and Phase III results.

60




REFERENCES

1. Anderson, V. L. and McLean, R. A., Design of Experiments a Realistic Approach,
Marcel Dekker, Inc., New York, 1974.

2. Bell, C. G. and A. Newell, Computer Structures: Readings and Examples,
McGraw Hill, New York, 1971.

3. Bonwell, N. (editor), Benchmarking: Computer Evaluation and Measurement,
John Wiley & Sons, New York, 1975.

4, Box, G. E. P. and Cox, D. R., An Analysis of Transformations, The Journal
of the Royal Statistical Society, Series B, Vol. 26 (1964), 211-252.

5. Brent, R. P., "On the precision attainable with various floating point num-
per systems," IEEE Trans. on Computers C-22, o (June 1973), 601-607.

b. Buchholz, W. "A synthetic job for measuring system performance,” I1BM Systems
Journal 8 (1969), 309-318.

/. Burr, W. E., “Computer Architecture Test Program Subcommittee Report," CFA
memorandum, 15 January 197o.

5. Computer Review, GML Corporation, Lexington, Mass., 1976.

9. Conner, . S. and Zelen, M., Fractional Factorial Experiment Designs for
Factors at Three Levels, National Bureau of Standards, Applied Mathematics
Series 54, 1959.

lu. Davies, 0. 0. (ed.), Design and Analysis of Industrial Experiments, 2nd ed.,
Oliver and Boyd, Edinburgh, 1971.

11. Fuller, S. H., "Further comments and revisions to the S, M, and R Architec-
ture measures," CFA memorandum, 24 iay 1976.

12. Fuller, S. H., R. Estell, L. Haynes, N. Tinklepaugh, and D. Wise, "Selection
Criteria for the Army/Navy Computer Family Architecture," CFA memorandum,
20 November 1975. Distributed at the 1-2 December 1975 CFA Selection
Committee meeting.

13. Fuller, S. H., P. Shaman, and W. E. Burr, “Results of the CFA performance
evaluation of the IBM S/370, PDP 11, and Interdata 8/32 computer architec-
tures,” CFA memorandum, 19 Auqust 1976. Distripbuted at the 24-26 August
1970 CFA Selection Counittee meeting.

14. Fuller, S. H. and P. Shaman, "Assignment of test programs to programmers,"
CFA memorandum, 16 February 1976. Distributed at 18-20 February 1976 CFA
Selection Committee meeting.

15. Fuller, S. H. and W. R. Smith, "Selection Criteria for the Army/Navy Computer
Family Architecture," CFA memorandum, 29 September 1975. Distributed at the
1-2 October 1975 CFA Selection Committee meeting.

61




lo.

18.

19.

2U.

IBM System/370 Principles of Operation, IBM Publication GA22-7000-3, White
Plains, NY, 1973.

Lucas, H. C., "Performance evaluation and monitoring," ACiH Computing Surveys

3, 3, (1971) pp. 79-91.

Rao, C. R., Linear Statistical Inference and Its Applications, 2nd ed., John
Wiley & Sons, New York, 1973.

Stone, H. S. (editor), Introduction to Computer Architecture, Science Re-
search Assoc., Chicago, 1975.

Jichmann, B. A., Algol 6U Compilation and Assessment, Academic Press, New
York, 1973.

62

|
|




T —__— T s 2 —_
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Appendix A: Test Program Specifications

A. [/0 INTERRUPT KERNEL, FOUR PRIORITY LEVELS

A.1 INPUTS

An asynchronous 1/0 interrupt with associated status registers.

, A.2 PROCESSING

The interrupt kernel will be activated by an I/0 interrupt with priority levei O, I, 2, or 3
from one of four devices. Actual interrupt processing will be simulated by counting the
occurrences of each type of interrupt. Higher level interrupts will be able to preempt
processing of lower priority interrupts. The interrupt handler must provide for resumption
of processing of the preempted lower level interrupt from the point of preemption. As much
processing as possible will be done with higher priority [/O interrupts enabled.

Figure 1 represents the functions to be performed. It is recognized that various
architectures may provide automatic (hardware or firmware sypport for) features to carry
out some of these functions. Appropriate use of such features is allowed. For example,
when an interrupt occurs on the PDP-11, diasable can be achieved automatically be setting
up ahead of time the appropriate processor priority level in the PSW of the device interrupt
vector.

A3 OUTPUTS

An updated count of interrupts by device.

A.4 CONSTRAINTS

This program need not be either position independent or reentrant.

The source files are available as specs.pub(c410gm20) at CMU-A.
If not send mail to George Mathew at CMU-A
December 10, 1976 DRAFT
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INTERRUPT
Y
Disable

Y

Save Context

v

Erable Higher
Priority Intereupts

v

Simulate Processing
¥
Disable
v

Restore Contoxt

¥

RETURN

Figure 1: Priority I/O Kernel

B. I/0 INTERRUPT KERNEL, FIFO PROCESSING

B.1 INPUTS

An asynchronous I/0 interrupt with associated status registers.

B.2 PROCESSING

The interrupt kernel will be activated by an 1/0 interrupt from one of four devices which
~ill be placed in a service queue for first-in-first-out (FIFO) processing. Actual interrupt
proces.ing will be simulated by counting the occurrences of each type of interrupt. Space
should be provided to handle at least ten queued interrupts at one time.

Processing of queued interrupts shall be done with I/O interrupts enabled so that
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interrupts will be taken and queued appropriately while previous interrupts are being
processed. Before returning to the originally interrupted application program, a check shall
be made to see if any interrupts remain queued, and these will be processed in FIFO order.

Figure 2a represents the functions to be performed. Appropriate use of an architectural
feature to automatically provide some such function is allowed (see PDP-11 example in 1/0
interrupt kernel #1).

B.3 OUTPUTS

An updated count of interrupts by device.

B.4 CONSTRAINTS

This program need not be either position independent nor reentrant.

B.5 DISCUSSION

Consider the main processing loop, from "select next request (FIFO)" to the "Is queue
empty?" test and back via the "NO" branch. During the processing from "Set run flag off" to
"remove request from queu-" through the NO branch of the text and back to "select next
request” and "set run flag off". During this entire sequence interrupts are disabled; it is
impossible for the "Is run flag on?" test to be executed at this point. The manipulation of the
run flag can thus be safely moved out of the loop, producing figure 2b. This change should
principally affect the M and R measures, although it could potentially lead to a smaller
program. This change was not made, because it was felt that the measures for all three
machines would be affected equally.
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1/0 Interrupt

!

Disable Interrupts
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Service Requests
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Enable Interrupts
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request (FIFO)

&

Set run flag on

!

Enable Interrupts

&

Simulate
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Disable Interrupts
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Set run flag off
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Remove request
from queue

Figure 2a: Original FIFO Kernel
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Figure 2b: Modified FIFQ Kernel
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C. INPUT/QUTPUT DEVICE HANDLER
C.1 INPUTS
A pointer to a control block with the following fields:
JEVICE The device identifier for a "typical” tape drive.
0 The operation to be performed:
0 Read
1 Write
NO-TRANS The number of 1/0 transfers to be performed. NO-TRANS < 10
BUFFER An array of ten pointers to buffers which contain or will contain the data to
be read or written.
LENGTH An array containing ten values giving the sizes in characters of the records to
be transferred to the buffers specified in BUFFER.
STATUS Storage used to hold the device completion status after an /O transfer.
NCRK Storage available for the device handler to set up whatever is necessary: for

the transfer.

C.2 PROCESSING

This test program shall operate in the following general environment:
Applications programs perform high level logical [/O calls that cause queuing of the
control block described by the DEVICE, OP, NO-TRANS, BUFFER, and LENGTH parameters.
The calling application program may request that up to ten records, in arbitrary and not
necessarily contiguous memory locations, and which may have different record lengths,
be either read or written (but not both in one request) to or from memory.
A separate test program exists for the general task of interrupt queuing and handling
(whereas this benchmark is explicitly to test device 1/0 operation).
This program has two sections, one of which is entered when the initial setup request is
issued by an application program (via an SVC type operation), and a second section which
is entered after each 1/0 interrupt attributed to the selected tape device. The SVC
handler and interrupt queuing are separate routing and not a part of this program.
Assume that they are taken care of.
The 1/0 devices handled by this program are all single density nine-track tape transports
(pick any typical mode! tape transport for your machine).

After an I/0O request is issued by an application program, and after the executive queues
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the input control block, this test program is initiated and and it performs the following
4 3 actions:

a. Check the status of the tape drive. If the device or its channel is busy, exit. If the
device is not operable, branch to a dummy error routine. If the device is available, set
up and initiate the requested transfer. For example, in the /370, fill in the fields of a
CCW (or CCWs), set the CAW, and issue a SIO to the channel; in the PDP-11, fill in the
device registers for the particular device and set the GO bit. Up to ten records may be
written or read as a result of an I/O request.

b. After completion of the transfer, and a consequent interrupt, the device handler is
reentered (via an interrupt vector, first level interrupt handler, etc.). The following
processing is performed:

i. The status information is stored into the STATUS entry of the control block. For
example, in the /370, check the CSW, issue a read-status SIO, and store appropriate
information in STATUS; in the PDP-11, identify the device, read its status registers,
and store the information in STATUS.

ii. If the device status indicates an unsuccessful transfer, abort any further processing
and exit.

iii. If the device status indicates a successful transfer, and if all requested transfers have
been accomplished, then exit. Otherwise initiate the next requested transfer and then
exit.

C.3 OUTPUTS

The completion status of the 1/0 transfer is returned via the STATUS entry of the control
block.

C.4 CONSTRAINTS

The device handler is reentrant and self-relocating.

D. FAST FOURIER TRANSFORM

D.1 INPUTS

N The number of data points. This is required to be an integral power of two in
the range 0 < N < 2%#16.

X A vector holding the N samples as complex numbers. Each complex number
has a real part and an imaginary part, both of which are 32-bit floating point
numbers.

w A vector holding the first N/2 powers of EXP(-2ni/N), where i*22 = -1, That

is, W(j) = EXP(-2ni/N)#sj.
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WORK Pointer to auxiliary working storage.

D.2 PROCESSING

procedure FFT(N, X, W)
GROUPS « N
do for PASS « @ hy steps of 1 until log2(N)-1
do for all ELEMENT such that @ < element < N/2
"generate complex addend"

WEXP « @
if PASS > B
then WEXP « (((ELEMENT % N)/2)/ 2vw+PASS) MOD (N/2)

end-if

if WEXP = B
then TEMP1 « X(ELEMENT + N/2) s WI(WEXP)
else TEMP1l « X(ELEMENT + N/2)

end-i f

"generate 2 element entries in data vector"

X1 (ELEMENT) « X(ELEMENT) + TEMP1
X1 (ELEMENT + N/2) « X(ELEMENT) - TEMP1
end-do
if PASS < (log2(N) - 1)
then
"execute perfect card shuffle on data vector"

P « 2+xPASS
GROUPS « GROUPS/2
do for all | such that 8 <
do for all J such that
INDEX1 « 2vPy]l + J
INDEX2 « Pyl + J
X (INDEX1) « X1 (INDEX2)
X (INDEX14+P) « X1 (INDEX2 + N/2)
end-do
end-do
else
do for all I such that 8 < I < N
Xe X111
end-do

GROUPS
J

I <
B<J<P

end-i f
end-do
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0.3 PROGRAMMING CONSIDERATIONS

X1 is an auxiliary array of size N used to accomodate the card shuffie. Remember that
both X and W are arrays of complex numbers.

D.4 OUTPUTS

A vector of FFT coefficients in X.

D.5 DISCUSSION
The original version of this specification included background on the history of the FFT,

examples of the execution for small values of N, a short analysis of the algorithm, and some
notes on performing complex arithmetic .

E. CHARACTER SEARCH

E.1 INPUTS

SRCHSTR Pointer to a string of characters to be searched.
SRCHLNGTH  The length of that string. < 2#x15

SRCHARG A pointer to a string of characters.

ARGLNGTH The length of that string. < 2%£10

LOC . An integer return code

WORK A ponter to any needed working storage

E.2 PROCESSING

SRCHSTR shall be searched to see if it contains a substring which exactly matches
SRCHARG. If the search is successful the relative character position of the first occurrence
of the substring shall be returned. If no match is found a negative value shall be returned.

E.3 OUTPUTS

If the search is successful, LOC is set to the relative character postion of the first
occurrence of SRCHARG in SRCHSTR. Otherwise a negative value is stored in LOC.
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E.4 CONSTRAINTS

The routine shall be reentrant and position inaependent.

procedure CHARSRCH(SRCHSTR, SRCHLNGTH, SRCHARG, ARGLNGTH, Li)C, WORK)
integer |

LOC « -1
do for all I such that B<]<SRCHLNGTH-SRCHARG or until LUOC=-1
if the substring of SRCHSTR from I to I+ARGLNGTH-1 = SRCHARG
then LOC « |
end-if
end-do

F. BIT TEST, SET, OR RESET

F.1 INPUTS
E Function code
1 test bit
2 set bit
3 reset bit
N Relative bit number to be tested, 0 < N < 1000
Al Pointer to a tightly packed bit string on an even word boundary
RC Return code which is set to indicate the original status of the bit (0 or 1).
WORK Pointer to any needed working storage.

F.2 PROCESSING
Bit number (N mod (word length)) of word (Al + Nf(word length)) is tested. If it is zero,
then RC is cet to zero; otherwise RC is set to one. If F is 2, the bit is then set to 1. If F is

3, the bit is then set to 0. For all othe values of F, the bit is unchanged. The bit string is
assumed to begin at the first bit of location Al.

F.3 CONSTRAINTS

The routine shall be reentrant and position independent.

A-10
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procedure BITTEST(F, N, Al, RC, WORK)

integer ABIT, D

ABIT « Al + N/ (uord length)
D « N mod (word length)

if Dth bit at address ABIT =
then RC « 1 :
else RC « @

end-if

ifF =2
then Dth bit at address ABIT « 1
else if F =3
then Dth bit at address ABIT « 8
end-if

end-i f

G. RUNGE-KUTTA INTEGRATION

Gl I
TO

YO

H
TMAX
YMAX
WORK

NPUTS
Initial value of T, single precision floating point
Initial value of Y, single precision floating point
Interval of integration, single precision floating point
Final value of T, single precision floating point
final value of Y returned, single precision floating point
pointer to any needed working storage

G.2 PROCESSING

Givi

en the differential equation

F(t,y) = t+y = dy/dt

and the initial conditions TO and YO, use a third order Runge-Kutta integration from T = TO to
T=TMAX to determine YMAX, using an integration interval H All calculations are single
precision floating point.

A-11




Test Program Specifications

; G.3 OUTPUTS

The value of Y at time TMAX is returned in YMAX.
2

'E G.4 CONSTRAINTS

The routine is position independent and reentrant.

procedure RUNGEKUTTA(TB, Y8, H, THMAX, YMAX, WORK)
real K1, K2, K3

YMAX « YB
: do for all T from TB incremented in steps of H until T > TMAX
E Kl « H » (T + YMAX)
K2 « Hao (T + H/2 +Y +KL1/2)
K3 « H v (T + 3vH/4 + Y + 3wK2/4)
YMAX « YMAX + 2vK1/39 + K2/3 + 4+K3/39
end-do

H. LINKED LIST INSERTION

H.1 INPUTS

LISTCB Pointer to a list control block, containing the entries
HEAD Pointer to first node
TAIL Pointer to last node
NUMENTRIES Number of entries in list

NEWENTRY Pointer to a new entry to be inserted.

H.2 PROCESSING

List entries have the form

KEY
NEXT pointer to next entry
PREV pointer to previous entry

All fields are one "word" (16 or 32 bits, depending on the machine) long. The KEY is a
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signed 32-bit integer. The first node in the list is marked by a PREVPTR of zero, and the last
is marked by a NEXTPTR of zero. NEWENTRY is inserted in order in the list. If there are
duplicate keys the NEWENTRY is inserted after all matching entries. The list may be empty
when the routine is called; this is indicated by a zero value in NUMENTRIES.

H.3 OUTPUTS

The new entry is updated to point forward and backwards. Both previous and next
entries are updated to point to the new entry. NUMENTRIES is updated. If the new entry is
a head or a tail then the pointers in the list control block are updated accordingly.

H.4 CONSTRAINTS

The routine is reentrant and position-independent.

procedure LISTINSERT(LISTCB, NEWENTRY)
"the notation POINTER.FIELD is used to access a
particular field of the structure pointed to by POINTER"

pointer PRESENT

if LISTCB.NUMENTRIES = @
then
"list is empty, so initialize"

LISTCB.HEAD « LISTCB.TAIL « NEWENTRY
LISTCB.NUMENTRIES « 1
NEWENTRY.NEXT « NEWENTRY.PREV « 8

else
"list not empty"

PRESENT « LISTCB.HEAD
LISTCB.NUMENTRIES « LISTCB.NUMENTRIES + 1

"determine position of new entry"

while NEW.KEY > PRESENT.KEY and PRESENT.NEXT = B do
PRESENT « PRESENT.NEXT

i f PRESENT.PREV = B8 and NEW.KEY < PRESENT.KEY
then

A-13
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"new list head"

LISTCB.HEAD « NEW
NEW.PREV « 8
PRESENT.PREV « NEW
NEW.NEXT « PRESENT

else
if NEW.KEY 2 PRESENT.KEY
then
“new list tail"
PRESENT.NEXT « LISTCB.TAIL « NEW
NEW.NEXT « B
NEW.PREV « PRESENT
else
“insert in middle"
NEW.NEXT « PRESENT
NEW.PREV « PRESENT.PREV
PRESENT.PREV « NEW
"back up and |link with predecessor"
PRESENT « NEW.PREV
PRESENT.NEXT « NEW
end-if
end-i f
end-if
I. QUICKSORT
I.1 INPUTS
N The number of records to be sorted. N < 10000
REC Pointer to the first element of an array of N+2 16-character records: RO, R1,
..o RN, RN+]. RO is a dummy record with a low-valued key, and RN+l 's a
dummy record with a high-valued key. Each record has a 7-character key
found in positions 3 through 9, counting from O.
M integer parameter specifying the changeover point between QUICKSORT and a
simple insertion sort. 5 <M< 20
WORK pointer to any needed working storage.

A-14




Test Program Specifications December 10, 1976

1.2 PROCESSING

Records RO to RN+l are sorted into character collating sequence.

I.3 CONSTRAINTS

The routine is reentrant and position-independent.

procedure QUICKSORT(N, REC, M, WORK)
integer L, R, I, J, K
integr array STACK [8:2vf (N)-1]
character string Y

RECIN+1] « «
L «1; R «N
do forever
I «L; J « R+l; V « RECIL]
do forever
do [e«l+1 until RECII) 2 V end-do
do JeJ-1 until RECIJ] < V end-do
if Jd> 1
then swap REC[I] with REC{J]
else go to end-first
end-i f
end-do
end-first:
swap RECIL] with REC([J]
if both subfile sizes (J-L and R-J) s M
then
if stack is empty
then go to end-outer
else pop L and R from stack
end-i f
else
if smaller subfile size < M
then set L and R to lower and upper |imits
of larger subfile
else
push lower and upper |imits of larger
subfile onto stack
set L and R to limits of smaller subfile
end-if
end-if
end-do
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end-outer:
do for | from N-1 to 1 in steps of 1
if RECILI) > RECI[I+1] then
V « RECI(I]; J e 141
do forever :
REC[J-1] « RECI[J]; J e J+l
if RECIJ] 2 V then go to end-last end-if

end-do
end-last: AlJ-1] « V
end-if
end-do
1.4 NOTES

F(N) is the maximum stack depth, and turns out to always be less than the natural 1
logarithm of (N+1)/(M+2). -

J. ASCII TO FLOATING POINT CONVERSION

J.1 INPUTS

N Number of characters in the string

Al Address of the character string; it may be assumed to be aligned on a word
boundary.

A2 Address of a floating point number where the result will be placed. It may be
assumed to be aligned on whatever boundary is appropriate for floating point
numbers.

J.2 PROCESSING

Input is of the form
<optional sign> <decimal digits> . <decimal digits>

where either set of decimal digits may be omitted. You may assume that the input is
correctly formatted and that there are no extra characters beyond the end of the number.
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b

J.3 CONSTRAINTS

This routine is reentrant and position-independent.

procdure AFP(N, Al, A2)
integer NUMBER, POSITION
real RESULT, DIVISOR
boolean ISNEGATIVE

ISNEGATIVE « false
POSITION « B
if first character of Al is a sign character
then
if sign character is "-"
then ISNEGATIVE « true
end-if
POSITION « 1

i e el

end-if

NUMBER « integer equivalent of characters POSITION to J-1 of Al
where character J of Al is "."

RESULT « floating point equivalent of NUMBER

"the following tuo steps can be done in parallel, if desired"”

NUMBER « integer equivalent of characters J+1 to N of Al
DIVISOR « floating equivalent of 1By (N-J)

A2 « RESULT + (floating equivalent of NUMBER) / DIVISOR

K. BOOLEAN MATRIX TRANSPOSE

K.l INPUTS

Al Pointer to a word of storage

A2 bit number within word Al where the matrix begins
N size of the boolean matrix
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K.2 PROCLSSING

Transpose a tightly-packed bit matrix. All the bits of the first row are contiguous, and are
foliowed immediately by the bits of the second row.

procedure BMT(N, Al, A2)
integer 1, J
boolean BI1:N,1:N) beginning at bit A2 of word Al

do for all I and J such that (1 < J £ N) and (J+1 € 1 < N)
swap BII,J] and B{J, 1]
end-do

L. VIRTUAL MEMORY SPACE EXCHANGE

I PROQOCESSING

Wrile a miniature supervisor call handler which provides the two functions “call” and
"return”. CALL is function O, RETURN is function 1 (i.e. SVC 0, SVC 1 on the /370, TRAP O,
TRAP 1 on the PDP-11). In the following, “"segment" means whatever IBM means by a
segment on the /370, whatever INTERDATA means by the term on the 8/32, and one of 8
eight-kilobyte pages on the PDP-11. Parameters will be passed according to whatever
~alling convention is used far ordinary subroutines on the machine in question.

CALL takes two parameters. CALLEE is an integer in the range O < CALLEE < 255. It is
he index of an entry in a table of address spaces maintained within the supervisor. (An
"address space” is a set of segments). PARAMETER is an address in user space. CALL saves
enough information to restore the entire state of the caller (e.g, all the fixed point and
floating point registers, the program counter, and so on). It then establishes addressibility
for the address space indicated by CALLEE. One of the segment pointers in the address
space will be marked in some way to indicate that it is null. It is replaced by a pointer to the
segment containing the word addressed by PARAMETER. It then begins executing the
address space at some arbitrary point.

RETURN takes no parameters. It restores the environment active before the previous call.

Calls may be nested up to eight deep; you need not check for this bound being exceeded.
You need not check for a RETURN with no matching CALL. You need not build the address
space table, but merely describe its format. You need not let an address space call itself
recursively, nor need you check for this condition.
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L.2 CONSTRAINTS

This program need not be either position-independent nor reentrant.

i,
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Appendix B : CFA Test Data Specifications

This document specifies the test data which the routines must satisfactorily
process {o certify them as debugged. Mail the final listings of your test programs
along with printout demonstrating their correct operation to Sam Fuller. The data sets
marked * will be used to compute the S, M and R measures on the ARF simulator.
Those data sets marked * will be used to compute these measures by hand in the
event that the simulator is not available in time. Where the program specifications
provide pointers, this document gives the values pointed at by the pointer, where
appropriate. This is only for convenience and does NOT mean the parameters should all
be passed as these values rather than as pointers.

A. 1/0 kernel, Four Priority Levels.

Test scenario: An interrupt is received on the lowest priority level. While this
interrupt is being processed a second interrupt ic received on the highest level.
Processing of the lower priority interrupt is intervened by the higher priority
interrupt. Processing then continues until both interrupts have been processed, and
the machine restored to its pre-interrupt state.

B. 1/0 Kernel, FIFO Processing.

An interrupt is received on one of the four devices. While this interrupt is being
processed, another is received on another device. The second interrupt is queued, and
processing continues until both interrupts are processed, and the machine restored to
its pre-interrupt state.

C. I/0O Device Handler.
The handler is called with the following inputs:

Device: tape

Op: 0 (read)
No-trans: 2

Buffer: addrl, addr2, O, ...
Length: 120, 120, 0, ...
Status: 0
Working-Storage: pointer

The handler then sets up the two reads, and performs the necessary processing
to perform the reads and then returns the completion status for the reads.
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Large FFT. (See attached appendixz for illustrations of how the FFT procedure
should transform the data, i.e. the X vector).

In the following tests, the W vector will be as follows:

W) = (1.0, 0.0)
W(l) =(0.02454]12, 0.9996988) = (cos n/128, sin n/128)
W)  =w(1)2

W(128) = W(1)128 = (1.0, 0.0)
*1) Test case: Step Function. Parameters are:

e X(©0) = (L0, 0.0)
X(1) =(1.0,0.0)
X(127) = (1.0, 0.0)
X(128) = (0.0, 0.0)

X(255) = (0.0, 0.0)

i, W: W vector above
ii.  N: 256
iv. WORK

2) Test case: ¢ sin ns. Parameters are:

X ) X(0)  =(00,0.0)
X(1) = (0.0, 0.0)
X(63) = (0.0,0.0)
X(64) =(-1.0, 0.0)
X(65) = (0.0, 0.0)

X(127) = (0.0, 0.0)
X(128) = (1.0, 0.0)
X(129) = (0.0, 0.0)
X(191) = (0.0, 0.0)
X(192) = (-1.0, 0.0)
X(193) = (0.0, 0.0)

X(255) = (0.0, 0.0)

i, W: W vector above
it. N 256
iv. WORK

*3) Test case: Small Step Function. Parameters are:
B-2
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t. X X(0) = (1.0, 0.0)
X(1) = (1.0,0.0)
X(2) = (0.0, 0.0)
X@3) =(0.0,00)
X(4) = (1.0, 0.0)
W W) = (1.0,0.0)
W(1) = (0.3827, 0.9239) = (cos n/8, sin n/8)
W) =W(1)2
W) = w13 = (0.0, 1.0)
. W8 = W(1)8 = (-1.0, 0.0)
iti. N 16
iv. WORK

E. Character Search.
1) Test case: Find match. Parameters are:

i. SRCH-STR: "Monday, June 7th, 1976"
ii. SRCH-LNGTH: 22

iii. SRCH-ARG: "day"

iv. ARG-LNGTH: 3

v. LOC: Expected return value = 3
vi. WORK

*+2) Test case: No match. Parameters are:

i. SRCH-STR: "Carnegie-Mellon U"

ii. SRCH-LNGTH: 17

iil. SRCH-ARG: "CMU"

iv. ARG-LNGTH: 3

v. LOC: Exzpected return value = -]
vi. WORK

e

*3) Test case: Match at attempt n (n > 1). Parameters are:

i.  SRCH-STR: "Day in, Day out"
ii. SRCH-LNGTH: 15

ili. SRCH-ARG: "Day out"

iv. ARG-LNGTH: 7

v. LOC: Expected return value = 8 i
vi. WORK

4) Test case: Match at beginning of string. Parameters are:

i. SRCH-STR:  “abed"
ii. SRCH-LNGTH: 4 Be3
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; iii. SRCH-ARG: "ab"

i iv. ARG-LNGTH: 2

v. LOC: Expected return value = 0
vi. WORK

5) Test case: Fail match at end of string. Parameters are:

L i. SRCH-STR: “efgh”

ii. SRCH-LNGTH: 4

jii. SRCH-ARG: “hx"

iv. ARG-LNGTH: 2

v. LOC: Expected return value = -1
vi. WORK ;

6) Test case: Match first occurence. Parameters are:

: i_. SRCH-STR:  "Day in, Day out"
] ii. SRCH-LNGTH: 15

iii. SRCH-ARG: "Day"

: iv. ARG-LNGTH: 3

! v. LOC: Expected return value =0
vi. WORK

7) Test case: Deal with 0 length search string. Parameters are:

r i, SRCH-STR:  "Day in, Day out”

ii. SRCH-LNGTH: O
iii. SRCH-ARG: "Day
iv. ARG-LNGTH: 3
v. LOC: Expected return value = -1
vi. WORK

8) Test case: Deal with 0 argument search string. Parameters are:

ii. SRCH-LNGTH: 15
iii. SRCH-ARG: "Day"”
iv. ARG-LNGTH: 0

ﬁ i, SRCH-STR: “Day in, Day out"

—

v. LOE: Expected return value = 0

vi. WORK
% : *9) Test case: Match at attempt n (n > 1). Parameters are:

i. SRCH-STR: "Gaving hot water saves gas. So take shorter showers,
ﬁ or run a little less hot water in the tub.

Do full loads in your dishwasher and washing machine.
Fix leaky faucets. It helps to keep your gas water
heater at the normal setling or lower.”

Note: Each line break in the above string is a space.
BR=-L
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ii. SRCH-LNGTH: 240

iii. SRCH-ARG: “water heater"

iv. ARG-LNGTH: 12

v. LOC: Exzpected return value = 196
vi. WORK

F. Bit Test, Set, or Reset.

All tests given here count from the left hand end of the string. However, the
results expected below (i.e. returned code) will be the same for bits counted in either
direction. The programmer must verify the results of a routine which counts bits from
the low order end of the word. The following bit string is used in all of the next six
tests: Consider the bits to be grouped in 16 bit words:

1010011100101111 0111001010011100 1110111000000110 11001011101110GO

1) Test case: Test ! bit. Parameters are:

o B 1

it. N 19

iii. Al: Bit string above

iv. RC: Expected return value: 1
v. WORK

2) Test case: Test 0 bit. Parameters are:

o 1

ii. N: 35

. Al: Bit string above

iv. RC: Expected return value: 0
v. WORK

*+3) Test case: Set 0 bit. Parameters are:

i E: 2

. N: 21

iii. Al: Bit string above

iv. RC: Expected return value: 0

Also expect: Word 1 =0111011010011100
v. WORK

4) Test case: Set ! bit. Parameters are:

o e 2 §

ii. N: 34 \
iii. Al: Bit string above ‘
iv. RC: Expected return value: 1

v. WORK :
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5) Test case: Clear [ bit. Parameters are:

e Fs 3

ii. N: 0}

iii. Al: Bit string above

iv. RC: Ezxpected return value: |

Also expect: Word 0 = 0010011100101110
v. WORK

**+6) Test case: Clear 0 bit. Parameters are:

i b 3

ii. N: 16

ii. Al: Bit string above

iv. RC: Expected return value: O
v. WORK

G. Runge-Kutta Integration.

*+1) Test case: Accuracy. Parameters are:

i. to: 0.0

ii. Yo! 0.0

iii.  he 0.0078125

A L 10.0

v. y: Expected return value: 22188
vi. WORK

2) Test case: t0 = tmax Parameters are:

. 1.0

ii. yo: 0.0

i, h: 0.01

iv. 'max’ 1.0

V. Yyt -10.0 (Initial value) Expected return value: 0.010100333...
vi. WORK

*+3) Test case: Straight line. Parameters are:

i 1’0: 00

ii. yo: -1

i, he 05

Ve tmaxt 15

Ve Y Exzpected return value: -3
vi. WORK
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H. Linked List Insertion.

1) Test case: Insert first key in empty list. Parameters are:

i. LIST-CB: Contains: (0, 0, 0)
ii. NEW-ENTRY: (111,0,0)

2) Test case: Insert at head of list. Parameters are:

i. LIST-CB: Contains: (7,7, 1)
ii. NEW-ENTRY: (45,0,0) °

3) Test case: Append to list. Parameters are:

i. LIST-CB: Contains: (7, ?, 2)
ii. NEW-ENTRY: (150, 0, 0)

4) Test case: Insert in middle of list. Parameters are:

i. LIST-CB: Contains: (2, ?, 3)
ii. NEW-ENTRY: (100, 0, 0)

5) Test case: Duplicate key at head of list. Parameters are:

i. LIST-CB: Contains: (?, ?, 4)
ii. NEW-ENTRY: (45,0, 0)

6) Test case: Duplicate key at tail of list. Parameters are:

i. LIST-CB: Contains: (?, ?, 5)
il. NEW-ENTRY: (150, 0, 0)

7) Test case: Duplicate key in middle of list. Parameters are:

i. LIST-CB: Contains: (?, ?, 6)
ii. NEW-ENTRY: (111,0,0)

*+8) Test case: Insert in middle of list. Parameters are:

i. LIST-CB: Contains: (7, 7, 7)
ii. NEW-ENTRY: (75,0,0)

Note: As a second sequence of 8 tests use the keys in reverse order: 75, 111,

150, 45, 100, 150, 45, 111.

L

Quick Sort.

*1) Test case: General sort. Parameters are:
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Note: When sorted, the numbers in positions O - 3 of each record will be in

N:
REC:
M.

iv. WORK

30
See table below
6

ascending order ¢f magnitude.

IIB

"48 mcuso++++++++","24
"36 ikl v, 88
"48 jsgcz++++++++", "4

"104yml jzeesmesesene", "B4
"116zkbuk++++++++","92
"S6 gmfzy
"68 qocuwf++++++++", "84
"28 i uyunveeeeeene , " 72
"52 qgggj++++++++","16

A "
YeSeveveveveveve

G won
vesesevevesevese 88 tZuk tevevevevevese

fritb++++++++",
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aercr++++++++"
rOOXC*ﬁ******"."76 tasgo*ﬁ*ﬁﬁ***",
veobr++++++++", "32 jhkpx++++++++",
"'y "44 | dvu jiesevevevevevese”
uwbyb++++++++","20 cydhp++++++++",
SOhr gsaaaamaet"
csqcu++++++++", "96 vrKkzu++++++++",

B8 savuu++++++++",
vbvb sysaiaeaene, " 1 28zoupmyrseeetatet !,

108x jvgc++++++++",

12 bNh!C**ﬂ*****".

"112zhrhbseeseeeeoeae” , " 188 ygmbareaaaaaaae , "8  al voziaaaaameat" ,
"1246z2z2zzZ++++++++",

*2) Test case: General sort. Parameters are:

i
.
iii.

iv. WORK

"8

"48 mcuso
"36 jjklv++++++++","88 vbvbs++++++++

N:
REC:
M:

6
See table below
2

+++++++4+",

n " n n LU
Yeveveveveveveve 24 frk thyeoeveveseetes ) B8 savuusteseveveveyee ¥

"12422222********".

ASCII to Floating Point Conversion Routine.

won
’

120zoupm++++++++",

**+1) Test case: Ordinary (representable) F.P. number. Parameters are:

2) Test case: No <integer> part. Parameters are:

N:
Al:
A2:

N:
Al:
A2:

7
"10.0625"

Exzpect: (#041041 #000000 on PDP 11)
Expect: (? on IBM 370, Interdata 8/32)

5
*.0625"

Ezpect: (#037200 #000000 on PDP 11)
Ezpect: (? on IBM 370, Interdata 8/32)
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3) Test case
. N:
it. Al:
. A2:

4) Test case
i N
. Al:
ii. A2:

5) Test case
i. N

ii. A.I:
iii. A2:

6) Test case: Optional sign <->. Parameters are:

i, N:
ii. Al:
iii. A2:

Test Program Specifications December 16, 1976

: No <fraction> part. Parameters are:

3

”10."

Expect: (#041040 2000000 on PDP 11)
Expect: (? or IBM 370, Interdata 8/32)

: Ordinary (non-represcntable) F.P. number. Parameters are:

4

0.01°

Expect: (4036413 #153412 on PDP il)
Expect: (? on IBM 370, Interdata 8/32)

: Ordinary F.P. number. Parameters are:

9
"05009766" (= 210 4 0 5)

Expect: (#040000 #040000 on PDP 11)
Expect: (? on IBM 370, Interdata 8/32)

4

"—2.0"

Expect: (#140400 #000000 on PDP 11)
Expect: (? on [BM 370, Interdata 8/32)

7) Test case: Optional sign <+>. Parameters are:

i. N
ii. Al:
ifi. A2:

4

“*2-0"

Expect: (#040400 #000000 on PDP 11)
Expect: (? on IBM 370, Interdata 8/32)

8) Test case: Floating point 0. Parameters are:

i. N
ii. Al:
iii., A2:

3

"O‘O"

Expect: (#000000 #000000 on PDP 11)
Expect: (? on IBM 370, Interdata 8/32)

K. Boolean Matrix Transpose.

*1) Test case: Array starting off a word boundary. Parameters are:

i N
ii. Al:

4

1101 1311
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0O —~
o0 ®
0 =t~
— 0~

=>

-0 -
-0 ®
o0
— -

4

A2:

*2) Test case: Array > | word in length. Parameters are:

Al:

T OV Attt D
OO0~~~
T O A A A D~
D010~ ~00®
A DA A~ DO ®
DA A A O~ O~
A~ OO0 ~®
A O N AN A A~
OO0 OO

A
"

A OO A0 ~0®
A A A DO -
B AN AV et A O~
DA DDA A D e~
A OO —AA D~
AN A AN —A®D e~
A DA AN A0
0 A~~~ 00®
A A D —AD O

A2:

3) Test case: One dimensional array. Parameters are:

Al:

o

L B ]

=>

o®
i -

A2:

L. Virtual Memory Space Exchange.

Will not be run on actual machines.
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Appendix C: Calling Sequence Conventions

This appendix assumes knowledge of the instruction sets of the candidate architectures.

In order to debug the benchmark programs, it was necessary to write driver programs to
call the benchmarks as subroutines. This made it necessary to establish conventions for the
calling sequences that would be used to invoke the benchmarks.

At first it was decided to use the calling conventions of the language used to write the

drivers. On the 8/32 and the /360 the drivers were written in FORTRAN; on the 11 it was
written in BLISS-11. For the canonical program

RTN(ALl,...An)

the calling sequence for the PDP-11 was

MoV address of dounward-growing stack,R6

Mov Al,-(RB) s+ stack value of first argument
MoV An, - (R6)

JSR PC,RTN : push program counter

s+ and jump to subroutine

On entry to a subroutine, register 6 pointed to a word containing the address of the
instruction following the JSR. The address of the last argument was in the location at offset
2 from the register 6, the next-to-last at offset 4, and so on.

For the IBM 360 the calling sequence was

L 13, =A (SAVE) load address of save area in R13
L 1, =A (ARGS) load address of argument list in Rl
L 15,=A(RTN) get address of routine to RI1S
BALR 14,15 jump to subroutine
ARGS (8] A (A1) full word, address of argument 1
DC A(An)

Register 14 contained the address of the instruction following the subroutine call; register 15
contained the address of the first instruction of the subroutine and could be used as a base
register. Register 1 contained a pointer to a list of addresses of arguments. The address of
the first argument was in the word pointed to by register 1; the address of the second
argument was in the word at offset 4 from the word pointed to by register 1, and so on.
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? Register 13 pointed at the base of an area used to store the general purpose registers. The
1 actual convention for the use of the area pointed to by register 13 is fairly complicated, and
involves chaining together pointers to such save areas. It was stated fairly early that we did
not want to impose the full burden of this convention on the programmers. They could
simply consider register 13 to be a pointer to a 16-word block where they could save the
general registers*.

For the Interdata 8/32, the calling sequence was

L 12,address of start of downward-growing stack
BAL 15,RTN

oc X' <2uN+2>"'

DAC Al address of first argument

DAC An

next instruction

Register 12 points to the top of a downward-growing stack; the conventional use of this
stack is to subtract some constant from the stack pointer and use positive offsets from the
stack pointer as temporary storagez. Register 15 contains a pointer to the halfword
immediately following the subroutine call. This halfword contains information relating to the
number of parameters. The halfword is followed by a set of fullwords containing addresses
of parameters. Because the instruction and the following halfword of information need only
be aligned on a halfword boundary, while the address constants must be aligned on a
fullword boundary, the following two situations might occur. (A vertical bar, |, denotes a
fullword boundary, while a colon, :, denotes a halfword boundary).

| ¢ BAL | DOC : empty | DAC Al | DAC A2 |

| § | BAL- : OC | DAC Al | DAC A2 - |

lln the standard calling convention, one stores the registers starting at offset 12 from register
13 via

: STH 14,12,12(13)

ZUMiI(o on the PDP-11, this is a softuare eonmNon'; on the POP-11, the register 6 stack is used

c-2
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In both cases, register 15 points to the DC constant. In the first case, the first address is at
offset 2 from register 15. In the second, it is at offset 4. It is necessary for the program to
force register 15 to point to a consistent place; the instruction

OHI 15,2 OR hal fuord immediate

as the first instruction of the subroutine forces register 15 to point to the halfword
immediately preceding the "DAC Al". Thus the address of the first parameter is contained in
the word at offset 2 from register 15; the second is at offset 6, and so on. It was later
decided that the existing calling sequences were unfairly penalizing some of the machines
whose drivers imposed complicated or inappropriate calling sequences. In particular,

a. On the PDP-11, it was usually unnecessary to use the "work area" parameter, as the
register 6 stack provided a work area. On the 8/32, the software stack based on
register 12 served a similar function. Clearly, on the /370 it would be possible to
implement a software stack like on the 8/32; it seemed unfair to penalize the /370 on
the basis of a software convention.

b. On the PDP-11, the BLISS driver was passing the values of parameters rather than
their addresses. This eliminated a level of indirection which perhaps unfairly penalized
the /370 and the 8/32, which lack indirection.

To relieve these problems, the calling sequences were modified. Programmers were
permitted to use the area pointed to by register 13 as their work area on the /370. All
“input” parameters, those examined by the routines but not overwritten, were passed by
value rather than by reference. Those parameters specified as being addresses in the
program specifications, as well as those parameters into which results were to be stored,
were still passed by reference. For example, the CHARACTER SEARCH program, E, had the
parameters

1) SRCHSTR, the address of a character string
2) SRCHLNG, the length of SRCHSTR

3) SRCHARG, the address of another string

4) ARGLNG, its length '

5) LOC, a place to store the result

6) WORK, a pointer to extra working storage

Under the original conventions, the argument list might look like

C-3
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ARGLST DC A (SRCHSTR)
oc A (SRCHLNG)
DC A (SRCHARG)
bc A (ARGLNG)
Dc A(LOC)
DC A (WORK)
SRCHSTR DC C’Search string’
SRCHLNG DC Fri3°
SRCHARG DC C'Arg’
ARGLNG DC F a3
LoC DS F
WORK DS ot

Under the new conventions, this became

ARGLST DC A (SRCHSTR)
DC F'13’
DC A (SRCHARG)
DC E*3°
DC A (LOC)
3 DC A (WORK)
SRCHSTR DC C’'Search string’
SRCHARG DC C'Arg’
Loc 0s F
WORK DS slats
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Appendix D: S, M, and R Calculation Sheets

This appendix contains the actual S, M, and R measures for each instruction, addressing
modes, and register format for the three final three candidate architectures. The instructions
preceding the calculation sheets assumes the computations will be done manually but in fact
the whole process was automated. If test programs were run on the ISP simulator (which
the majority were), the output from the ISP simulator was read directly by the summary
calculation program, minimizing the chance of making a clerical error. If the instruction
counts had to be done by hand, then the instruction counts were typed into a disk file and
then the file was input to the summary calculation program.

:
i
¥
1
i
¥
1
§
%

The calculation of the appropriate M measure for each instruction and each addressing
mode is reasonably straightforward and fairly obvious. The R measure is another story,
since the R measure for each case is determined by effectively microcoding that instruction
and addressing mode in terms of the anonical microprocessor described in Section 3.2. Since
this amounts to programming, two different microcoders may implement the same instruction
in two different ways. To minimize this source of error, a single individual computed the R
measures for all three final candidates (W. E. Burr), making every effort to be consistent
across the three architectures, and the calculations were reviewed by the respective
architecture chairmen.

The following calculations of the R measure for a basic instruction interpretation cycle and
address calculation for each of the three architectures illustrate the approach used to
determine the actual R measures given here in this appendix.
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Instructions for Completing the IBM §/370
Calculation Sheet

To assist you in the computation of the S, M, and R measures for the IBM 370,

we have included here a set of calculation sheets (8 pages) and a liberal supply of work
sheets. The work sheets are designed to be directly attached to the listing of your
test program and have entries for each line of your program. Use as many work
sheets as you have pages of code in your listing. The calculation sheets will be used
to enumerate S, M, and R measures via addressing modes and instruction type.

The principle use of the/ work sheets will be to get accurate counts of

instruction executions. The calculation sheets will be used to determine the final S, M,
and R measures. Later we will indicate how to obtain these measures from your work
sheets directly, but this will be used primarily as a check on your calculations.

i

You will need to refer to most of the calculation sheets at the same time, so you
should work at a desk with enough space to spread out all of the sheets at once.
You can lay aside the summary calculation sheet (page 1) since you will not need
it until the end. You will also need the CFA Test Data Specifications of June 16,
1976. :

Attach the work sheets to your program. The work sheets have a line for each
line of your program, and a column for the instruction type (Mode), the number of
times the program is executed (N), the storage measure (S), the memory transfer
measure (M), the register transfer measure (R), and the products N+M and NxR.

Go through your program to determine how often each instruction will be
executed, using the test data items marked with a plus (+) in the specifications.
Fill in the N column of the work sheet with these numbers. Where there is more
than one set of test data for a particular program, determine the number of times
each instruction is executed for each set of data, add the results together, and
write the sum in the N column. If your program is simple enough, you may be
able to do an analysis to determine these numbers in terms of the size of the test
data and some simple characteristics (such as the number of zeros in the matrix
for the boolean matrix transpose program). Failing that, you may need to hand-
simulate the operation of your program on the test data.

Perform steps 5 to 12 for each instruction in the program. Each step is labeled
with the name of the sheet on which the number calculated in the step is to be
written.

work sheet: Determine the type of the instruction (RR, RX, SI, RS, or SS) and mark
the type in the Mode column of the work sheet.

calculation sheet: Find the row of the Instruction Format Table (page 2)

corresponding to the type determined in step 5. Add one to the "number of
D-2
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static occurrences” column of that row, and add the number in the N column of
the work sheet to the "no. of times executed" column of the row.

work sheet: Copy the number from the "S/INST" column of the row in step 6 to
the S column of the work sheet.

calculation sheet: For each effective address calculation in the instruction, find the
appropriate row in the Effective Address Calculation table (page 2). RR
instructions have no effective address calculations, RX, RS, and SI have one
effective address calculation, and SS have two. The table has a separate row for
pure displacement (no registers), base plus displacement (one register), and base,
displacement, and index (two registers). Add one to the "no. of times executed"”
column of the row.

calculation sheet: Find the row of the Instructibn Table (pages 3 to 7)
corresponding to the instruction. Add the number in the N column of the work
sheet to the "no. of times executed" column of this row. If the "R/INST" and
"M/INST" columns of this row are blank, mark the row (preferably in a colour that
stands out), write zeros in these two columns, and on a separate sheet make note
of the fact that the instruction was missing.

work sheet: Add the number in the "R/INST" column of the row found in step 9,
the number of the "R/CALC" column of the row found in step 8, and the number in
the “"R/INST" column of the row found in step 6. Write this sum in the R column
of the work sheet.

work sheet: Add the number in the "M/INST" column of the row found in step 9
and the number in the "M/INST" column of the row found in step 6. Write this
sum in the M column of the work sheet.

calculation sheet: If the entry in the Instruction Table (found in step 9) has an
asterisk (x), the M and R measures depend on some other count associated with

the instruction. For example, a STM (store multiple) instruction costs 4 bytes in

the M measure for every register stored. For each such starred instruction, look
up its entry in the “"Miscellaneous M and R table" (page 8), caiculate the
appropriate "what to count” number, multiply by the entry in the N column of the
work shect, and add this number to the “"count” column of the table.

work sheet: Multiply the "what to count number" determined in step 12a by the
number in the "M/COUNT" entry used in that step, and add this product to the M
column of the work sheet.

When you have completed these calculations for the entire program, compute

the totals in the tables as outlined in steps 13 to 19.

13.

calculation sheet: For each entry of the Instruction Table (page 3 through 7),
multiply the number in the "no. of times executed" column by the number in the
“"M/INST" column and write the product in the "M subtotal” column. Multiply the
number in the "no. of times executed" column by the number in the "R/INST"
column and write the product in the "R subtotal” column.
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calculation shect: For each page of the Instruction table, calculate the subtotals of
the "number of times executed"”, "M subtotal”, and "R subtotal” columns, fill in the
subtotals at the bottom of the page (Cpy, Mpy, Rp for instruction page 1, and so
on), and write these subtotals in the space provided on the Summary Caiculation
page (page l).

calculation sheet: On the Instruction Format Table (page 2), add up the “S
subtotals”, "number of times executed”, "M subtotal”, and "R subtotal” columns to
give Sp, Cj, M, and Rl' Fill in the corresponding entries on the Summary
Calculation page.

calculation sheet: On the Effective address Calculation table, add up the columns
giving C and R ,., and copy these to the summary page.

eac

calculation sheet: Add up the entries on the summary page to give the S, M, and R
measures.

calculation sheet: Perform the consistency checks given on the summary page.
You should get C| equal to Cpy + ... + Cpg, and Cg,. equal to Cpy + 2Cgg.

eac

work sheet: Multiply the N column of the work sheet by the M column and write
the result in the NM column. Multiply the N column by the R column and write the
result in the NR column. Calculate the sum of the NM column; this should be the
same as the final M measure. Similarly, the sum of the NR column should be the
same as the final R measure.

D-4
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{IBM S/370 CALCULATION SHEET Test Program:

June 30, 1976

M MEASURE

Instruction format subtotal M_:

Instruction page subtotal, MPI: Instruction page subtotal, RP1:
Mpy ' Rpo
MPS: RPJ:
Mpy Rpe’
Mps: Rps*

‘iscellaneous subtotal, §Lq:
)

S, M, and R Measures Programmer:
| SIMMARY CALCULATIONS Date:
S _MEASURE

Instruction subtotal, SI:

Constants and local variables:

Temporary workspace:

R _MEASURE

r Instruction format subtotal, R

Miscellaneous subtotal, RM:

Address calculation subtotal,

R 2
eac

M

CONSISTENCY CHECKS ON_CALCULATIONS

You can use the following identities to provide some measure of
assurance you have not made a clerical error in tabulating the S, M, and
R measures:

M Cpy *+ Cpp + Cp3 * Cpy + Cps = €

o

N

@ ceac 5 CRX i CSS

-
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Tune 30, 1976

IBM

5/370

CALCULATION SHEET
Test Program:

Programmer:

‘Note: 0 P = zero] Date: AL,
INSTRUCTION TABLE
(ALPHABETIZED BY MNEMCNIC)
MNE - NO. TIMES ;
MONIC INSTRUCTION EXECUTED M/INST ™M SUBTOTAL [R'INST |R SUBTOTAL
A ADD 4 | I 16
AD ADD NORMALIZED (long) ! 8 | 32
ADR ADD NORMALIZED (long) 0 [ [ 2
AE ADD NORMALIZED (short) 4 | |16
AER ADD NORMALIZED (shart) 0 . 12
AH ADD HALFWORD 2 12
AL ADD LOGICAL 4 16
ALR ADD LOGICAL 0 | e
AP ADD DECIMAL 1
AR ADD 4 12
E
AU ADD UNNORMALIZED (short)
AUR ADD UNNORMALIZED (short)
AW ADD UNNORMALIZED .long) ]
__AWR ADD UNNORMALIZED (lomng) |
AXR ADD NORMALIZED (extended) =
BAL BRANCH AND LINK [ 8 _
BALR _ BRANCH AND LINK g 15 ~
BALRO ___BRANCH AND LINK 0 9 - 2
BC BRANCH ON _CONDITION [ #
BCR BRANCH ON CONDITION [ 8
BCT BRANCH ON COUNT [f 2
BCTR BRANCH ON_COUNT
BCTR, _ BRANCH ON COUNT g 2
BXH BRANCH ON INDEX HIGH
BXLE BRANCH ON INDEX LCW OR EQUAL [ | 17
c COM PARE 4 | 2
cD COMPARE (long) _
CDR COMPARE (long)
CDS COMPARE DOUBLE AND SWAP |
CE COMPARE (short) |
CER COMPARE (short) | |
cH COMPARE HALFWORD 2 ' | 8
|
CL COMPARE LOGICAL 4 | I
CLO* COMPARE LOGICAL (character) | ! |
CLCL* _ COMPARE LOGICAL LONG % I |
CEL COMPARE LOCICAL (immediate) | g
CLM COMPARE LOGICAL CHARACTERS |
INDER MASK S % e o)

Page Subtotals

P’

n
D

P




June

BEST AVAILABLE COPY

Test

rogra

Date:

MNE -
MONIC

INSTRUCTION

NO. TIMES
EXECUTED

M/INST | M SUBTOTAL
g

CLR COMPARE LOGICAL ! e R
CLRIO _ CLEAR I1/0 1 R :
CP COMPARE DECTIMAL | 4
CR COMPARE ] ! 8
csS COMPARF AND SWAP | | e
| [
:
= 8 | 200
D _24
| 8 | 32
0 e 40
|
. | |
S oh | 16
0 I 2 ey
| f R R 29 {
i }
Sl S
0 | | 16
1 1 3
1 a ! { 8
! E
| |
| 1 l 5E 1
i $
| |
‘ 3 ‘
i LOAD 4 1 B
LA LOAD ADDRESS [} | 7
(lons) C0 T
o _- wrt) 0 i 8 Zu
i Ji] | 8
}
LCTL * LOAD CO ’ !
LD LOAD (Lonz) s | 8 ﬁ S | .
LDR LOAD (longz) i 0 | 16 1 e
LE LOAD (short) i L ] 4
L JA] or ) 2 i 3 B 1 T T
Page Subtotals at }>< M, i >/\ IR,
! RN |




IBM S/370 CALCULATION SHEET

June 30, 1976 Test Program:
Programmer:
Date:
MNE - NO. TIMFS ‘ r ‘
MONIC INSTRUCTION LEXE CUTED M/INST | M SUBTOTAL | R/INST | ® SUBTOTAL
LH LOAD HALFWORD 2 4
IM®™  1OAD MULTIPLE g d
LNDR LOAD NEGATIVE (long) = | ¥ | D
LNER LOAD NEGATIVE (short) ¢ ) TOEREIEE RN SRR L G,
LNR LOAD NEGATIVE 4 8 [k ;
| .
LPDR __ LOAD POSITIVE (long) j
LPER LOAD POSITIVE (short) _ |
LER LOAD POSITIVE - [ 8 |
LPSW LOAD PSW 3 5 |
LR LOAD '] S e I
| A
LRA LOAD REAL ADDRESS 0 R |
LRDR LOAD ROUNDED (extended to |
3 long) H
3 LRER __ LOAD ROUNDED (lomg to short) 1 '
LTDR  LOAD AND TEST (long) i '3 J |
; LTER TOAD AND TEST (short) SRR Y _% - e e *
LIR LOAD_AND TEST I} 8
M MULTIPLY 4 2f |
3 MC MONITOR CALL
' MD MULTIPLY (long) SR T
MDR MULTIPLY (long) e i e T =
ME MULTIPLY (short to long) { 4 20 '
i MER MULTIPLY (short to long) Jf_ gL B LTS ey
MH MULTIPLY HALFWORD _ e SN e g D
MP MULTIPLY DECILMAL | i :
MR MULTIPLY it 16 |
b [ '
MVC* MOVE (character) |
MVCLX _ MOVE LONG |
MVI MOVE (immediate) ] | 1 ;
MUN®¥  MOVE NUMERICS &) '
MVO IOVE_ WITH OFEFSET _ | ¥
3 mvz X MOVE ZONES
MXD MULTIPLY (long to extended)
MXDR MULTIPLY (long to extended)
MXR MULTIPLY (extended)
N AND [, PR 16
! Page Subtotals Cpy? Mpq: Rpqt
D-9
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June 30, 1976

IBM S/370 CALCULATION SHEET
Test Program:

TR T

W

Programmer:
Date:

MNE -

MONICS INSTRUCTION M/INST |M SUBTOTAL | R/INST | R SUBTOTA:

NC » AND (character)

NI AND (immediate) 2 3

NR AND 0 12

0 OR 4 16

oCc ™ OR (character)

oI OR (immediate) 2 3 |
_OR OR 0 12 |
PACKX  PACK | |
PTLB PURGE _TLB { !
RDD READ DIRECT 1 T o |
RRB RESET REFERENCE BIT

S SUBTRACT 4 16

SCK SET CLOCK

SCK C__ SCT CLOCK COMPARATOR i

) SURTRACT NORMALIZED (long) | 8 32

SDR SUBTRACT NORMALIZED (long) ’ 0 24

SE SUBTRACT NORMALIZED (short) | 4 16 |

SER SUBTRACT NORMALIZED (short) 0 S S

SH SUBTRACT HALFWORD 2 12

SIGP SIGNAL PROCESSOR

S10 START 1/0 o, B

SIOF START [/0 FAST RELEASE

SL SUBTRACT LOGICAL 4 T

SLA SHIFT LEFT SINGLE il 8L

SLDA SHIFT LEFT DOUBLE [} 16 |

SLDL SHIFT LEFT DOQUBLE LOGICAL J 16

SLL SHIFT LEFT SINGLE LOGICAL p 8

SLR SUBTRACT LOGICAL U 12

Sp SUBTRACT DECIMAL |

SPKA SET PSW_KEY FRO:! ADDRESS !

SPM SET PROGRAM MASK d P

SPT SET CPU TDER i

SPX =T PREFIX {

SR SUBTRACT o 12

SRA SHIFT RIGHT SINGLE g 8 |

SRDA____SHIFT RIGHT DOUSLE ______ 8 16 |
SRDL SHIFT RIGHT DOUBLC LOGICAL [ 16 |
SRL FT RIGHT SINGLE LOGICAL Ia 8 ‘
593 SHIFT AND ROUND DECIMA |
S3K SET STORAGE KEY

7] ¥ LS
Page Subtotals Moy Rogt
7 o




IBM S/370 CALCULATION SHEET
Test Program:
Programmer:

June 30, 976 Date:

MNE - [No. TIMES' ‘. |

MONIC INSTRUCTION EXECUTED ' M/INST M SUBTOTAL | R/INST | R SUBTOTAL
SSM SET STYSTEM MASK l 1 1

ST STORE Il 4 4

STAP STORE CPU ADDRESS ]

STC STORE CHARACTER 1 1 i

STCK STORE CLOCK

STCK C__STORE CLOCK COMPARATOR
STQM __ STORE CHARACTERS UNDER MASK
STCTLX STORE_CONTROL

STD STORE (long) 8 8

STE STORE (short) 4 4
i

STH STORE HALFWORD 2 ey

STIDC STORE CHANNEL ID
STIDP _ STORE CPU ID

l —_—
STM™ __ STORE MULTIPLE [ W
STNSM__ STORE THEN AND SYSTEM MASK i TS
% | |
p STOSM _ STORE THEN OR_SYSTEM MASK {
STPT  STORE CPU TIMER !
STPX  STORE PREFIX T
SU SUBTRACT UNNORMALIZED (short)
SUR SUBTRACT UNNORMALIZED (short)
svC UPERV CALL [ 20
SW SUBTRACT UNNORMALIZED (long)
SWR SUBTRACT UNNORMALIZED (long) !
_SXR  SUBTRACT NORMALIZED (extended)
TCH TEST CHANNEL =
TIO °  TEXT 1/0
T TEST UNDER MASK 1 3
TR TRANSLATE
TRT™ __ TRANSLATE AND TEST
TS TEST AND SET % il
]
UNPK _ UNPACK g
_WRD _ WRITE DIRECT RIS I e STl
X EXCLUSIVE OR 4 | - 3%
XC X EXCLUSIVE OR (character)
X1 EXCLUSIVE OR (immediate) 2 3
XR EXCLUSIVE OR 0 12
ZAP ZERO AND ADD "
Page Subtotals Cps Mps* FPS:
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June 30, 1976 IBM S/370 CALCULATION SHEET
Test Program:
Programmer:
Date:

MISCELLANEOUS M AND R TABLE

INSTRUCTION M
MNEMONIC WHAT _ TO COUNT COUNT _ M/COUNT _ SUBTOTAL _ R/COUNT R SUBTOTALS
CLC Characters compared 2 22
CLCL Characters compared 2 28
M Registers loaded 4 n
TL Registers loaded 4 [ 1
MVC Characters moved 2 1 20
MVCL Characters moved !
MVN characters moved 3 22
MVzZ characters meved 3 22
Py
! i
NC Length of character 3 22 ;
operands |
ac Length of character j 3 22
operands !
PACK length of second 3 (L.2) 2
operand (L2) z'“‘f“‘- 307 + l%)
[trunicate i
Fesuit™e) (erupeiste 5
STCTL registers stored 4 11
S™ Registers stored l 4 13
TR Characters translated 3 28
TRT Characters compared 2 20
XC Length of character 3 22
operands
Subtotals >< >< 4 >< R 3
M oo
D-12
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Instructions for Completing the DEC PDP-11
Calculation Sheet

To assist you in the computation of the S, M, and R measures for the DEC PDP-

11, we have included here a set of calculation sheets (8 pages) ~~d 2 liberal supply of
work sheets. The work sheets are designed to be dire~tv attact-=d to the listing of
your test program and have entries for each line of your program. Use as many work
sheets as you have pages of code in your histing. The calculation sheets wiil be used
to enumerate S, M, and R measures via adaressing modes and instruction type.

" The principle use of the work sheets will be to get accurate counts of

instruction executions. The calculation sheets will be used to determine the final S, M,
and R measures. Later we wi!l indicate how to obtain these measures from your work
sheets directly, but this will be used primarily as a check on your calculations

|

You will need to refer to most of the calculation sheets at t“e samc time, so you
should work at a desk with enough space tc spread out ai! of the sheets al once.
You can lay aside the summary calculation sheet (page 1) since you wiil not need
it until the end. You will also need the CFA Test Data Spec.iications G/ June 16,
1976.

Attach the work sheets to your program. The work sheets have a line for each
line of your program, and a column for the instruction type (Mode), the number of
times the program is executed {N), the storace measure (S), the memory transfer
measure (M), the register transfer measure (R) and the products N+M and N#R.

Go through your program to determine how often each instruction will be
executed, using the test data items marked with a plus (+) in the spccifications.
Fill in the N column of the work sheet with these numbers. Where there is more
than one set of test data for a particuiar program, determine the number of times
each instruction is executed for each set of data, add the results together, and
write the sum in the N column. If your program is simple enough, you may be
able to do an analysis to determine these numbers in terms of the size of the test
data and some simple characteristics (such as the number of zeros in the matrix
for the boolean matrix transpose program). Faiing that, you may need to hand-
simulate the operation of your program on the test data.

Perform steps 5 to 11l for each instruction in the program. Each step is labeied
with the name of the sheet on which the number calculated in the step is to be
written.

work sheet: Determine the type of the instruction (d=double operand, s=single
operand, r=register+operand, f=floating point, m=miscellaneous) and mark the
type in the Mode column of the work sheet.

calculation sheet: Find the S measure table on page 2. Add one to the "count”
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BEST AVAILABLE (OPY

column of the “instruction” row. For each immediate or absolute operand (modes
2 and 3 using the PC) add one to the “"count" column of the "immediate and
absolute" row. For each indexed and indexed deferred operand, add one to the
"indexed operands" row.

work sheet: For each "one" added to the S measure table in step 6, count two,
and add the resulting number to the S column of the work sheet. This gives the
number of bytes used for the instruction.

calculation sheet: For each operand in the instruction, find the appropriate row in
the Address Mode table (page 2). Note that there are separate entries for byte
and word instructions for modes 2 and 4 (autoincrement and autodecrement). Add
one to the "no. of times executed" column of the row.

calculation sheet: Find the row of the Instruction Table (pages 3 to 10)
corresponding to the instruction. The instructions are grouped into tables based
on the type determined in step 5. Those instructions which have 6-bit operand
fields have two or three sections, one labeled "basic”, and the others labeled
“source mode > 0", "dest mode > 0", or "address mode > 0". Add the number in
the N column of the work sheet to the "basic" field of the "no. of times executed”
column of this row. For double operand instructions, add N to the "source mcde >
0" entry if the addressing mode of the source operand is not register mode (mode
0), and add N to the "dest mode > 0" entry if the addressing mode of the
destination operand is not register mode. The single operand, register operand,
and floating point instructions should be treated simiiarly. if the "R/INST" and
"M/INST" columns of this row are blank, mark the row (preferably in a colour that
stands out), write zeros in these two columns, and on a separate sheet make note
of the fact that the instruction was missing.

work sheet: Add the number in the "R/INST" column of the row found in step 9
and the number in the "R/MODE" column of the row found in step 8. Write this
sum in the R column of the work sheet.

work sheet: Add the number in the "M/INST" column of the row found in step 9
and the number in the "M/MODE" column of the row found in step 8. Write this

sum in the M column of the work sheet.

When you have completed these calculations for the entire program, compute

the totals in the tables as outlined in steps 12 to 18.

12.

13.

calculation sheet: For each entry of the instruction tables (page 3 through 10),
multiply the number in the "no. of times executed” column by the number in the
"M/INST" column and write the product in the "M subtotal” column. Multiply the
number in the "no. of times executed" column by the number in the "R/INST"
column and write the product in the "R subtotal” column. Treat the "basic” and
"mode > 0" entries for each instruction as separate entries for the purposes of
this calculation. ’

calculation sheet: For each page of the instruction tables, calculate the subtotals

D-14




18.

July 7, 1976
D.A. Lamb

of the "number of times executed”, "M subtotal”, and "R subtotal” columns, fill in
the subtotals at the bottom of the page, and write these subtotals in the space
provided on the Summary Calculation page (page 1).

; 3

calculation sheet: On the S Measure Table (page 2), add up the “S subtotal”
column to give S;- Fill in the corresponding entry on the Summary Calculation
page.’

calculation sheet: On the Address Mode Table, add up the ralumrs gving Cypmy
My and Ram» @nd copy these to the summary page.

calculation sheet: Add up the entries on the summary page to give the S, M, and R
measures.

calculation sheet: Perform the consistency check given on the summary page.

work sheet: Multiply the N column of the work sheet by the M column and write
the result in the NM column. Muitiply the N column by the R column and write the
result in the NR column. Calculate the sum of the NM colum=; this should be the
same as the final M measure. Similarly, the sum of the NR column should be the
same as the final R measure.
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PDP-11 CALCULATION SHEET July 2, 1976
S, M, AND R MEASURES Test Program:
SUMMARY CALCULATIONS Programmer:
Date:
S_MEASURE
Instruction subtotal, Si ol i tnea L
4
Constants and local variables:
Dynamic workspace (includes stack area):
4 S 0
g
] M MEASURE R MEASURE
1
Instruction subtotals, gt L e s Instruction subtotals, Rd A SRR
M R %
r e m i l'
g e Re1
M2 —— R’
E Mmisc: —_— Rmisc: R LR
Mfl: e i i Rf] : ———————
MfZ: e RfZ: R
Mf3: s Rf3:
Addressing mode subtotal, Mam:——— Addressing mode subtotal, Ram:
M R

CONSISTENCY CHECKS ON CALCULATIONS

You can use the following identity to provide some measure of
assurance you have not made a clerical error in tabulating the S, M,
and R measures:

L L

M) cf'l P s Tl P A0 TG F Cﬂ 2 -

f2 f3 do r0

Page 1 of 10 Pages
D-16
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ADDRESS MODE TABLE

NO. TIMES M R
ADDRESSING MODE EXE CUTED l“l/‘t‘lOl')!"L Subtotal R/MODE SUBTOTAL
[ Camo’ '} : [
1 "B .
{
2 (byte [} i 3
mode) !
2 (word
mode) ¢ 7
3 2 9
4 (byte i 6
mode)
4 (word .‘ [} 7
mode)
5 7 9
6 2 15
7 ) 4 17
|
Cam Mo’ Rem
S Measure Table
T frr e TR
Item :Count 'S/COUNT S Subtotal
| Instructions i } - SR
" Immediate and Absolute Operands 2
| (8 and ®w) ' i

: Indexed Operands ! i !
(modes 6 and 7) |

=

-

D-17
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Floating Point Instruction Table - Page |

Mne- Instruction
monic

-

ABSD lM-u. absolute (double)

ABSF Make Absolute (floating)
i

SN U RS SO SO -

]No Times | M/INST' M Sub- R/INST! R Sub
Executed | i total total

mode ;O>\ o
basic | X 2 . ;

1
ADDD ; Add (double)

|

-1
P ¥ P ;';____-j
3
|

mode > O 2 : : 0 i
e S ) vt
basic (2 3 |

| « mode > 0

! et —_— 1
ADDF | Add (floating) :_basic 2 21

! "'mode > 0 4 4
CFCC | Copy floating condition codes 2 n | :
CLRD Clear (double) I :

" basic {2 17

{
I
!
|

CLRF | Clear (floating)

i

CMPD  Compare (double)

I
\

basic i 2

CMPF | Compare (floating)
!

mode > 0 8 H ;8
' basic . 2 : P17

i

i mode > 0 > 4 ; 4

DIVD Divide (double)

basic >< 2 ! 33

. mode > 0 > 8 1 8

DIVF Divide (floating)
|

basic : X 2 ’ 21

.
LDCDF Load, converting double to floating

SRR, GRS, SRS (v

LDCFD Load, converting floating to double

3
]
<%
®
v
X‘
@
3

LDCID toad, converting shart to double

- — v — e ——

SRR TS

)

LDCIF  Load, converting short to floating

o
o
s
)
)
~
w

i

. 9
ode > ; 5
mode d>< 2 i 2 |
i 1
LDCLD Load, converting long to double basic_—‘ 2N 2_.__1- b : :
mode > Q 4 } -2 -1
LDCLF Load, converting long to floating basic X 1 23 '

i>(\ Page subtotals
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Floating Point [nstruction Table - Page 2

July 2, 1976

? Mne- Instruction [ "No. Times M/INST|M Sub- R/INST [R Sub- |
; monic 4 Executed ~ total | total
LDD ¢ | Loed (double) _basic X g ] o o
| mode > 0 i & 1 -8 ! '
| i SR e
LDEXP! Load Exponent basic | g s} g f 1
mode > 0 I | W |
P ]
LDF | Load (floating) ‘ basic X 2 { LA e
! mode > 0 4 i T
LDFPS | Load floating status :_93.55‘: (e 2 ‘ 13 -
mode > 0 2 : e
| MODD Multiply and integrize (double) basic

|
!

MODF | Multiply and integrize (floating)
|

: =t
MULD * Multiply (double) !basic X 2 .
l | mode > OX 8 8 |
MULF | Mutliply (floating) basic | <2 {21 |
! ! 4 { 4
; e
NEGD | Negate (double) ' A ‘
e
NEGF | Negate (floating) ''n
] 7 0 | ===
| oo
SETD  Set double mode 'L | 10 |
SETF ' Sef Floating mode ‘ : {10
P |
SETI : Set short integer mode J’X < i : " i
! SN 2 | (e H
! SETL . Set long integer mode i | i { !
; o 1 ] ¢
STCDF Store, converting double to floating _basic XZ ; ! 21 ! v
i mode > O 4 ) -4 \
b
4
STCDI Store, converting double to integer basic X 19 i
: “ mode > O ; 2 ; yag o |
v - 4
| STCDLT Store, converting double to long basic ! >< 9 | ! 19 l
| | mode > ol : 4 | '3 i i
| \
i : ! A ' 3
STCFD Store, converting floating to double  basic ’ y i i TRy, !
i mode > 0 i a 1
| 8 8
Page subtotals Cr2 : L/ Mr2 L ﬁ_. 2 E
D-19
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July 2, 1976

Floating Point Instruction Table - Page 3

P~

!Mne- !

——

Instruction | No. Times  M/INST M Sub- R/INST |R Sub-
monic | ! Execu!ed | total total
i STCF[ S!on converting floating to integer basic | >< 2 ! 15 _ -
| . mode > 0 2 i -
| STCFL Store, converting floating to long basw ‘ I 2 | . 17
! ‘mcde > 0 R I R
! STD Store (double) basic >< 2 251
i mode >EX 8 -8 i
| STEXP Store Exponent basic X 2 12
i 3 mode > 0 1 il
| STF Store (floating) - basic 2 17 !
i mode > 0N 4 -4
: STFPS Store fioating status basic 2 13
" mode > 0
i w4 R i
i STST Store status and exception address basic > Z 2 13 gl
mode > 0 4 i 0
SUBD  Subtract (double) basic AR 33 |
¢ mode > 0 S 8
e I : 20t :
SUBF  Subtract (floating) ' basic >< 20 b2
. mode >6>/ e 4
TSTD Test (double) . basic ' >< 2 11
i { mode >0 i 2 2
TSTF  Test (floating) basic 2. 1 !
"mode > 0 Pl jo 2 l
L e : SR
H + { .
i %( Page subtotais ><~CF3 ><HT3 ><E(F3 ;
D-20
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Single Operand Instruction Table - Page 1

| Mne- Instruction No. Times  [M/INST/M Sub- [R/INST (R Sub-
|_monic Executed | ! total total
i =
. ADC | Add carry i_basic i i sl 25, i 113 i
i [mode>0 > AT 10 | e
- ADCB l Add carry byte | basic 2 E 11
! | imode > 0 i 2 | 0 -———
o + ‘ i :
" ASL ! Arithmetic Shift Left 'basic ‘ ‘ ¢ o 13 :
' “mode > 0 i 4 (N
. ASLB _ Arithmetic Shift Left Byte basic : 2 11 |
‘ ; I mode > 0 >< 2 0 R
{ ASR ' Arithmetic Shift Right _ basic >< 2 13 ;
i ‘ I mode > 0 x i g -—-
| ASRB _ Arithmetic Shift Right Byte _basic X 2 S
i 5 | mode > 0 FEND 0 o j.
i CLR ; Clear | basic 2 ' 11 e
! jmode >0 2 | -2
CLRB | Clear Byte i basic : 2 10
Tmode > 0 1 =T
| : < ‘
COM ’ Complement basic : i 2 13
: mode > 0 X F OR 0 =
COMB Complement Byte . basic ¥ >\' 2. l 11
mode > 0 >< AT ] 0 =
DEC | Decrement | basic i >< 2 ! A
| I mode > 0 X o0 LI 1
DECB | Decrment Byte 'basic W | 11
' ! mode > 0 X T | | 0 e
: INC  Increment ! basic x 2 1} 1 11
| i . mode > OX P4 | l 1
INCB | Increment Byte basic x e i 1
! . , mode >0 .2 0 I
CIMP L Jume | ; >( 2 [ 13
; JSR ' Jump to Subroutine ; >< 4 ; 26
' NEG ' Negote . basic . P g 13
! i ! mode > OX 4 0 | =--
i { I |
" - i '
><l Page subtotals ><C51 Cs.aml >< Mgy . ! Rs1
. )
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Single Operand Instruction Table - Page 2

—— e e,

[ Mne-

| Instruction
monic

No. Times  M/INST [M Sub- |R/INST | R Sub-
Executed . total total

—_— v

NEGB | Negate Byte

>< AN . _
£ TR

1
i

ROL | Rotate Left basic =
“mode > 0 \\ ] 0 -
ROLB Rotate Left Byte basic 2 En
mode > 0 PR s ) e
ROR | Rotate Right basic o 2 13
mode > 0 \\\ 4 [EIE TR iy
RORB = Rotats Right Byte basic & 2 _ 11
e
SBC Subtract carry basic /\\ 5 2 - 13 SRl U
mode >0  ~~__ 4 o i ¥
> e
SBCB Subtract carry byte basic X 2 i 11
mode > 0 % 2 0 e
i SWAB Swap Bytes basic >< 2 ! 14
e . mode >0 >\ 4 0 o
[(SXT ! signExtens ! basic X 2 =
! | mode >0 \ 2 i -2
TST 1 Tast i basic P, I 11
; ! mode > 0 \\ 2 P2
TSTB . Test Byte basic >< 2 i ae °
| mode > OX 1 1
’ i i
4

>< Page subtotals

Cs,am2 Msgo
el e
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Miscellaneous Instruction Table

July 2, 1976

; Mne- i Instruction No. Tim:s_ : M/l&é%ﬂb;‘s;t: R/.INS; R -‘Sl;Jb- B
monic | Executed total total

; BPT ' Breakpoint Trap 6 33

' I Branches 2 : 14

' EMT  Emulator Trap 6 33
(o2 1/0 Trap hiver 6 T 33 N
RTI Return from Interrupt 6 : 27 .

- R-T-;_“ i?eturn from Su'b'v"t;utine e ' q 22 ¢
SOB  Subtract One and Branch 2 17

:’;AP T g 33

>< Fage subtotals i Crisc ><‘misc >:\/Rm,sc

D-23




DOUBLE OPTZRAND INSTRUCTION TABLE

(Alphabetized by Mnemonic)

July 2, 1976

NO TIMES | ' l
EXECUTED |
MNE- ADDRESS' M/ [M Sub-| R/ R Sub-
MONIC , INSTRUCTION BASIC MODE INST Total 'Inst Total
5 e | |
ADD add basic count '2 15
source mode > 0 2 2
dest. mode > 0 | 4 Y
BIC bit clear basic count i l2 15
source mode - 0 e 2 2
dest. mode - 0 P 4 [ 0 e
i |
BICB bit clear byte|basic count ' |2 b2 |
source mode ~ 0 il i1 |
dest. mode - 0 G 2 ) g
BIS bit set (OR) |basic count : L/’ ‘2 l 15
source mode ~ 0 e 12 e
dest. mode > 0 = 4 0 -
BISB |bit set (OR) |basic count ; | 2 |y |
byte source mode - 0 > 1 |
dest, mode - 0 TS 2 L0 ———
BIT  |bit test (AND) |basic count ’ | 2 i)
source mode - 0 >l 2 i 7 i
dest. mode > 0 = 2 2 i
BITB bit test (AND) {basic count i | 2 11 ‘
byte source mode - 0 < | 1 [
dest. mode - 0 R 1
: p
CMP compare basic count : [l 13 l
source mode - 0 S | 2 [ !
dest. mode - 0 el 12 (o2
i i
COMPB |compare byte |basic count |\<‘2 | 11
source mode - 0 e i 1
dest. mode > 0 S| |1 1
' |
MoV move basic count ‘ 2 13
source mode - 0 | 2 |
dest. mode - 0 el 2 -2
MOVB move byte basic count ! L’ 11
source mode > 0 i 1
dest. mode > 0 i i -1
| |
SUB subtract basic count ! ' P 15
source mode 0 -l P i
dest. mode - 0 D » | 0
—Subtotals




DOUBLZ OPLRAND INSTRUCTION TABLE

(Alphabetized by Mnemonic)

July 2 »

1976

NO TIMES l

EXECUTED |
MNE- { ADDRESS! M/ M Sub-| R/
MONIC _ INSTRUCTION | BASIC _ MODE |INST | Total!Inst
ASH shift arith- |basic count ¥ .2 14
metically address mode > e i 2
ASHC |arith shift |basic count L 2 18
comb ined address mode 1 2 2

| |
DIV divide |basic count >g! 2 19
address mode =< 2 2

. |

MUL multiply basic count >< 2 17
address mode = < 2
XOR exclusive OR [basic count - 15
address mode o L]

Subtotals
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Instructions for Completing the Interdata 8/32
Calculation Sheet

To assist you in the computation of the S, M, and R measures for the Interdata

8/32, we have included here a set of calculation sheets (8 pages) and a hberal supply
of work sheets. The work sheets are designed to be directly attached to the listing of
your test program and have entries for each line of your program. Use as many work
sheets as you have pages of code in your listing. The calculation sheets will be used
to enumerate S, M, and R measures via addressing modes and instruction type.

The principle use of the work sheets will be to get accurate counts of

instruction executions. The calculation sheets will be used to determine the final S, M,
and R measures. Later we will indicate how to obtain these measures from your work
sheets directly, but this will be used primarily as a check on your calculations.

L.

You will need to refer to most of the calculation sheets at the same time, so you
should work at a desk with enough space to spread out al! of the sheets at once.
You can lay aside the summary calculation sheet (page 1) since you will not need
it until the end. You will also need the CFA Test Data Specifications of June 16,
1976.

Attach the work sheets to your program. The work sheets have a line for each
line of your program, and a column for the instruction type (Mode), the number of
times the program is executed (N), the storage measure (S), the memory transfer
measure (M), the register transfer measure (R), and the products N«+M and NxR.

Go through your program to determine how often each instruction will be
executed, using the test data items marked with a plus (+) in the specifications.
Fill in the N column of the work sheet with these numbers. Where there is more
than one set of test data for a particular program, determine the number of times
each instruction is executed for each set of data, add the results together, and
write the sum in the N column. If your program ts simple enough, you may be
able to do an analysis to determine these numbers in terms of the size of the test
data and some simple characteristics (such as the number of zeros in the matrix
for the boolean matrix transpose program). Failing that, you may need to hand-
simulate the operation of your program on the test data.

Perform steps 5 to 12 for each instruction in the program. Each step is labeled
with the name of the sheet on which the number calculated in the step is to be
written.

work sheet: Determine the type of the instruction (RR, SF, RX1, RX2, RX3, RIl, or
RI2) and mark the type in the Mode column of the work sheet.

calculation sheet: Find the row of the Instruction Format Table (page 2)
corresponding to the type determined in step 5. Add one to the "no. static
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10.

11.

12a.

. 12b.

July 7, 1976
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occurrences” column of that row, and add the number in the N column of the work
sheet to the "no. times executed" column of the row.,

work sheet: Copy the number from the "S/INST" column of the row in step 6 to
the S column of the work sheet.

calculation sheet: For each effective address calculation in the instruction, find the
appropriate row in the Address Caiculation table (page 2). RR and SF instructions
are included even though they in reality have no address calculation. The
addressing modes which involve index or base registers have separate rows
depending on whether the register involved is register zero or not. Add one to
the "no. of times executed" column of the row.

calculation sheet: Find the row of the Instruction Table (pages 3 to 9)
corresponding to the instruction. Add the number in the N column of the work
sheet to the “"no. of times executed" column of this row. If the "R/INST" and
"M/INST" columns of this row are blank, mark the row (preferably in a colour that
stands out), write zeros in these two columns, and on a separate sheet make note
of the fact that the instruction was missing.

‘work sheet: Add the number in the "R/INST" column of the row found in step 9

and the number in the "R/INST" column of the row found in step 8. Write this
sum in the R column of the work sheet.

work sheet: Add the number in the "M/INST" column of the row found in step 9
and the number in the "M/INST" column of the row found in step 6. Write this
sum in the M column of the work sheet.

calculation sheet: If the entry in the Instruction Table (found in step 9) has an
asterisk (*), the M and R measures depend on some other count associated with
the instruction. For example, a STM (store multiple) instruction costs 4 bytes in
the M measure for every register stored. For each such starred instruction, look
up its entry in the "Miscellaneous M and R table" (page 9), calculate the
appropriate "what to count” number, multipiy by the entry in the N column of the
work sheet, and add this number to the "count" column of the table.

work sheet: Multiply the "what to count number” determined in step 12a by the
number in the "M/COUNT" entry used in that step, and add this product to the M
column of the work sheet.

When you have completed these calculations for the entire program, compute

the totals in the tables as outlined in steps 13 to 19.

13.

14.

calculation sheet: For each entry of the Instruction Table (page 3 through 9),
multiply the number in the "no. of times executed" column by the number in the
"M/INST" column and write the product in the "M subtotal” column. Muiltiply the
number in the "no. of times executed" column by the number in the "R/INST"
column and write the product in the "R subtotal" column.

calcqlation sheet: For each page of the Instruction table, calculate the subtotals of
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16.

17

18.

19.

July 7, 1976
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the "number of times executed", "M subtotal”, and "R subtotal” columns, fill in the
subtotals at the bottom of the page (Cp;, Mp;, Rp; for instruction page 1, and so
on), and write these subtotals in the space provided on the Summary Calculation
page (page 1).

calculation sheet: On the Instruction Format Table (page 2), add up the "S
", “number of times executed”, and "M subtotal” columns to give Sy, Cj,

subtotals”,
and Ml' Fill in the corresponding entries on the Summary Calculation page.

calculation sheet: On the Effective address Calculation table, add up. the columns
giving C and Ry ., and copy these to the summary page.

eac

calculation sheet: Add up the entries on the summary page to give the S, M, and R
measures.

calculation sheet: Perform the consistency checks given on the summary page.
You should get C; equal to Cpy *+ . + Cpy and Cg,c equal to CRR,SF +

Crx1,RX2,RI1 * CRX3,RI2-

work sheet: Multiply the N column of the work sheet by the M column and write
the result in the NM column. Multiply the N column by the R column and write the
result in the NR column. Calculate the sum of the NM column; this should be the
same as the final M measure. Similarly, the sum of the NR column should be the
same as the final R measure.




6 July 1976
Interdata 8/32 Calculation Sheet Test program:
S, M, and R Measures Programmer:
Summary Calculations Date:
asur
Instruction Subtotal, Sy
Constants and Local Variables g
Temporary Workspace:
S
M Measure ' R Measure
- Instruction Format Subtotal, My el Instruction Format Subtotal, Ry:
Instruction Page Subtotal, Mplt s Instruction Page Subtotal, Rpj:
Mp2t Rpp:
L, Rpg:
Mpg i Rpg:
Mpg: Rpg:
1 Mpg: Rpg:
s 0 L S— Rpy:
Miscellaneous Subtotal, e O S Miscellaneous Subtotal, Ry
M [: Address Calculation Subtotal, Ry,

Consistency Checks on Calculations

You can use the following identities to provide some measure of assurance you have not
made a clerical error in tabulating the S, M and R measures:

(1) Cpy + Cpy + Cpg + Cpg + Cps + Cpg *+ Cpy = €y
(@Crr  +Cpxi *Crxa = Ceac
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6 July 1976
Address Calculation Table - Inlerdata 8/32
Instruction Type of Address | No. Times |R/INST R g :
Format Calculation Executed subtotal !
RR 8 - ; ;
SF 8 ! '
RX1 X2=0 21
RX1 X2#0 24
RX2 X2=0 24
RX2 X2#0 33
RX3 FX1=0,5X1=0 : 27
RX3 FX1=0,5X1#0 30
RX3 FX1#0,5X1=0 " 30
RX3 FX1#0,5X1#0 39
RI1 X2=0 19 §
RI1 X2#0 23 '
RI2 X2=0 26
RI2 X240 30 |
E !
Address Calculation Subtotal Ceac | Roge
Instruction Format Table : - -
Instruction Format No. Static | S/INST S No. Times [M/INST M
Occurences subtotals | Executed subtotals
RR, SF 2 Cpp® 2
’ RX1, RX2, RI1 q Crx1' 4
RX3, RI2 6 Coont 6
Instruction Format Subtotal S C; M|
| D- 30
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I Instruction Table - Page 1

; Mne- Instruction No. Times [ M/INST M In/msr R |
monic i Executed subtotal =3 subtotal
A Add i 4 16 ;
ABL | Add to Bottom of List 16 38 I
AE Add floating point 4 16
AER Add floating point Register 0 12 | -
AH Add Halfword 2 12 f ;
AHI | Add Halfword Immediate 0 10
AHM | Add Halfword to Memory 4 8 l i
Al Add Immediate 0 12
AIS | Add Immediate Short 0 7
AL Autolosd
AM Add to Memory 8 12
AR Add register 0 12 |
ATL | Add to Top of List 16 38
BAL | Branch and Link 0 3
BALR | Branch and Link Register 0 20
BOCS | Branch to Control Store
BFBS | Branch on False Condition Backward Short 0 1
BFC | Branch on False Condition 0e ol
BFCR | Branch on False Condition Register 0 6
BFFS | Branch on False Condition Forward Short 0 1
BTBS | Branch on True Condition Backward Short 9 1
BTC | Branch on True Condition 0 =ty
BTCR | Branch on True Condition Register 0 6

' BTFS | Branch on True Condition Forward Shorl |’ o 1

‘ BXH | Branch on Index High 0 17

Page subtotals Cpy Mpy Rp)

R




6 July 1976
Instruction Table - Page 2 ; b

Mne- Instruction No. Times | M/INST M R/INST R

monic Executed subtotal subtotal

BXLE | Branch on Index Low or Equal - 0 17

C Compare 4 12

CBT | Complement Bit 4 20

CE Compare Floating Point 4 12 y
CER Compare Floating Point Register 0 8

CH Compare Haltword 2 8

CHI Compare Halfword Immediate 0 6

CHVR | Convert to Halfword Value Register

CI Compare Immediate 0 8
‘CL | Compare Logical 4 12

CLB | Compare Logical Byte o | 3

CLH | Compare Logical Halfword 2 8 1
CLHI | Compare Logical Half word Immediate 0 6

CLI Compare Logical Immediate 0 8

CLR | Comare Logical Register 0 8

CR Comare Register 0 8

CRC12| Cyclic Redundancy Check modulo 12

CRC16| Cyclic Redundancy Check modulo 16

D Divide 4 24

DE Divide Fioating Point 4 16

DER | Divide Fioating Point Register 0 12

DH Divide Halfword 2 16

DHR | Divide Halfword Register 0 14

DR Divide Register 0 20

ECS | Enter Control Store

Page subtotals Cpz Mp2 | Rp2
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Instruction Table - Page 3
Mne- Instruction No.Times |M/INST M |R/NST[ R
monic Executed subtotal subtotal
EPSR | Exchange Program Status Register 0 16
EXéR Exchange Byte Register 0 4
EXHR | Exchange Halfword Register 0 8
FLR | Float Register 0 16
FXR | Fix Register 0 8
i L Load q q
E LA Load Address 0 7 ,
LB : Load Byte 1 1
LBR | Load Byte Register 0 2 i
LCS | Load Complement Short 0 5 ]
LE Load Floating Point i 4 4
LER Load Floating Point Register 0 .I 8
LH Load Halfword 2 | 4 '
LHI Load Halfword [mmediate 0 8
LHL Load Halfword Logical 2 4
TR T — 0 8 :
LIS Load Immadiate Short 0 ;5
LM = | Load Muitiple |
LME | Load Floating Point Multiple | i
LPSW | Load Program Status Word ! 8 l 8
: LPSWR] Losd Program Status Word Register 0 L6
; LR Losd Register 0 '8
M Multiply 4 20
F ME Multiply Floating Point 4 16
MER | Muitiply Flosting Point Register 0 12
Page subtotals Cp3 Mp3 e Rp3
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Instruction Table - Page 4

6 July 1976

Mne- Instruction No. Times |M/INST M R/INST R
monic Executed subtotal subtotal
MH Multiply Half word 2 10
MHR | Multiply Halfword Register 0 12
MR Multiply Register 0 16
?‘ N AND 4 16
NH AND Halfword 2 12
NHI AND Halfword Immediate 0 10
NI AND Immediate 0 12
: NR AND Register 0 12
: 0 |om p 4 16
oC Output Command 1 4
OCR | Output Command Register 0 3
: OH | OR Halfword z 12
L OHI OR Halfword Immediate 0 10
(0] OR Immediate 0 12
OR OR Register 0 12
RB Read Block
! RBL | Remove from Bottom of List 16 38
3 RBR Read Block Register
RBT | Reset Bit 4 20
RD Read Data
RDCS | Read Control Store
3 RDR | Read Data Register
; RH Read Half word
RHR Read Halfword Register
RLL 0 8
Page subtotals Céd [Mpa { Rpa




6 July 1976
Instruction Table - Page 5 \

Mne- Instruction No. Times [M/INST| M |R/INS R |
monic Executed subtotal subtotal 1
RRL 0 8 x
RTL Remove from Top of List 16 38 4
S Subtract 4 16 }
SBT | SetBit ) 20 |
SCP | Simulate Channel Program
SE Subtract Floating Point 4 16
SER | Subtract Floating Point Register 0 12
SH Subtract Halfword 2 12
SHI Subtract Half word Immediate 0 10
S1 Subtract Immediate 0 12
SINT | Simulate Interrupt
SIS ! Subtract Immediate Short 0 7
SLA | Shift Left Arithmetic 0 8
SLHA | Shift Left Halfword Arithmetic 0 4
SLHL | Shift Lefl Haltword Logical 0 4
SLHLS| Shift Left Halfword Logical Short 0 6
SLL Shift Left Logicel 0 8
SLLS | Shift Left Logical Short 0 10
SR Subtrect Register 0 12
SRA | Shift Right Arithmetic 0 8

! SRHA l Shift Right Halfword Arithmetic 0 4

| SRHL ' Shift Right Halfword Logical ! 0 q
SRHLS| Shift Right Halfword Logical Short 0 6
SRL Shift Right Logical 0‘ 8
SRLS | Shift Right Logical Short 0 10

o Page subtotals Cps Mpg P Rps;
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Instruction Table - Page 6

6 July 1976

Mrvs- Instruction No.Times| M/INST| M |R/INST] R
monic Executed subtotal | subtotal
SS Sense Status 1 4
SSR | Sense Status Register 0 3
ST Store 4 a
STB | Store Byte 1 1
STBR | Store Byte Register 0 2
STE Store Floating Point 4 4
STH | Store Halfword 2 2
STM £| Store Muitiple
STME | Store Multiple Floating Point
SVC | Supervisor Call e
TBT | TestBit 2 8
THI Tost Half word Immediate
TI Test Immediate
TLATE]| Transiate (branch) 2 10
TLATE! Translate (no branch) 2 15
TS Test and Set 2 b
wWB Write Block
WBR | Write Block Register
wD Write Data
WDCS ! Write Control Store i
WDR | Write Data Register 0 3
WH Write Halfword 2 6
WHR | Write Halfword Register "0 4
X Exclusive OR 4 16
XH Exclusive OR Halfword 2 12

Page subtotals Cpg Mpg " |Rpg
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6 July 1976

Instruction Table - Page 7

Mne- Instruction No. Times | M/INST M R/INST R
monic Executed subtotal subtotal
XHI Exclusive OR Halfword Immediate 0 10
X1 Exclusive OR Immediate 0 12
XR Exclusive OR Register . 0 12
A ‘ i
Page subtotals Cp7 Mp7 Rpy

Miscellaneous M and R Table

Mne- What to Count count| M/Count M R/count R {
monic subtotal subtotal |
LM registers loaded q =l

ST™M register stored 4 11

LME registers loaded 4 n

STME registers stored 4 1

Miscellaneous Subtotals M, R

!
k




APPENDIX E - S, M, and R MEASURES FOR EACH TEST PROGRAM

Test me

A.

Priority I/0 Kermel

FIFO I/0 Kernel

I/I Device Handler

Large FFT

Character Search

. Bit Test, Set, Reset

. Runge-Kutta Int.

Linked List Insertion

. Quicksort

. ASCII to Float-Pt.

Boolean Matrix

Virtual Memory Exchange

INDIVIDUAL R MEASURES

IBM S/370

9u7[3]
21u46[12]
3052[14]

2222[2]
4583[13]
2226[17]

1789(11]
1729(17]

62904[11]
6290u[9]*

5603[1]
55494 ]
10239[11]

1674[9]
1542[12]
1212[17]

8u5966[2]
1203952[17]

9s50[u]
1741[13]
1137[14]

7618[5]
7540[6]

1330[u4]
2578[51]
2226[7]

5576[3]
5661[6]
527708]

1931[3]
1934[7]
2529[8]

Computer Architecture

PDP-11 Interdata 8/32
108[4] 166[12]
106[12] 166[17]
106[14] 21u4[14]
1096[2] 698(2]
810[3] 937[4]
1419[13] 482[13]
1480[1] 1902[1]
1416[17] 1391[17]
70512[11] 60u46[11]
70512[9]%* 50045[9]%*
43u8[1] 5885[1]
4326[11] 3139[3]
3091[17] 57670111
832[3] 8910«]
917[9] 887[9]
801[12] 1167[12]
1281[11]A
724372[2] 69605521
665529[3] 6960u9[4]
10127270171 777846[11]A
874523[17]
1025[13] 83u[3]
1087[14] 1049[13]
1210[17] 965[14]
74278[5] 13315[5]
15205[6] 9609[6]
1726[5] 2100[3]
1512[7] 2270(51]
1716[17] 1897[17]
3180[4] 2216[6]
3905[6] 315u[8]
uyus5[8] 3945[17]
2616[u] 2539[7]
2911[7] 4573[8]
4226(8] 26u43[17]




Test Program

)

¥

(]

Priority I/0 Kermel

. FIFO I/0 Kernel

. I/0 Device Handler

Large FFT

. Character Search

. Bit Test,Set,Reset

. Runge-Kutta Int.

. Linked List Insertion

. Quicksort

. Boolean Matrix

Virtual Memory
Exchange

INDIVIDUAL M MEASURE

IBM S/370

212 3]
354 (121
522 [1u]

uyou [21
920 [13]
43y (171

328 (1]
304 171

10810 [11]
10810 [9]*

854 [1]
uo [u4]
1724 [11]

378 [9]
358 [12]
238 [17]

11074 [2]
228056 [17]

228 [u]
304 [13]
264 [1u4]

102u [5]
1008 [61]

gl
437 [5]
33 7

832 [31]
909 [61]
896 [8]

532 [3]
532 [7]
6u5 (8]

Computer Architecture

PDP-11

28 [u]
24 [12]
2u [14]

208 [2]
188 [3]
296 [13]

309 [1]
290 [17]

14746 [11]
1u7u6 [97*

730 (1))
7700
520 [17]

162 [3]
178 [9]
152 [12]

102662 [2]
9u360 [3]
176960 [17]

204 [13]
218 [14]
240 [17]

14960 [5]
2756 [6]

292 (5]
275 (71
g 8t ikl

582 [u]
776 [6]
932 [8]

541 [u4]
566 [7]
us [8]

Interdata 8/32

28 [12]
32 [14]
26 117}

192 [2]
226 [4]
114 [13]

426 [1]
279 [17)

10886 [11]
8560 [9]*
8560 [17]A

958 [1]
10uy [3]
1021 [11]

2272 [
176 [9]
296 [11]A
276 [12]

100062 [2]
100042 [u]
117984 [11]1A
138u14 [17]

224 [3]
260 [13]
238 [1u]

2968 [5]
1732 [6]

363 [31
423 [5]
334 [7]

384 [6]
566 [8]
640 [17]

721 17
1058 [&]
780 [17]

NP EPRIE NS




T

Test Progggg

td

. Priority I/0 Kernel

FIFQ I/0 Kernel

. I/0 Device Handler

. Large FFT

. Character Search

. Bit Test,Set,Reset

. Runge-Kutta Int.

. Linked List Insertion

. Quicksort

. ASCII to Float-Pt.

Boolean Matrix

. Virtual Memory

Exchange

INDIVIDUAL S MEASURES

IBM S/370

216 [3]
286 [12]
742 [14]

372 [2]
u65 [13]
308 [17]

192 [1]
252 {17}

usy [11]
ysy [93*

104 [1]
92 [u]
154 [11]

1uu [9]
122 [12]
116 [17]

202 [2]
238 [17]

1uly (4]
228 [13]
176 [14]

3u0 [6]
407 [5]

256 [u4]
uyl [5]
241 [73

224 [3]
267 [6]
284 [8]

292 [3]
382 [7]
iy [8]

Computer Architecture

PDP-11

ug8 [u4]
3z 112}
32 [1u4]

133 [2]
124 [3]
~u6 [13

332 {13
216 [17]

766 [11]
766 [9]*

88 [1]
136 [11]
90 [17]

68 [3]
78 [9]
86 [12]

18u [2]
172 [3]
2u8 [17]

162 [13]
182 [1u4]
194 [17]

u0 [6]
1534 [5]

164 [5]
208 [7]
172 [17]

174 [u]
232 [6]
284 [8]

254 [u]
250 [7]
378 [8]

Tr*erdata 8/32

26 [12]
28 [1u]
2€ [17]

1uu [2]
12 [u]
58 [13]

176 [1]
241 (173

550 [11]
402 [9]
402 [17]A

120 [1]
1uu [3]
168 [11]

22 [u]
99 [9]
as [11]A
98 [12]

166 [12]
155 4]
232 [11]A
150 [17]

1u8 [3]
198 [13]
164 [14]

u26 [6]
524 5]

206 [3]
238 [5]
204 [7]

156 [17]
130 [6]
180 [8]

328 [17]
310 [7]
334 [8]

HISA=FM-2191-7"

AMAEIT it ot e i




