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nated by other authorized documents.
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times on each architecture to minimize the effect of progra er variability. An
.~nalysIs of Variance procedure was used to determine the overall relative per-
1ormance of the three computer archItectures.,~~pity indicates average performance
nd the lower the score on any of the measureW~ the better the machine handled th
.;t’ t of test programs.

ArchItecture 3 M R
PD?- 11 T~~ ~~~m~i s/3m 1.21 1.27 1.29
Interdata 8/32 0.83 0.85 0.83

Table 1

In ‘ -

~~~ i words, our test program results in’ULatc that the IBM 3/370 needs !~6 ,
no’ ~o~y than the Interdate 8/32 to represent the set of test programs (or ~~~nore than the averz~ge of the three archItectures) and the PDP—ll is essentially
average in its use of memory. Similarly, the PDP—ll ’ s ability to “execute” the
test programs ranges between 93~ and 9~~ of the averape execution tine b~~ eI  on
the M ama H mr~asurc, respect:Lvcly. Across the test programs used in this study,
the~;e results show th at for nfl three measures and Interdata 8/32 is the superior
compnt -r nrc}Iitecture, foliow~ 1 b : the PDP—1l , and the IBM 3/370.
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1. INT~OUUCTIUN

W n ile there are many useful parameters of a computer architecture that can oe
determi ned di rectly 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 -

II we presented a set of absolute and quanti tative cri teria that tfle CFA commi ttee
felt provided sone indication of the quality of the candidate computer architectures.
It is important to empnasize , however , that throughout the di scussion of these cri-
teria it was understood that a benchmark i ng phase would ~e needed , and that many ofthe quantitati ve criteria were oeing used to help construct a reasonable “pref liter ”
that wou lo help to reduce the number of candidate computer architectures from the
original nine to three or four. As descri bed in Volume II , this initial screening
in fact reduced tne set of candi date computer arcflitectures to three: the IBM S/370,
tne I~LH~-11 , and the Interdata b/32.

m e  concept of writing Dencnrnarks , or test programs , is not a new i dea in the
field of computer performance evaluation. For the purpose of the CFA commi ttee, we
aefine a test program to be a relatively small program (100 to 500 macnine instruc-
ti ons) tnat was selected as representative of a class of programs. The CFA commit-
tee’s test program evaluation study described here must also address the central
problems facing conventional oencflmarking studies:

a. How is a representative set of test programs selected?
0. ~iven limi ted manpower , how are programmers assigned to writi ng test pro-

grams in order to maximi ze the informati on that can be gained?

we face an additional problem nere because we are evaluating computer archi-
tectures, independent of any of their specific implementation. In other words ,
wnen evaluating particu lar computers, time is the natural measure of how fast a
test program can be executed. However, a compute r architecture does not specify
the execution time of any instructions. Thus an al ternative to time must be chosen
as a metric of executi on speed.

This volume explains now the CFA commi ttee addressed the above questions and
presents tne results of the test program evaluation of the three candi date archi-
tectures. The next secti on , Secti on 2 , descri bes how the 12 test programs used
in the evaluation process were selected , and Appendix A gives the actual specif i-
cation s of the test programs used b~ the programmers to code the programs for thecandi date arcnitectures. Section .3 exp lains the measures of architecture perfor-
mance that were used in tnis study . Section 4 explains how 1 programmers were
assigned trorn six to nine programs each , in order to get a set of slightly over IUL)
test program imp lementations that were used to compare the relative performance of
tne candi date architectures. The principle results of the test program evaluation
are presented in Section b , and Appendix E contains the actual S, M , and and R mea-
surements of all of the test programs. Tne analysis of vari ance procedure, and
related procedures , usea to analyze the test program statistics are al so reviewed.
We conclude this report wi th a brief summary and discussi on of our experiences and
problems , that should prove useful for any further work in this area.

- - - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~-
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?. TE S T PlWt~RAM Sl~EC I F ICATI ON

A Test Program Subcommittee was appointed at the first CFA cornittee meetin g
of 1 ann 2 October 1975 and was charged with:

(1) determinin g the general criteria for test programs
(2) deve l op i ng characteristics to be tested
(3) specify ing specific test programs

,-I eiabers were :

di l l  durr (Chairman) USA EChO
LT se l tcn  A l l en  UPGS
hi rk t~phens PiITC
orrust Su,’ii ier NTEC

‘-li i Haii licCoy NSWC , Uahluren
rr ~ T es t  ~roqra :i Subcomni tt ee met on 20 and 21 Octo ber 1975 to for mulate reconmen—
o~ t ims i r  the O”cr - ;her ’ 14/5 meeting of the CFA committee .

l~ o l t i mate dual of the subcommittee was to desiri n a procedure that would
n r o v i  Ic data moot the re la t ive e f f i c ienc ies  of the cand i (late computer architec-
ture s. in( o) . ( lOt - i  iboiit any ~o rt i c i i ] ~~r iipler ientat ion of in arch i tec ture .  I~i

n c n v  I r i - i l  uenc hri i r~ ~~proa ch . the nerforinance of a oar t i  c 111 ar corlnutpr Oil
“- r - ~~~nt - ~t.i v ’  orcri raiiis (t is u ii I y coded in a ii qhor Order L ingwl h? coii~ion to ill
t a ’ coiI)uters to tie measuren) is measured agal nst time. flu s would not s a t i s f y
t n t  j ronraiu object ives because it measures an actual implementation of an archi-
tectu re. m e  suhcoi;uvii ttoe decided that the measures of architectural merit nust
be ti ie ind~pendent , and would have to be based on the numbe r of bi ts of n~ n1ory
r~~r Iu1 m n  to re pre rent  a ~r- i r t ic ular sped t ied al non thin and th’ numncr of hits

ni cii o ’ rc  transf e rred be tween the nrocessor and ma in ne nor - ’  to e x e c ut e  in al 10—
r i t e - - . fte next sect ion . Section 3 , describes in detail the measures of archi-
‘~ ‘ - i rc (er rornance us ed in t~ii s study .

a . ~I t’ r’ It ive • mooch ,~s

A fonDer Ot a l ternat ive test oron rai ru speci f icat io ns we re cons idere n by th e
tes t  ,‘r) .;r,u i ubconnittee and the entire CEA committee. The rilajor a l ternat ives
-ir e ‘ l is c i ss ed here.

( 1) Ii -~ner Order Lannuaqe Test i~roqrams

tenntinr proLiosal was to use test proqrams wr i t ten in a Hi oher Order Lan-
‘U ,  ~~ - I ) , - ut  ta us- ~ t i - i e  I ndenendent 000sui res. This ha~ tile adv intane of

- I 0’ ’ ; ;i n~ l e IOL source proqra i to he used ~or a l l  t i ’  Ir’c~1i tectures to ne
- - v ~ t o . T i  is  ol so would have perini tted the use of’ exi st iny oencHmark programs ,
- , i i c i  wer e coded in FORT RA ~1, which were avai lab le from severa l sources (F C USSA .
ali : iA ) C ) , and which were extracted from “real” mil i tary systems. One di sadv a n—
ti q e of this approach was that no one language , even FORTRAh , was avai lab le on
ill the nine ini tial candi date architectures and those langua ges developed for

in tact ical  mi l i tary appl i cat ions (e .a . ,  JOV IAL , CIIS—2 , CS — 4 , and TAC POL )
-i ’~ i’e eicn av a i lab le  on only a few of the cand inate archi tectures.  There are
F uTf ~ 4~ IV and COBOL compilers avai lable for each of the three f inal  candi date
arc hitectur es , however neither FORTRAN nor COBOL are wi dely used in tact ica l
-~i l it a rv  appl icat i ons. The major disadvantage , however , was that there w as no
‘ r i c t i c a l  way to separate the ef fects of compiler quality from the ef f ec ts  

of2



arciiitectura l eff ic iency , and the object of the experiment was to measure only
tne architecture. Tne HOL approach to the Test program effort was ruled out ,
because the results would necessarily involve a significant undetermine d compo-
nent , which would be oue to variations in the efficiency of compilers which are
unlikely to be extensively used in tactical m ilt~tary appl i cations. These
unmeasurable compiler effects might well mask genuine differences in the
intrinsic efficienc i es 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 languages , and designed to provide a “representative ” com-
putational and I/O load on a computer system. [Buchholz , 19b9]. Synthetic
programs ao not do any useful computation , but rather are structured as a set
of l oops , controlled by the i nput parameters of the synthetic proaram , that
compute , initiate I/O activity , or request operating system services. Syn-
thetic loa ds have been most sucessfu l in testing computer systems against
varyin q multiprogramming joo mi xes and for evaluating system configurations.

•-S.ynthetic programs were not used here because we were i nterested in how wel l
~n architecture ’s instruction set coulo represent and execute specified
ii ~ori thos.

(3) Code Test ?roarams in Asse libly Languaqe

• Js in q standard (Machine—Oriented ) assembly language for the test pro—
qrans was tne ouvious al ternative to the use of Higher Order languages , out
it had seve ral obvious disadvantage s. First , each program would have to be
recodea for each machine , adding to the effort involved. Moreover , this in-
troduced proqraiorier var iao i l i ty  into the experi ment , and previous studies
“ave shown programmer variabi l i ty to be large (variat ions of factors of 4:1
or more are commonly accepted). Finall y, it is much more expensive to code
in as sembly language than in HOL ’ s , and this would limit the size or number
or the test program s. Nevertheless , the commi ttee felt that there were ways
to lim it , separate and measure these prograrner effects, while there was no
practica l way to limi t 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 ~‘rogram Subcommittee attempted to establish a strategy for de-
fining and coding the test programs that would mini m ize the variability due
to differences in pr~gramrner skill. The strategy devised was as follows:

(1) The test programs would be small “kernel” type programs , of not
nore than 200 macnine instructions . (In the end , a few test programs re-
quire d more than 2uU instructions.) It was feit that only smal l programs
could ~e specified and controlled wi th sufficient precision to minimize the
effects of proqrarner variability . Moreover , insufficient resources were
available to define , code , test, and measure a significant set of large r
programs .

(2) Mr. W . L. l’lcCoy proposed that the programs be defined as structural
programs , usin” a PL / 1—l ike Program ~efinition Language (PDL ) and then “hand

3
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translated ” into tfle assembly languages of the respective architectures.
ihis proposal is essentially the 113M Structured Assembly Language methodol ogy ,
and it w as adopte d oy the subcommi ttee. It was recognized that POL defini-
tions would ~e impract icai for some test programs , specif ical ly those intended
to measure interrupt handling.

(3) Programmers would not ~e permi tted to make algorithmic improvements
or moai t’ications , but ratner would be required to translate the PUL descrip-
tions into assembly language. Programmers were free to optimi ze their test
programs to the extent possiole wi th highly oatiinizing compilers. This “hand
translation ” procedure of strictly defined al gorithms was expected to reduce
va riations due tO programmer skill.

(4 )  Al l  test programs except the I/U Interrupt Test Program would oe coded
as reentrant , position—independent (or self re l ocating) subroutines. This was
o e l i eve u to oe consistent wi th the best contemporary programmi ng practice and
prov ines a yooa test of an architecture ’ s subroutine and addressing capabilities.

c. Selection of the Twelve Te st Programs

Tru e test program subcommi ttee tnen specif ied a set of 15 proposea test pro-
gram kernels. Tnese kernels were intenaed to be oroadly representative of the
udsic types ot operations performed in military computer systems. These test
programs ano true proposed unetnodo loyy wer e presented to the CFA Commi ttee at its
second fleeting on .$ anu 4 Ueceiiioer 1975, Severa l additional test program ker-
nels were then proposed by Or. ~~. 

(ordon and Mr. W. L. IcCoy . An expanded set
of ~1 proposed test programs was preparea. This expanded set was then presented
to tne cFA Commi ttee at its third meeting in March 19Th.

At that fleeting CFA Commi ttee members were asked to rank the test programs
in order of tneir importance. A compos ite rating of eacn of the test programs
was made , ana it was agreed tnat the top 12 pr ograms would oe the basis of the
test program experiment. An aa noc subcommi ttee was formed to finalize the ne—
tai leo speci f icat ion of tne Test vrograms. T nis subcommi ttee net on 12 March
19/b at riRL. Its neunoers were :

S. Ful icr (Cnair man) ~‘u~L/CMd
lr~. burr uSAECU i-- l
L. Haynes NSWC , Wnite Oak
‘i. tucCoy l~SvlC , Oahlgren
L. Oenoi a NUSC , New London
0. Parnas NRL/Uarinstadt

Itiis suocor .iuiuittee reviewed tue 1~ test programs designated by true CFA Corn-
l it ted i i i  prouuced a f if ld l  reviseo set of test Program Specif icati ons. Tue
~~e~ 1 r u c a c u o n s  ot the 1~ test programs are given in Appen dix A and they are
oriefl y describea below:

(1) I/ o kernel, four priori ty levels , requires the processor to field
interrupts from four devices , each of which has its own priority level. While
one device is Deing processed , i nterrupts from higher priority devices are
allowea.

(2) I/u kernel, FIFO processing, also fields i nterrupts from four devices ,
but witnout consideration of priority l evel. Instead , each interrupt causes a

4



request for processing to oe queued; requests are processea I~ F~~r
’J oruer. ..rnile

a request is Deing processed , interrupts frouu otner ciev ’ices ar” dll owe ci.

(3~ I/u dev ice hanaler , processes applicat io” programs ’ re luest for I/O

~locK transfers on a typical tape drive , and returns the status of the transfer
upon completi on.

(4) Large FF1, counputes the fast Fourier transfo rm of a large vector
or 3d—bit floating point complex numoers. This benchmark exercises the
mach ine ’s f loa t i ng po i nt i ns truct i ons , but principall y tests its ability to
manage a large address space. (up to one halt of a million Dytes may oe
required for the vector.)

(5) Cnaracter search, searches a potentially large cnaracter string
tar tne first occurrence of a potentially large argument string. It exer-
ci ses the aoili ty to move through character strings sequential ly.

(F,\ L~it test, set, or reset tests the initial value of a bit within a
bit string, then optionally sets or resets the bit. It tests one kind of bit
tui anip ul ati on.

(7) r~unge—Kutta integration numerically i ntegrates a simple di fferential
equation using third-oraer Runge-Kutta integration. it tests floating-point
an tnmeti c.

(8) Linked li st insertion inserts a new entry in a doubl y-linked list.
It tests pointer manipulation.

(9) quicksort sorts a potentially large vector of fi xeo- lengtn strings
using the ~u icksort algorith m . Like FFT , it tests the aoiu ity to manipulate
a lar ge address space , out it al so tests the ability of true macnine to support
recurs ive routines.

(1 0) ASCI I to float i ng poi nt converts an ASCII  str i n g to a f loa ti ng point
ournoer. It exercises Character— to—numeri c conversion.

( 11) 
~3oolean matrix transpose transposes a square , tightly-packed bit

matrix. It tests tne ability to sequence tnrougn bit vectors oy arbitrary
increment s.

(12) Virtual uiuernory space exchange changes the virtual memory ~iapp ingcontext at the proc essor.

Tne specificati ons, written in the Program Uefinition Language. were in-
tended tO completely specify the algorith m to oe used , but allow a programme r
the freeaom to implement the details of the program in whatever way best suited
true arcnitecture involved. For example , in the ASCII -to-floating-point bench-
mark , program J , the PJL specification included the statement:

NLJI4IIER integer equivalent or cnaracters POSITION to i-i of Al
wnere character J of Al i s “ .“

Th is descripti on instructs the programmer to convert the charac ter substring
POSITION , POSITION +1 , ... , J—l to an integer and store tne result in the inte-
ger t~UI’lt~~ . It left up to the programmer whether he would sequence through the

5
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~tri r~J cnaracter—by-c lmaracter , accunu lati fly an integer numoer until rue tounn a
jot, or per h aps (on th e S/i/u) use the Translate—an n—Test (li ~T) instruct ion to
f i nn tim e dot , tnen use PACK ann Convert-to- binary (CV ~ ) to do the conversion.It nm forbid nim to accumulate tue result as a floating point number di rectl y,
ror . ing uu i n to first convert to arm integer , ano tnen to rloating point.

For anotner example , tne 3oo lean ‘matr ix T ranspose speci f icat ion , program K ,
inc luuecm the statement

swap bL I ,J~ with oL J ,Ij

where 0 is a tightl y—packe d ooolean :~atrix . An earlier version of the specifi-
:iti jn said imistea d

.- d L I ,~J j
OL I ,J] OLd ,1]
OLJ ,1J .- 1L ’W

~, strict interpretation of tni s latter examp le wou lo force true proyrammne r to no
expli c it oit tetches ann stores , as in tue u t  Test , Set , or u~eset program , F.

later Sp e c ifica t lOi m allo w ed flare f l ex ici lity .

~ j L~~j j i~cS r - J N  ,~~~ I [j , j . J~~~O~~,Lj~~ ~~~~ A~
,) IEA ~ J,~i~~ fri E LES T P~ th~~Ai’IS

~e cos t  ruira ;m s were wr i t ten  oy io programmers at var ious Army and i~avy
~iu rutu ries armu at Larne Jie-~-l e lloi university . A set of reasonaol y co;uiprenen—

s i v  i f l s tr j ,~~icj nS in a conve n t io n s were needed to insure tr iat the vari ous progra •~-ers ~r’uiuceu results t E at cou lu be coimparea in a neani ng~ Al way. Section 4 31
~~ 1; v i 1 i~~ di scusses the assign ments m ade to the programmn-?rs , and shows now these
;si - -~~r I t s  were ~ade to m ini .~u1 ZC tile distortion of the fi ial conclusions due to

v -irli t iur s oe:ween pro yrd iumue rs. In ann ition , we also ay re~n truat it was not sufti-
cl -cu t to J’ist write tIme test pro yralis in assembly language . ~e instructe d each
,ro ,r u , - ~ r tuac al l  of tie t~st programs that he wrote had to oe assembled ann run

~ ii tim e ioo r’upri ate co ipu ten. Appen d ix 0 is a copy of the test data that we di s-
t r l ’oo t e ; to t rue proy ramm i~iers. A test prog ran was defined tu be debugged for true
purpose s )t the CFA commi ttee ’ s worK it it performed correctly on tne test data
s~mow n in A ppen a ix J. A l so  note that some of the input parameters are marked to
in d i cat e trmey are toe data that ~as used when tue test pro J ra m n ’ s execution pe rtor—
‘d rmce W d S ie~ suren.

~pp en’i1 x C aescr i  ~es the de ta i l s  nt true subroutine cal 1 i ny conventions assum ed
~~if ~~CI )t tim e timree final canicu i oate arcni tectures. These cal ii ng conventions wer~

-;
~~~ - y in ~ r drojra I~ in t rue i eD i jg l  rig or ~J testing of tne test programs. Truese

I - •, - ‘Ientiorus wero -i~ ;i 3n~~i to •1 m~~ a; efficient use of eac ru architec ture as
jo ,; m ol e , consiste nt wit um time constraint ot requiring true test programs to be re—
,,~ntra ru t , posit ion— i nioepenuuent subroutines.

~ Time exceptions were test programs A , b , C, ann L since they ~~ require
time use ot privileged instructions ann it was impr actica l to require pro-
gra nmners to get stand-alone use of all tne candidate macm i nes. In these
tour cases , an “expert ” on a test program was designated and he was respon-
sibl e tar reading in detail all imp l ementations ot the test program ann
re turning the test programs to the programmer for correction if he detecten
any errors. 6
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a . 5 , i •~‘~u ~~. iEASuI~ES UF Aul ARCr4ITECTURE ’S PERFORMANCE

- ~ery little iias oeen done in the past to quantify the relative (or aosolute)
perfor nance ot computer architectures , i ndependent of specific implementations.
rier uce , like it or not , we nan littl e choice but to define measures of arcflitecture
pertormance for ourselves.

Funuamentally , performance of computers is measured in units of space and time.
To put i t anotner way , the resources that are used to solve problems on computers
nave units of space and time (e.g., c mnputer charges commonly include terms of pro-
cessor seconds used , primary mem ory space used , and secondary storage space used).
Irie imeasures tnat were usea by the CEA Commi ttee to measure a computer architecture ’ s
pentorm uance on tne test program were:

-measure of
•S: Number of bytes used to represent a test program .

~ieasure of Execution Time:
i ;  lurnoer of oytes transferred between primary memory and tne processor

during the execution of tne test program.
~~. wuimloer or oytes transferred among internal registers of the processor

duri ng execution of the test program.

m e  re rmainoer of timis section will develop exact definitions of these three
e-Isires. CrIES such as internal~~~~~ster and processor will oe given very spe-
m ti c l e t i r m u t m a n s  a:1~ t;ie constraints on true types of byte transfers wi l l be

- 0 1 1  f l C i .

Al I ~ t tn~ :ueasures aesc— ibed in this section are m easured in units of e—bit
.,j te;. A m o r ’  rA n a a iienital unit of .neasure would oe bi ts, but we faced a number of
a n r c j i n~ pro bl ei nu s wi tn respect to carry propagation and fielo alignment that make
t i me ieasureiaent at S. ‘m , ann R i n bi ts undul y complex. Fortunatel y, all the cam—
puter arcuitectures unaer consideration by true CFA commi ttee were based on s-bit
oytes (rather than o , 7 , or 9-bit bytes) and hence the byte unit of measurement
can oe conven iently app lied to all these machines.

a. TEST PRum .1RArI SIZE

An important indication of how well an architecture is suited for an applica-
tion (test program ) ~s tne amount of memory needea to represent it. ~e defineS (i ,J,K ) to oe true numnoer of d-oit bytes of memory used by programmer k to repre-
sent test proyra .i i in the machine language of arcnitectu re j. Tne S measure in—
cl um le s all instructions , inairect addresses , and temporary work areas required by
t rue pr oyr a m m.

l i me onl y mne uo ry requirement not inclu ded in S is the memory needed to halo
tile ac tual data structures , or parameters , specified for use by true test programs .
For exa iple , in toe Fourier transform test program S did not include the space for
ti-ic ac tual vector ot complex floating point numbers being transform ed , but it did
in cluae pointers used as indices into the vector , loo p cou nters , booleans requ i red
by tne program , an d save—areas to hold time original contents of registers used in
true computation.

If one or more of the final candidate architectures had substantially differ-
ent da ta types (as would have happened if the i30700 haa remained a candidate archi-
tecture into tne test program phase ) we would have had to carefully define the
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~recision required by true input ann output data rather than simply defining the
actu a l  tormnat of tne data . Fortunately, the It~I’l S u b , UP -li , and tne Interna ta
~a/i~ all nave t~-bit characters , lb—bit i ntegers , 32—o lt and b4—b it floating point
numbers. Tue fact that some computer architectures support data types not sup-
porten by otumer architectures is not a problem nere (e.g., the IBM S/370 supports
deci uuu a l numoers and 12d bit floating point numbers and the other candi date archi-
tectures do not). Test Programs simply specify the format of their input data
structu res and , if a cann iaate architecture does not nave instructions to di rectly
support a data type, it provides support via emulation in software.

u~iven true three architectures being compared , the only point at wnich there
• 1 s so me comp lication is wi tn true floating point formats. Even though all three

urc itectures support 32 bit ann o4 Dit floating point numbers , they use different
for mats ann this leads to sli ynt ly different amounts of precision. For examp le ,
tne lit- I/ i /U ann Internata o/ i2 use a base of lb for their exponent while the PmW - 1i
uses a oase at 2 ann , in addition , true PUP-li uses the “hidden bit ” technique to
picK up a litt le more precision. These different formats will result in slightl y
aifferent negrees of precision in the results LBrent ,197uJ; pathological cases
coulu oe constructed where the 32—o it floating point representation in one arcni-
tecture will enable an algori thm to converge to a reasonable answer while the 32
ai t to riuat at ore ot true other arc rmi tectures Wi 11 not converge , and hence the b4
a i t  ta r- a t  ~m o u l u  oe required. Clear ly  we wou ld  nave been in more serious d iff i -

~ulty  it t rue CUP -j o  w i t im  i ts  iu— oit  f o r m a t  or the U Y K — i  wit h its 4~ — bit floating
~ 1n t  For mat (so bit exponent . .i2—bi t mantissa) had needed to oe evaluated.

b. P~ UCESSUR EXECUTIul RATE IEASUkES

In selecting among coumuputer arcnitectures as opposed to al ternative computer
sys t e i ms , we are tace witru a fundamental di lemma : one of the roost basic measures
1 a computer is true speed wi th which it can sol ve problem i s , yet a computer arcni-

tecture is an aostract descri ption of a computer that ooes not define tue ti ne
requireu to perform any operation. (In fact , it is exactly this tiiae-indepenne nce
Lilat makes true concept ot a computer arcnitecture so a t t rac t ive ! )  ~iven this ui-
l o u - a , one react ion mi gilt oe to ignore performance when select ing among al ternat ive
cou mpute r a rcum i tec tures and leave it to true eng i neers i np l ementi ng the various pny 5-
ica l real izations to worry about execution speed. However , to adopt tnis attmtuae
w ou l u  invi te d isaster. In other words , although we are evaluat ing arcnitec tures ,
not iiuip le umentations , it is essential that tue arch i tecture selectea yield Cost/
e r rec t iv e  irum p l enmentations , i.e., true architec ture must be “im np l eunentab le. ”

lim e i and k neasures detinea - in this section were developeu to measure truose
is~~ct-; of tne archil Lecture t nat  w i l l  -a rtect true perto rmria nce of imp lementations of

me lrcmi te ctur e .

( 1 )  
~ roces;ur/ e. iU j  I rans ters

It tnere is any s ingle , scalar ~uanti ty that comes close to measuring the
power ’ ot a computer system , it is the oandwidth between primary memory and tue

cermtra l processor(s). LBell and Newell , 1971; CR , 19Th; Stone, 1975]

Tn is measure is not concerned with the internal workings of either the pri-
mary me uory or true centra l processor; it is determ ined uy the wi dth of the bus
( w )  between primary memory and true processor and the number of transfers per
secon a true ous is capa ole of sustaining (see igure 3 — 1 ) .  Since processor/ me m-
ory oandwi ath is a good indicator -Qf a comput er ’ s exe cution speed , an important

8
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‘easure of an arcnitecture c r-tfect on the execution speed of true compute’- ~~~~~
is true amount or information it Must trar- ; fer Ue Lweu- ’ primary ~t;r~~y anu tne ~ro—
..ssar e m r i n g  the execution of a program. If one arcnitecture must rean or wr it u
2xlU**b oytes in primary memory in order to execute a test program and tne second
architecture must read or write 1U**b bytes in oraer to execute the same test
program , then , given similar implementation constraints , we would expect the
second architecture to be substantially faster than the first.

W bits

Prima ry ( Cen tral

niemno ry Processor

Figure i-I

Tne parti cular measure of primary -memory/central -processor transfers used by
true CFA Commi ttee is called tne M measure . M (i ,j , k) is true number of b-bit bytes
that nust ~e read or written from primary memory by tne processor (s) of computer
architecture 3 durin g the execution ot test program i as written by programme r k.

clearl y, there are imp l ementation tecnn iques use~. i n  the design of processors
ana memories to improve performance Sy attempting to reauce processor/me mory traf-
f ic , i.e., cacne memories , instruction l ook~neaa (or behind) butters, and otheroulferi ny schemes. Tnese are important imp le “~tatro n t’~cflnique s that are used in
ruign—perfor mance models of any architecture an . structure ot the architecture
can affect the d gree to which tnese imp l ementation techniques will speed up execu-
tion. However , with the intention ot keepiny our measure of processor/memo ry traf-
fic as simple , clean , ann implementation-independent as possible , none of these
ouftering techniques will oe considered. At the completion of one instruction, and
before the initiation of the next instruction , the on l- j information contained in tfle
processor is true contents of the registers in true p~~çessor state. (Refer back to
Volume I I , for the ‘1efiniti on of processor state.)

Figure i—2 may help clarif y what I/O traffic is inclu ded in the M measure . All
the bytes that are transferred to execute a test program across the processor/memory
ous and the I/u control bus are included in the M measure .

In many simple computer systems the I/O processors (or i/I) rh~ nn~ 1c~ ~~l ~~4~~~u~~ø

i—~ are rep s aceu oy ui-k (nirect ‘emuh o ry access) controllers or even simpler inter-
faces under direct (central processor) program control.

9  
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M~ J ~ Pdmary

Lrocessor/ Memory Bus

I/O Control Bus

F 1
Central I/O
Processor Processor Processo r

I/O D:vice 
______

I/O 
Li~ i~~~~~~~

]
Dev ice
Con troller

Figure 3-2. Buses of a Computer System
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~aoIe i-I snows an example of a sunal l~oam’1 ~/i7u instruct ’on sequence which
snu~ul~ nel - p -t o ‘ i l lus t ra te  tne ~a lcu lat io- n of - -m . T~w instructions are the basic

• Ijo ,i it a r uti ne for cal culiti n-j tne inner product of two single precision float-
u ’- ooin t vecturs or lenytn II).

M
(H LA 2,1u(u ,U) Set R2 to Ia , the length of the vectors 4
(~ ) LA J,XV EC Load Ri with starting adoress of X vector. 4
(a) LA 4,YVE C Load R2 witn starting address of V vector.
(-+ ) StiR 2,2 Clear floating point reg. 2. Use it to

accumulate inner product. 2
(~ ) I , ? Clear Rb and use as index into fl oating

point vectors. 2
1x16 lb

( o )  LUuJ P LE 4 ,U ( i ,s )  Load X (i ) into floating point register 4.
(7) - • -m~ ‘4 ,U (7 ,4) ‘lu l tiply X(i) oy Y(i ).
(a) AuR 2,4 Sum:=Suun + X ( i )  * Y ( i ) .  2
(~ ) LA 1 ,4 ( u ,b ) Increment index by ~ bytes. 4
(1U) aCl  2,LUOP Decrement l oop count and branch back if

not done. 4
iUx 2o 2bU

~To ~,Sui 5 tore uouole precision result in SUM. 12 12
Total 2S~ bytes

Taole i—i . -i leasure for Ia r - m S/iiu Inner Product Example

:nstr uct lon ( i )  is a i2 ait instuction (RX format) and requires no operand fetches
trU j i pri lary mae imo ry. iience tne ~l measure for instruction (1) is 4 bytes. Instruc-
tions (~i ano (a) are also LA i nstructions and also add 4 each to the N measure.
instruction (

~~
) is a lo-olt instruction (RR tort imat) ann hence ri = 2. Note that true

fact (‘+ 1 initiates an a-by te floating point suDtraction does not enter into the cal-
culat ion of -i . b) is also an kK—tormat instruction ann adds 2 to the 14 measure.
Instruction (o), a loan , requires a 4—byte instruction fetch plus a 4-byte data
tetcn , as does instruction ( 1) .  Instruction (a) is a RR instruction which requi res
onl y a 4-byte instruction fetch; ins ruction (9) is another Load Address requiring
onl y a ‘+ -oyte instructi on fetch, and instruction (iLl ) is a branch requiring a 4-byte
instruction fetch. The final instruction , (ii), requires a 4-byte instruction fetch
and also an d-oyte store to save tue double precision floating point sum. Instruc-
tions (u) through (lu) are each executed 10 times and hence their contributi on to
i i  will ~e true procuct of the cost of an individual instruction executi on and the
n-inn er at times it is executed. True total H measure of this instruction sequence
i s  400 oytes.

A ltnouyn time ml measure nas oeen designed to be as simple and clean a measure
at processor/ memory bandwi dth as possi ule , we di scuss be l ow the areas where some
c larif ication is required:

a. ~it and field accessing . Some computer architectures have a set of in-
structions for manipulating individual Di ts in memory . In these cases , count in
true 1 measure a one byte read to simply rean a bit from memory , and a 1-byte read
followeo oy a 1-by te write to tetcn the bit from memory , modify the sel ected Dit
and store it oac~ in nemnory . The followi ng examples , wn ich are described usi ng an
iSP-l ike notation , illustrate t h i s  p r i n c i p l e :

i i
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BEST AVA11.AB~E COPY
~~~~ 

i ( P 2 )  This is an Interdata b/32 instruction
that sets a bit in memory . D(R2 ) spe-
cifies the beqinninq of a ~it vectorand ~1 i ’ m entifies the hit within the
vector that is to be set.

( 1 )  IR.. -~[ PC:P C+ 3] Four bytes of instruction are loaded 4
into the instruction register.

(~ ) •IA.~ Q+~4<i3 :3i>+ Loami Memory Address ~eqister with ad- U
dress of oyte conta inin q bit to be set.

— ( 
~) ~t~~ t c j : 7~* M[ ~~ r~~~~CI1 evt e 1

I -~t- ~~~
- i~~~L - :  ~1> 1 ~~ ~i

; A- ~ ] < o : / > . .  ~t- •?~~m ;t ) (2 m y t e  _ I_ _ 
- -

~i bytes

r - .  ~ se v — r~ l or t u m’ - stens In the ‘move examp le to n t  invo lve  tr4nsfers f m ;  
)f l ly  tr m - s t ’ - ’ wi ~ ‘i -m t - i t r - u l  r roc nssor r~ ‘i ;t - - rs .  ; -if~’ ismi re for

o m s t e r  t r -mn s f p r ~ will ne devel ope d in tne ne’~. section.)

D. ç~~~~ _Propagat ion.  Another detail tnat iay cau~e some amn iquity in tn~cHcula t ion of true N nea~ure is how to handle carry nrooa-;ation. For example , the
PiJ~-1 1 INC instruction incre m ents a memory location by 1. How much should me added
to toe measure to represent this increnentation? If inc ’-ementinq on the PUP-li
is counted as a lb— bit fetch followed by a lh—~ i t  store , then this will usu ally he
~in overesti mate for a POP-il implemented with an a-bit memory nus. With an ~-o it
j o - , . the ‘ iC— i l  wou l d  fetch o ‘its , increm ent this value , ;tore the new m)yte. and

- ; r ; J  it  re? cdrrv ‘iropaqate i int o the ru m, hyte would the ;ccond 8 pits need to ne
0(1 i f  1 O~

foe ~ro Imle - u  necom nes worse when we consider an architecture with 3~ — o i t  oo int - rs .
It 0 in cr Ho flt counts as 3 f u l l  word access and then a full word store , we find tti~~t

a L~- ) 1  t nun-)er is much more expensive than a jo-hit number , yet in im-
p 1- -- emi t a tio um s wi t h me mory buses of lb bits or less , incrementing a 32—bit pointer
~.nll al -m ost always take the sane tine as incrementing a lb—bit pointer.

In orner to not overestimate processor/memory traffic with the M measure and to
nrnv ’ ’~ ~~

in c- ,lc- jlat in n of the ~ measure from hecomin o ove’-ly complex , all i n c r e m e n t c
.~~~~- - c:u ~-~~ire on o—o it store. - -‘ o - : m t : - m t i o n  of ‘- ~ ier order cy tes mere I~ —
s~ nc-f t n m~y o c c u r  infrequently.

(2) -~e-1isters Transfers wi thin the Processor

The processor/ nennory traffic measure just described is our principle measure
of a computer architecture ’s execution rate performance. However , it snould not be
too surprising that this N measure does not capture all we might want to know about
the inplemnentabi lity of an architecture. In this section a second measure of archi-
tecture performance is defined: R -- register- to—register traffic wi thin the pro-
cessor . Whereas the Ni measure l ook s at the data traffic between primary memory and
t o e  central processor , R is a measure of the data traffic internal to the centra l
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processor. The tundaunental goal of tne M and R measures was to enable the architec-
ture selection commi ttee to construct a processor execution rate measure from M and
R (ultimately an additi ve m easure : aM + bR , where the coefficients a and b can be
varied to mouel projections of relative prima ry memory and processor speeds). An
unfortunate but unavoidable property of the R measure is that it is very sensitive
to assumpti ons about the register and bus structure internal to the processor; in
other words , the “implementation ” of true processor.

~a) Definiti on of the R measure

The definition of R is based on the idealized internal structure for a pro-
ce ssor snown in Figure 4—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 nas a much more regular data path structure than would oe
practica l in contemporary processors. There exist both data paths of marginal uti l-
ity ann 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 arr ay structure hel ped simplify our analysis.

R( i ,j ,k) is defined as the number of d-bit bytes that are read to and written from
the i nternal processor registers duri ng execution of test program i, as written Dy
programmer k , on architecture j .

Tne ALIt in Figure 3-3 is al lowed to perform any common integer , floating point ,
or decima l ari thmetic operati on; increment or aecrenment; and perform arbitrary shift
or rotate operati ons.

(b) Further Detail and Clari f icat ion of true R Measure Oefinit ion

The definition of the R measure has been the center of considerable di scussion
witn the CFA Committee ( see Section 3.4 for chronology of development of S , N, and
u k ) .  The following di scussion and examples are presented here to fully define and
clari ty the definition _ of the R nieasure.

a. On ly  Data T r a f f i c Measure d

All data traffic is measured in R and no control traffic is measured.
Figure 3-3 is i ntended to specify what will be defined to be control traffic and what
will oe data traffi c for the purposes of the R measure. The R measure does not count
the following ‘control ’ traffic:

( 1)  The setti ng of tne 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 me counted in the R measure is wher
a Load PSW instruction is performe d or a trap or interrupt sequence moves a new PSW
into or out of the CSw register.

(2 )  l3its transmi tted by the control unit to activate or otherwise control
the register file , ALJ , or memo ry un i t , are not counted in the R measure.

(3) Reading of the Instruction Regi ster by the control unit as it decodes
the Instruction to determi ne the Instruction executi on sequence is not counted in
the R measure. In other wor ns , the Instruction Register (with the exception of dis-
placement fields ) wi l l  be for most practical purposes a write-only register as far
as the R measure is concerned.

13
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Figure 3-3: Canonical Processor Arc -’ii tecture
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(4) Loading tne Memory Adaress Register is counted in the R measure , but
use or tne contents ot true m’lemnory Address Register to specify tne address of data
to me accessed in primary memory is not counted.

among data traffic that was a candi date for exclusion from the R measure was
the inc rementation of the program counter. We decided to leave incrementation on
true PC in true H measure , since it is not handl ed via special circuitry in most mini-
computer iinplem umerm tations , and since we have attempted to minimize the number of
spec ial “cont rol paths ” that we needed to de ine in our canonical CFA processor
structure.

The above four cases of control informati on excluded from the R measure is
macant to me a total enumeration ,, the control flow in the canonical CFA processor.
decause of these control paths , three registers in the general register file (i.e.,
true IR , m - I AR , ana ~s) are specialized in their function. All the rest of the regis-
ters in tne register file are simp ly ordinary registers that can present their con-
tents to ei ther tne A or c3 i nput of the ALIt and which can be loaded from the output
or the ALIt.

o. Virtual Address Transla tion

Tue v i rtual to real address translation process is not counted in the R
measure. In other words , toe final m emory address in the MAR is a virtual adaress
anu true work invo lvea in translating this virtual address to a real address is not
inclu oeo in true r~ measure . There are at least two reasons for this decision.

Ii) All practical imp l ementations of processors witru a virtual to real
translati on option do not use the central ALIt but in fact use special data paths and
aooe rs to allow the memory translation to go on independent of the basic operations
in tne processo r.

121 The virtual to real translati on process w i l l  not be used by some mem-
bers at true CFA .

It Should me noted here that the R measure wi l l  include the execution of load and
store instructions that are used to set up true control registers defining the real
to v i rtual translation process. In other words , the control registers of the mem-
ory translati on unit are being treated as an “extended PSW ” with respect to the R
measure.

c. ALIt Operations

Assume the AL It in the canonical CFA processor can directl y nandle all the
data types of the architecture: signed integer , logi cal , floating point , and unsigned
integer. the masic reason nere is that when perfornian’e is of concern the AL It of the
processor is capamie of imanol i rig the appropriate data types. The alternati ve would
me to assume a simp le processor (i.e., a two ’ s complement adder) and then emulate the
mmiore complex functions sucu as multiply, floating point operations , etc. The reasons
for yoinm ~ for true full—function ” ALIt are the fol low i ng:

(I) When floating point executi on time is of concern , processors are used
that have floating point ALIt’s. Floa ting point operations are emulated on simple
two ’s complement aaaers wnen the floating point function is needed but performance
of the floating point is not essential .

15
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(2) Calculation of the R measure for floating point operations assuming

a two ’s com.mplement adder would be tedious and given the architectures under consid-
eriti On ttmere would me little difference in the R measure for the floating point
operations ot the canui nate architectures.

a . Intra- Instruction H Optimi zation

W umm easures should be determi ned for the general case of an instruction
(with auxiliary counts to reflect di fferent addressi ng nmodes) . For example , rec-
ogn izing that time instruction SUbTRACT R1 ,Rl i s really a CLEAR R i , and then not
cou umt in g time instruction as a (I) Read RI , (2) Read Hi , (i) Write RI , but only (1)
nri te RI is not allowe d .

Lven worse woulu me to treat as a special case the instruction ADO R1 ,R2
u w n u e r e  result is stored back in RI) when R2 = U and aetine the H nieasure to count
uni t ,- t im e redo of R~ to determine it is zero. Any reosonaole imp l ementation of ~ninstruct ion snou ld not try for such optimizat ions. (Clearl y, similar remarks hold
for •,mani~ ulation Dy zero ana one, shifting by zero, etc.)

e. inter-Instruction H Optimization

The H imeasure suoula not be optimized for a test program via inter—
in m ~ tr~~ t 1or1 opt im m izat io n. For exaump le , each instruction -must fetch its own instruc —
ti or, ~r , :r pri mary fle umo ry . Tue i dea of assu m ni rug an o—byte or lb-byte 1W in the
Jrut .e;sJr and then fetching a new block ot instructions o n l y when the current olock
is  ex mduste J is not allowed.

Si m ilarl y, the N measure tor an instruction cannot assume a little (or
~iy ~

) c a c h e  in the temporary registers in the register file and onl y go to primary
- ‘e mory wuen the quanti ty is not in the ‘cacime. ”

t. comisistency oetween the m l  and H Measures

m ere are a m ummmu er of traueoffs that were made in true determination or H
amm O 1. -‘many ot these traaeoffs were prooamly acceptable whichever way they were
‘me cidea . out care had to me taken to be consistent when count ing 11 and R. A ‘jood
-‘ (d ’mm p l e niere was in instruction fetcniny. Time PuP—I l , Interuata b/32 and It3ml S/i/u
dl i  m ua ve ~~~, + , and b myte instructions . It they haa meen determinea my alway s
t etc imimm g o my tes aid throwing away tue unused mytes , then it is necessary to alway s
count true instruction 1-etcim as o mytes in the 1 measure. in fact , all three candi-
date architecture H ana ~l mneasures were determi ned by assuming that the machines will
onl y fetcn the first two bytes of an instruction and then , mased on the operati on
cou e, decic u e if they need to fetcn any wore bytes from memory. To ensure comparab il-
i ty , one inuiv iuual , ~uil l ia in burr , computed true ii and H measure for eacn instruction
ut ul tmmr ee tina l candi date architectures.

~~. ‘memory 3uffer Hegi ster

r~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 oe attached to a IIUR.)

h. The Cost ot Increinentation

For true purpose or calculating tne 1 measure , inc rementation need only
invalve tne low oroer byte of the register involved. For example , incrementing the
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em.. my 2 Cou rtS as d 1-Dy te reaa from the PC and i-byte write back into the PC. True
time s when the niyn order oytes of true i~C need to be involved in the Incretnentation
process , oecause ot carry propagation , are sufficiently few that they can be Ignored
for tne purposes of the R measure. The fact that implementation with lb-bit buses
w i ll route the low order 1 (or 32) bits of the PC to the ALU for incrementation does
not mean the H r ’sure snould count a full PC read and write a full PC write. (Our
ear lie r measure ,f H for Ib , 32, b4 , etc . bus implementations was designed to model
exactly tfle~.c ~~neff icienci es ” in wi de bus implementations. ) Another reason for
arguing for treating incrementation as less costly than a ful l word add is that in
nigher performance machines the PC ’s wi l l  in fact ~e implemented as a counter , and
the l ower R count for an increment reflects the simple structure of an incrementer
versus a tu l l  adder. However , the caution snould be repeated here that the H measure
oears a stronger relation to simple rather than high performance implementations of
the archi’.ecture.

i. Constants

Constants of +1 (carry), —1 (borrow), all (i ’ s, or , all l’ s are assumed to
oe “free ” (i.e., they don’ t require access to a register file of constants ) . All
other constants , including 2 and 4 , require acce ss to one or mcre bytes of the constant
register file. As a result , incrementi ng by 1 costs one byte less than incrementing
my 2.

j. Snifts

Al though Figu re 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 true shift amount, rue R measure is not incremented for accessing this
register to determi ne the shift amount; however , it is incremented when that register
is loaded.

K. Mu l tiple Assignment Operat ions not Al lowed

In an earlier definiti on of the R measure , we allowed operations wi th
multiple assignments sucn as:

MAH ,PC H i .

In otner woros , MAR ana PC were simultaneously loaded with the contents of Hi. (For
a 2’4-mit MAR and PC tni s would add up to a total R count of 9 bytes.) While many
processor implementations allow such a multiple assignment operati on ( typical ly mi-
cr oprogramme d processors termed “horizontal” micr oprocessors ) there are also many
implementati ons 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 oe split into the fo llowing two opera-
ti ons (with a total H count of 12 rather than 9):

PC i- Ri
MAR • Hi .

1. Regi sters that Must be Present in the Register File of the CFA Processor
17
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nere are re-~~ i S t , r - , in the canonica l  LFA processor structure tnat must ic
in m y  m mpk me r r t , t mun i  ,n tne  mj r u 1 S S O r .  Llearl y all the rc~isters in the processor
state 0t the a r Lni tem t uv - r mijst me in the register t i le , since their state must per-
sist J..ross instru Lt iun e*~cutm on (e.g., genera l purpose register , program status ,
t loat i ng point repsters ) .

in. Registers not in the architecture but in any proc esso r structure

(i) Instruction Register
(2 )  Memory Address Register: there must be some distinguished register

that can present an address to pr im ary memory.
( i)  ~eummo ry mutter register for read—modi fy-write operations to primary

‘ie .mo ry .
14 )  other registers to hold tempora ry results uia . me neeaea my some archi-

teCtu r,’ aecause of the co m plex effective address calcu lat i )fl process or because of

~c ,ue n m ti a I comp lexities in true execution of the body at the instruction.

Tnere is no penalty associated w i t h a proliferation of tempora ry registers in the
processor as tar as the H mumeasure is concerned. Time H mneasure counts only the num-
ber of reads and writes to a register , not the number of rejisters needed to imple-
ment an architecture . Hence , tnere is a natural tendency in lay ing out the register
ti l e tar arm arcimi tecture to oetine as many tem poraries as th ere are types of tempo—
‘ i r j

rue proposal was made my several CFA members that we l i mi t the H measure to tne
registers m m  true architecture of the computer. Specitica lli , this would mean that
true H measure would not count reaas and writes to the IR , i’~ H , uumemory butter register ,
and any otner tem porary registers in true register tile , but riot in tne architecture.
m i s  proposal nias tne attrdctive property that it m akes the -

~ measure somewhat eas ie r
to ‘jerine (and just as i nportant ly makes the H measure easier to measure automatically
on trme ISP simi ulator). True problem with this proposal is that somewhere arouna 1/i of
true present H trattic is connected to the nonarchitecture rejisters in the canonical CFA
pru-~essJr . 5ince tne canonical cFA processor is meant to imo mel an inp l emnentation of
:rie prum ;e;sar , an H imeasure restricted to reads and writes or by tes in the registers
in tne ar-ummit ecture misses aoout 1/i of the processor s inte -”na l activity.

n. ount iny uyte Reads anu uri tes Hatner tnan mis yc es
I

m ere was considerable di scussion in the L~A committee as to whether the
H ~ieasure should count the numoer of (micro)cycles ot the ca mon ical CFA p rocesso r
or true n u m ber of bytes reaa arid written from the register file. The decision to
count by te reaas and writes was made for the following reasons:

1) time numoer of mus cycles to execute an instr-j :tion is more sensitive
a part i cular p rocessor structure than true number of by tes that are read and writ-

ten. ~ince we would l ike true H mneasure to me as ‘ robust ” a measure of architecture
inp lem mm enta oil ity we have chosen true measure less sensitive to the internal processor 3
ous structu re.

2lhere exist imp l ementations wnere the PC sta te is kept in orimary memo y not in a
register file in the processor , e.g., the 119900 and the IBil J bU/i /U.  In these l ow-
speea inplementations m uch or tne H measure m nu st me transterrea to the M measure to
estimate the true performa nce. 18 
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(2) The practical difference between byte counts and cycle counts is that
tru e pr3cessor structure al lows t~o or three byte counts (e.g., two if X • A and three

• ~+3) per cycle count. The issue boils down to whether we th i nk it is reason-
~iffer ertiate oe tween these different types of bus cycles. We argue that we

should ciifterentiate since a three-byte cycle is more “complex in either time or to
hardware than is a two—byte cycle. Three-byte cycles usuall y i nvolve an ALU opera-
tion , i.e., ex tra time and three-byte cycles make use of the general structure of the
canonical CFA processor -- simple structures such as the PDP-i1/20 or P~P-i1/4O re-
quire two two-myte cycles to get done what the canonical CFA processor gets done in one
three-byte cycle.

o. Role of ISP Simulator in M and R Measurement

30th the ri and the ~ measures were measured indirectly by first measuring
the number of instruction s executed of each instruction type and addressing mode .
The nuniber of executions of each instruction type and addressing mode were deter-
ruine d (in most cases automatically via the ARF). The appropriate M and R values for
each instructi on and addressing mode were then determined from the worksheets given
in Appendix D , multipl i ed my the appropriate factor , and totaled for each program.
Although more di rect procedures were considered for measuring M and R on the ISP simu-
l ator , they were rejected within the context of the time constraints of the CFA com-
mittee because:

(1) It was irm m ossible to run some of the test programs on the ARE (e.g.,
flo ,3ti rr~’ moint in struction s were not implemented in any of the ISP descriptions).

(2) lore di rect neasurerments were subject to considerable vat ation due
to true details of true ISP orograms whi ch describe the candidate architectures. (See
the appendices of Volu m e IV for the ISP descriptions of the tnree fi nal architec-
tures.) This variation was sum stantia l ruecause the ISP ’s were created by different
individuals , and because the prima ry constrai nt on the description was descriptive
clarity , and not efficiency (in the sense of accessing registers the minimum required
numiuer of tiles).

(c) 1 Measure Calculation.

To simplify the calculation of the R measures, R values fo r all in struct ions
were considered to nave the form:

R = R + H + H (3.1)f a op
.4he n ~ - depends upon the instruction format , R is demendent upon the addressing
n ode o~ the instruction , and H is deterrumi ned8by the operation performed.

The calculation of R meas u res is illustrated in Figure 3-4, which shows how the
-
~ count is determined for an Iili~ S/370 RX format instruction :

A

~X instructions are considere d to nave four distinct addressing modes , depending
upon whether the mase or index renisters specified are zero or nonzero. Using the
AHF , and inserting suitamle hook s ’ 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. , R H , RX , SS, etc.), an d the number of executions
of each operation.

19
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RX , RS , & SI INSTRUCTION INTERPRETATION

R COMMENT

18<0:15> ~
- )Ih [MAR) 2 Get hlf&-i d i n  instr reg

MAR ~- MAR + 2 3 Inc counts only 1 byte
IR<1S:31> .- Mh IMAR) 2 Get rest of instr in 18
PC PC + 4 3 Inc Prog Counter
address interpretation -

instruction execution -

MAR - PC 6 Set up MAR for next i ns t r .

TOTAL 16

RX ADDRESS CALCULATION
1. B2 = 8, X2 = 8 R COMMENT

MAR - IR<28:31> 5 Just 12 bits from 18

•2. 8 2= 0 , X 2 > 0
MAR ~- 18<28:31> + 12 bits plus 24 from reg

R [x2]~z8:31> 8

3.B2 > 8, X2 8
MAR ~

- IR<20:31> +

R (B2)<8;31> 8

4. 8 2> 8 , X2 > 8
lIAR IR<28:31> +

R (B21 <8:31> 8
MAR ~

- R (x2] + MAR 9 12 bit diep l plus two regs

TOTAL 17

EXAMPLE I N S T R U C T I O N

A R4,OISP (R2,R7) RX ADO INSTR
8

RX instruction interpretation 16
address interpretation 17
MBR .- Mw (MARI 4
R ER1] .- R ER1I + MBR 12

TOTAL 49

Fi gure 3-4. I B M S/370 R Measu re Exa mmle
20
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Figure _5 shows a similar instruction for the Inter~ata 8132:

P R1 ,D2(X2)

Although the addressing modes for the Interdata 8/32 are somewhat diffe rent ~r~”
the IBM S/370, the example chosen also adds two registers (the PC ano X�) pl u s a
displacement to generate the effective address , and the ma sic structure of the
machines are quite similar. Consequently, the corresponding add instruct ion gen-
erates the same R count in both machines.

n ’~i1e calculation of the R neasures for the Interdata 8/32 and IBM S/37i is
s’nimj ntforwara in most cases , this is not true for the PDP— 11 . T h i s  is because t t e
IBF-l S/370 and T nterdata 8/32 have a rich set of operation codes , which determine the
precise instruction format , and which limit the addressing nodes to a few similar
possibilities. The destination operand of an 1 81-1 5/370 add instruct’o n is always a
register , arid there are only 4 possible (and very similar) source operand addressing
modes . Moreover , the source operand is alway s in memory . The PCJ P- 11 has far fewer
ope ration 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 instructi on has a total of b4 ccnibi- /nations of addressing modes. In addition , there are interactions between the opera-
tions and addressing modes , whiCh affect the H measure. For exam p le , it makes a V
difference in the R of a M0~ inst ruct-i on if the destination of the 141W is a register
or a memory 1ocatio R~ It also makes a difference if the destinat ion of an ADD is a
register or a memory location. Un fortunatel y, the effects are d 4fferent for the ADO
and the MOV , because the ADD fetches and stores in the desti nation , while the MOV only
stores in the destination.

The optimum R mneasure for each of 12x64 combinations of double operand instuc-
tion and addressing modes could in principle be computed , as w e l l  as the H measure
for each of 4’5x8 combinations of floating poin t instructions and adaressing modes.
and roughly 3Ux8 comb i nations of single operand instructi ons ano addressing modes.
This would have been very tedious , an d would have corresponded to an implem entation
which directly decoded the combinati on of the OP code , so u rce mode , and destination
mooe , rather than just the OP code, and then implemented individual microco mieci rou-
tines for each case.

Of cou rse , such an implementation is possible , as are vari ous compromi ses which
wo uld di rectly decode special cases of interest , but not every possible case. These
cases woula not correspond to the kind of simple , regular imiplementaticn we have
assummied in our devel opment of the R measure . The POP-li H measure was caicu lated
assuming that only the operation code was decoded by true control unit. Moreover ,
the remaining instruction aecodin g , which is assu med to be performed in microcode ,
is done in a very regular and straightforwara way . ~r)v1ous int er act ic :~ of address-ing mode and operation were accounted for within this regulau- stru ctmm ~e , but no at-
tempt was made to optimize every special case , or to recoq rm ize and optim ize important
spec i al cases .

Figure 3—6 illustrates how the PIW-11 H measures were coriputec. Simply fetching
the first word of the instruction and incremen ting the PC genera tes an -~ mieasure of
9. A mode o address calculation requires an R count of 1 .  Perforninq the ADD it-
sel f takes an R cou nt of ~3 , resulting in a total P count of 32. Fi ’rum ire 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.

2 1 
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RXI AND 8X2 INSTRUCTION INTERPRETATION

8

18<0:15> ‘- IIh (MAR] 2 Get h a l f u d  i n  i n st r  reg
MAR - MAR + 2 3 Inc. counts onl y 1 byte
18<16:31 > Mh (MAR) 2 Get rest of instruction
PC .- PC + 4 3 Inc prog counter
aadress interpretation -

in struction execution -

MAR PC 6 Prepar MAR for next instr

TOTAL 16

RX2 EFFECTIVE ADDRESS CALCULATION
1. X2 = 0 R COMMENT

lIAR ~- 18<18:31> + PC 8 15 bit disp plus prog ctr

X2 B
MA R 18-17:31> PC 8 15 bit disp plus prog ctr
MAR .- MAR + R (X2]<8:31> 9 add 3 bytes from reg

TOTAL 17

EXAMPLE INSTRUCTION

A R1 ,02(X2) RX2 ADO INSTRUCTION
R

RX2 instruction interpretat ion 16
address interpretation 17
MBR - Mw (MAR] 4
R [R1] i- R(R1] + MBR 12

TOTAL 49

Fiqure 3-5. Interdata 8/32 H Measure Example

22
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BINARY L4ORO OPERATION , S - 0, 0 . B
8 COMMENT

MAR PC 4 load MAR for instr fetch
IR ~ Mw (MAR] 2 Load inetr req
PC ~- PC + 2 3 Inc prog ctr
instruction execution - instr type dependent

TOTA L 9

BINARV OPERATION , S > 0, 0 - B

R COMMENT
- 4- 4-4-4-4-4-4-4-

MAR .- PC 4 Load MAR for instr fetch
I R  ~- Mw (MAR] 2 Load instr reg
PC~~~PC+ 2 3 Inc PC

e f f e c t i v e  addr . ca lculation - Mode dependent , addr in MAR
instru ction execution - instr type dependent

- TOTAL 9

ADDRESS CALCULATIONS
1. MODE 2

MAR R[s/d) 4 Get addr from reg
R (s/d] R (sfd] + 2 3 This is 2 for byte operations

TOTAL 7

2. MOOE 6
lIAR 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 + R(s/d] 6 add i ndex

TOTAL 15

EXAMPLE INSTRUCTION

ADO X (%2),%1 ~AOO INSTRUCTION , S - 6, I) - 0

R
Binary ins interpretation , s > 0, d — B 9
Source Addr calculation , mode 6 15
MBR ~ Mw (MAR] 2
8 Cc ] - R Cs 3  + MBA S

TOTAL 32

Figure 3-6. PDP-ll R Measure Example
23



E X A M P L E  IN S T R U C T I O N

ADD X(~2),~ l ; ADD Instruction , S=6 , D Ø

R COMMENT

MAR PC 4 Load MAR for instr. fetch

IR-~O:l5~ ‘- Mw I MAR ] 2 Load instr. reg .

MAR ~
- MAR + 2 3 Bump MAR to get

IR -16:3 l~- - Mw IMARI 2 rest of instruction

MAR IR<l 6:3 1> + R[21 6 Compute source address
MBR Mw I MAR] 2 Get source operand

8 1 1  PHi + MBR 6 Add source and dest
PC - PC + 4 3 Increment PC

28

Figure 3-7. Ex ample of Case by Case R Measure
Optimi zation for the PDP-ll

24
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I t can certainly ~ e argued that . necause the architectures of the IBM S/37u and
tie Int~rdata d/3.? fit more naturally into the model of equation 3-1 , and because
t-iey get to uecoae an ~ bit operation code which includes some informati on carried
in the mode fields of the POP-li , that the mode l chosen is somewhat biased aga i nst
the POP-Il .

A number of other mi nor specificati ons were also made uniforml y 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 condi tional branch instructions which do branch , and those
wril (-n do not. To simplif y the collection of data , cond itional branches and branch
anmi count type instructions were alway s assumed to branch.

(d) Range of Applicability of the R Measure

Ideal executi on-rate measures would consider the execution speed of test pro-
grams across the entire space of feasible processor implementati ons and then weight
the results from eacn implementation by tne number of imp l ementations of that type
projected for tfle CFA architecture. Since we have neither the time nor the foresight
to col lect executi on rate measures over all possible implementati ons , an effort has
neen made to define a simple yet representative processor imp l ementation structure.
Early attempts at defining an R measure included a family of implementations (based
on i nternal bud width ) [Fuller , et al , 1975~, but for practical reasons the conmii ttee
oacked off to a single i~ measu re.

Figure 3—6 should help to give the rationale oehind why R is defined as it is.
For any architecture there is a cost-performance tradeoff to make and in fact it is
necause ot tn is fundamental tradeoff that it is so attractive to consider a fami ly
of implementations of a single architecture . This allow s users of computer systems
to pick a processor with the cost-performance characteristics that best match the
intended applicati ons.

The oasis of the present H measure is to specify as simple a processor imple-
mentation as possible. If we do not apply some knowledge of actual imp lementati ons,
we could continue to simplify the processor ’s internal register structure unti l we
are down to a universal Turi ng mach i ne. An R measure based on a Turi ng machine would
certai nly be in some sense fundamental , not be bi ased toward any of the candi date
arcn i tectures, and wel l defined. However, there mi ght ne 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 mach i ne perfor-
mnance and the performance of practical computing machines .

Tnerefore , we have littl e choice but to reject the Turing machine approach and
define a more practical (and miiore complex) processor structure. This is what we have
none w ith the current R measure. Keep in mi nd there are undountedly many ‘ simple ”
implementation structures on whicn it would be appropriate to base the R measure in
addi ti on to the specific one sel ected. However, the one selected is meant to be a
moaerately simplifiea model of tne internal register structure of contemporary mi ni -
computer processors and microcomputer processors based on bit-slice LSI packages.

A shortcomi ng of the present R measure (as opposed to the set of ~ measures
originally proposed) is that it is a questi onable indicator of high performance im-
plementations. Figure —6 attempts to illustrate this. Assumi ng R is a good indi-
cator of performance for the register structure shown in Figure 3-3 , it is probably

25
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Arch itecture D

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

Touring Ca non i cal
M a c h i n e  CFA

°rocessor

COST

* The assumption underlining the use of a scolar P measure is that the
ca ndid ate arch i tect ure w ill behave s imi larly to Arch i tect ures A , B , and
C above , and not l ike D.

Fi gure 3-8 : The Cost-Performance Space of Processor IMplementatio n
26 
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- - ;; c -~ in -~i~ ator ur urocessor iiplem entatio ns ‘cl ose to this canonical struc-
ture o~ t~e c~st-performance c’i~-ve . However , as we consider hig h performance imple-
mentatio ri , instruction buffers , caches. pipelining , for-warn cancelling, etc. begin
to play an important role in processor performance. The present R measure is of
a~est ionanle utility in predicting the performance of architectures on these high
-)erfon:lance imp l ementations. Given that much of the complexity of high performance
i -nplerientations is designed to maximize the rate at which the processor can fetch
iew instruc tions and data from memory , probabl y the best practical indicator the
commi ttee can use for the rela~ive performance of very high performance processors
would oe simpl y the ~1 measure .

c - -~D CED U~ ES FUR :OL1ECTI~G DATA A~JD COr-1PUTI~IG THE S 1 , AND H MEASURES

Froi the ~eqinn inn we realized it would not he realistic to give every pro—
qramle r the definition of S, ~~, and P and ask hi— i to calculate these measures for
his own test programs. An important simplification in the computation of the 1~land P neasures was outained by tabulating the measures for each instruction (and
a ckl ressincj mode) for the three architectures. The M and R measures for each in-
st ru-~t ion were then tabulated in the for m of a “worksheet. ’ Copies of these work—
sneets are given in Appendix 3.

~i yen the worksheets , the coilputation of fri and H reduces to counting the nun—
:).?r of ti ies each instruct ion and add ress inq mode ~s executed. Two al ternat ive
~‘rccedures existe d for this phase of the cori~utation . An ISP simulator was avail —
3)10 (~ escriuea in Volu m e IV) that took an ISP descri ption of the computer archi—
t.~ctu re . the lachine languar,e representati on of the test program to he executed ,
iii si ulated the execut ion of the test proirari on the machine described in ISP .
T - ’~ ~~ simulator has been instrumented to accu m ulate the number of times each in—
str iction aid addressing mode is executed and hence provides exactly the informa-
~ior ~eien for computing the U ann ~ measures. The majority of test proarams were
‘ea~~~~; using the IS~ simulator. Unfortunately, there were a few test programs
t~iat were not eas i l y  measured using the ISP simulator and these had to be done by
land . The reasons for measurin o some of the test programs by hand were : (1) within
toe ti~e availa nle we coulci not iet a workin ri version of the test program in a
iachin e— readable format that we could input to the ISP simulator on the CMU PDP-1’J,
or (2) the test program involved tOO much I/O activity and the ~SP simulator was
iot constructed to handle I/O operations automatically. (However , in the final
anal ysis it would probably have neen faster and less error-prone to single-step
the ISP simu l ator through I/O operations interactivel y and then get instruction
counts from the ISP simulator than to do it manually.)

The final step in  the S, 1. and ~ computations was handled by another program
that perforne d the additions and mult ipl ications indicated on the architecture work —
sheets. Tnis proqran could either read inst ruct -~Dn count iiforrnation directly from

ut~~ t tiles lelerated oy the ISP simul ator or request the manual eltry c-~ i~-st ruct ion counts for those test proqrai~s neasure d uy nanu. In addition to elinina-
t~ n~ - -iary tedious computations , this pror,rar, eliminated many errors that would have

~~eot into tne measures if this final tall yin o orocess had been done by hand.

or the specific set of 1u5 test orograms written and measured in the CFA
projec t, there is ~ very strong positive correlation between all the M and H

~ca s ure s . ~o decis ion nade y the CFA commi ttee would have changed if just
the 1 ieasure . rather than a weighted sum of the M and P measures , had been

~sed. 27



BEST AVAIL4BLE COPY
Another teature ot automating the final step of computing the S. M , and P mea-

sjres is that it modifications to the S . M, and R measures are requ i red, it is now
possible to cnange Just the measures in the program and then rerun the S. N , and R
computations tor all the test programs . Investigating the effect on the R measure
of micr ucoded ’ t loatin g point operati ons could also be pursued this way .

d. CHRU~OLObY oF OEVEL OPMENT OF S , M, ANU R MEASURES

some of the reasons for the particular form the S. N, and R measures have
taken are due to tne time constraints ann tne sequence of development of these

-~ measures over a period of ti ne ranging from early Octobe r, 197~ through July, 1970.the tol low i ng account traces the development of these measures and attempts to in-
clicate w uere important ciecisions anu change s were made in the definiti on of these
arc hitecture neasure s.

An in i t ia l  i~eno L Fu ll er and Sinitu , 197~ j o is cuss ing select ion cri teria was dis-
triou teu at the initial CFA meet ing on I and ~ -Jctober 19/o. This initial nemo was
tne result ot aiscussions over the course of the summe r of i-i7~ between S. Ful ler ,
J. Parnas , J. Snore . U. Siewiorek and b~~. Smi th. Fol lowing discussion at the I and
~ october leeting a Selection Criteri a subcommi ttee was forieiea to further aevelop

— speci fic cri teria the CFA commi ttee coulu use in selecting a computer architecture

Ur~an izat ion
. Fuller (~ r iai r~ian) .~k L /L iiJ

~~
. Estel l  F~ OSSA , San Uiego

L. - layne s NSWL . ~n i t e  O ak s
N . I inke lpauqn
u . ~ise USAMICUH

r , Selection ~riteri a sub comm ittee net on ~d and ?9 Lctooer I97~ and the
result s it our discuss ion were reported to tue CFA commi ttee at the 3 and 4 Jecem—

~~r 1~ / -~ - c- ~tiny [Fuller et al . , iYlo]. In that report the ori g ina l vers ion~ -)t tn)

~ measures were presented. in the original definition of the - -; ~ni ~ in-
; ur’ e s .  tr ay were i i  tac t  i set of measure s , parameter ized by the width of the bus.
in t ; me r  words . rat mier tuarm just i , and i •~~~, -1~ , t

~
l1~ 

i1~ . w ere proposed where t i e
;uuScri ot wis the widtn at the bus between umemory and the p?ocessor. The present
det i l l  ti -ii of -I is in tact 

~~~~~ 
The otner ous widths were dropped necause tue van -

ati on ,r nu S wi otn added a d1~iiens ion Of complexi ty in the selection process that was
felt to oc of lim i teu utility to the purposes of the CFA commi ttee. Fol)ow i nq tne
uecei mber 1~ /D LFA riectir ig a revised definition of the S. a , and P measures data was
written onu distri buted to tne CFA commi ttee on 15 January 191o Ldurr , i~ 7o]. r im s

report still lett a nunmer ot troublesome loose enus, p articularly witn respect to
the H measure . ann finally a memo on ~4 ;~1ay l~ /o was writ ten to clari ty tnes -~ .eti- ~~--

~iens ~~i 1 :,- , ~~~~~ -~i y  pe op la contrioutad incu s arm a SujyestionS to tie mina ~ i - - r -

n i t i o n  or the 5 , -i , and ,~ in adu it ion to the original Selection ~riter ia commi ttee.
r e  r~~-;t -i ~ tiVe contributors were ~~. burr , U . Siew -lorek . i l .  barbacc i , ~4. Oorao’-i . andt i .  For tue purposes of the CEA commi ttee , the working definition of tm ~ 5,

anu ~< measures are gi ven in very concrete terms in Appendix U where these measures
are spec ifica ll y defined tor each instruction , address ing mode , and instruction for-
nat for eacn ot the three final candidate architectures. As should oe clear from the
definition of the P measure , and to some extent the 1 measure , there is a lim 4 ted but
nonnegl igib le degree of freedom in applying these measures to a specific architecture.
Care was taken to be as consistent as possible in calculating tue measures for the
It~m S/37u , PiW—1l , an d Interdata ml /3~ and a single individual , W. durr , exami ned (and
aid much or the computation ) of the ~ and m~ measures for all tnree candi date
architectures.
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Both the 20 November 1975 and 15 January 1976 reports on the S. M , and P mea-
sures proposed a relative weighting technique similar to the method used wi th the
quantitative cri teria (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. H, and R values are now input as co-
efficients to terms estimati ng the memory size and processor speed of future tacti-
cal computers .
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-+ .  STAIISTILAL oESI~ -~ OF ILST PRO&~HAm1 ASSIUNI.IENTS*

Selection of statistical experimental designs to compare the candi nate coir. uter
arcn i tectures involved severa l major considerations. These are commo n to all situ a-
tions in which a statistical design plan must be chosen.

At an immu nediate practical level , an experimental design selected must oe execu-
taole with the availa b le resources , includi ng time , funds , manpower , and available
ha rdware and software. Moreover , the design must lead to experimental results whic h
al low assessment of the main issues under study . That is , there must be a di rect con-
nection between the questions wim ic h can oe answered from the data gathered and the
questions formulated at the outset of tne study . Finally, the experimental results
must be capable of oeing anal yzen by clearly understood statistical methods which do
a llow the assessment of the main issues of the study . These considerations influe nced
strongly the oroad outl i nes of the designs chosen for comparison of the candidate
arcni tec tures.

Tne test program phase of the computer family architecture evaluation process
involved comparison of twel ve test programs on three machines. Approximately six-
teen programmers were avai laol e for the study and a complete factorial design wou la
nave required each programme r to write all of the test programs on each of the ma-
cnines (for a total of ~/o programs). m i s  was clearly not feasible with the given
tune and resou rce constraints , ano , conse que nt ly, a fractional design or severa l
tractional neslyns han to oe selected. Fractional factorial designs are discussed
UI ~uavie s , 19/li, e.g. The fractional designs to oe described oelow incorporate
ualince in the way test program , machine , and programmer com binations are assigne d .

It was necessary to conside r designs which required eacn programer to write
test programs for all turee machines . Otherwise , compari sons among the macnines
Loo m riot ue separated iro n comparisons among the programmers . A desirable design
wo u ln nave instructea eacu programmer to write a total of six or ni ne different test
p r u J r i r i S , one tnird of tnemn on each ot the three machines . For most of the program-
ners in tne study time limi tations precluded this type of design , and some comp romis e
was requirea . The compromise design selected also nau to allow for precise comnpari-
suns anonj tne tnree competing architectures. A type of design that meets both of
tuese uoj ect ives is the nested factorial [Anderson and McLean , 1974j.

he test program part of the study actually i nvolved the use of tnree separate
experi iental designs , nenceforth referred to as Phase I , Phase II , and Phase III.
~esteu factorial designs were used for Pnase I and Phase III; Pnase II did not use
a nestea factorial design and will ~e discussed later in this section. Phase I was
used to study test programs A through H , those deemed to be of prima ry interest.
‘~nase III was used to study test programs I tnrough L.

*Secti~~S 4 and b descri be the stati sti cal design and analysis of the test
program assignments and resulting data. Those readers who do not want to
study the statistical considerati ons of the test program study may skip
ahead to Secti on b to get a summary of the principal results of the anal y-
sis descri bed 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 progranimers. When this design was originally foriiulated , the plan i nclu ded
requiring each programmer to write his six test programs in a preassigned randoml y
selected order , so as to el imi nate possible biases due to learning and gaining of
experience during the course of complet ing 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 conformi ty with their typical practices and working habits wi th
regard to order , consultation with other individuals , and other such considerations.
Programmers in the study were not permi tted to consult with each other , howeve r , on
any substantive matters of completing their designated assignments . All programers
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 wi th the goal of obtaining maximum possible information about
differences between the competing architectures. Wi th the given Phase I design ,
comparisons among the three architectures are theoretically not confounded by dif-
ferences among either test programs or prograrners. 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 di rect comparisons of the architectures , treated the test pro-
grams of prima ry 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 l ayout is shown in Figure 4—2. The Phase 111 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 i nterest to the
comm i ttee than those in Phase I. The four programmers in Phase III are distinct
f rom the ei ght in Phase I.

Together Phase I and Phase III designs provide a view of all three machines
and the operation of all twel ve test programs selected by the committee. A thi rd
experiment , la belle d 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 It 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 II 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 permi t use of a
design which required them to write nine di fferent programs. Six of the Phase I
programs and three of the Phase III programs were selected for Phase II. Success-
ful complet ion of Phase II 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 II could be compared to those of the other
tWo experiments. The Phase II design was formulated as a one-third fraction of a
3 complete factorial design . The 3.4.3 plan in [Connor and Zelen , 1959) was used.
This was made possible by dividing the factor test programs , wh i ch appears at n i ne
level s, into two pseudofactors , each at three levels. The layout of the Phase II
design is shown in Figure 4—3. One of the Phase II programers al so participated
in the Phase I design. The only duplicate assignment , however , was test program
i~ on the IOM S/370.

31

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



c’J

C.-,

(%J
C.-)

><

N- ~~N- ><
C,,

—

,— -,<

N- >(

— )<

)< >(

L() c~N- ~~

— )< ~(

._.4 -~~~~~~ ___________________________

C,,

~~
. 

~~r—.
— C)

—C ~~N— >~—C

—

C,,

C’,
N-
C,,

— ,<

- —. ~<

—.
N-. )~~ ><

— ,< ><
-C

~~ U C.~

C)
0:~ ~

~~ CL

r:- .c 4-’o LI I/C
ci,

z

32

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

~~~~



~~~~~~~~~~

Programer 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 x

K X X X  X X  X

L X X X  X X X

Figure 4-2. Phase 111 Design
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Programer 1 2 3

Machine 11 370 8/32 11 370 8/32 11 370 8/32

Test P rogra m A X X X

B X X

E X X X

F X X X

—
I-, X X X

I-I X X X

J X X X

K X X X

L X X X

Figure 4—3. Fhase II Design
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5. ANALYS IS OF TEST PROGRAJ4 RESULTS*

This section describe s the expcririental results and statistical analysis of the
test program data. The outcomes of the statistical calculations are interpreted in
light of t-~ goals and purposes of the experiment. We shall-fi rst focus attention
upon the Phase I experiment. The the Phase II experiment will be di scussed. Some
analysis combining data from Phase I and Phase III will then be presented. Finally,
the Phase II experiment will be described.

a. PHASE I MODELS

As noted in Sect i on k , the Phase 1 experiment consists of a pair of nested
factorial designs. A possible model for these nested factorial designs is

y = C + P  + T  + M  + P M  + T M  + e
ijk i ii k ik ijk ijk (5 1)

= 1,2,3,4, j = 1,2, k = 1,2,3.

In thi s equati on y. is some response generated by the ith programer writing
the jth test progrA~~on the kth machine . Al so ,

C co n stant , termed the grand mean

effect due to the i th p rog ramme r

T1~ 
= effect of the jth test program assigned to the ith programmer

= effect of the kth machine

~~ik 
= interaction between the ith programmer and the kth m achin e

T’1. . interacti on between the jth test program wri tten by tU~ I1r ~13k programmer ~nd the kth machine

e. = a random error term , assumed to be normally distributed
~ wi th mean 0 and variance not dependent on the values of I ,

and k. 
-

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
d iscussed below.

*As mentioned in Section 4. readers may skip ahead to Section 6 to get a summary
of the principal test program results. 
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ne phase I experiment may also be modelled in a manner different from that
descr i bed above. In Phase I there are two factors at ei ght level s each , programmers
ann test programs , ann one factor at three level s, machines. The two eight—level
factors •‘ay each oe replaced by three pseudofactors at two level s each. Conside r
the elgnt proqraruiers , who consti tute a single factor at eight levels. Now define
three fdctors at two level s each. Label these factors A , B, an d C , and code their
levels as U ann 1. Then the correspondence between the level s of the three pseudo-
fac tors and the levels of the original factor (programmers) is shown in Figure 5—1.
We are concerned with a comp lete factorial experiment involving 3*2 = 192 total
observations. The actual Phase I experiment is a 1/4 fraction of this. A model
lay oe tit using dummy variables to account for various effects and interactions.

b. T~~~ SFORMA TIUI~ OF THE i)ATA

f~me riis cussion in this subsection is appli cable to all three designs , Phase I ,
r tl dSe - I l , ann Phase III. Va lues  of the S , H, and R measures for all the experiments
are tabulated in Appendix E. Exam ination of the data given in Appendix £ clearly
snows there is wine variation in the data from one test program to another , e.g.,
especially for the and ~ measures. Various statistical considerations suggest
that some transformation of the raw data prior to analysis is desirable. A tech-
nical jiscussion of transfori rmation of statistics is given oy [Rao, Section bg, 1973).
who illustrates use of the methodology in variou s 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) w ill hold. Specifically , the model (5.1)
assumes that the variance of the error term e1 •k is constant , or independent of i ,
j, and . Under this assumption inferences wh~ch follow from ANOVA calculations , as
oescriheo below , are valid.

A variance stabilizing transformation is frequently suagested by consideration
of the experi iental situation and prior understanding of the variation to oe expec-
te l  in the data. For example , consider time ~1 and R measures. Suppose some pro-
lra,n,rers each write two test programs and the averane run ti’ie of the second one is
k times the run ti ne of the first. Then if the standard deviation of the N or R
readin i; is V for the first test proqran , it can be expected to be proportional to
~V fur t~te second test program . In other words , the varia bi lity (standard deviation )
in run t i -~es is directly proportional to the average run tiC-me . The accuracy of this
Conjectu re 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 proqram. Its Ci and R measures are cominated by tne coriputation of the inner
l oop performi ng the step-wise soluti on of the differential equation. Varia tions in

an~ R measures will be a result of alternative encodings of this inner loop. Aver-
arie r ’ and R measures will be doubled if tr”? number of iterations requested is doubled.
~ r v -r , noun ] i n~ the nurmer of iterations will also cause differences between the
uitterent ~unge-Kutta programs to double. When the standard deviation of the test
aata is directly proportiona l to the mean , a logar i thmic transformation will stabilize
the variance , that is , remove the dependence of the variance on the size of the test
pronram [Rao, Sec. bg, 1973).

The model of (5.1) may be termed an additive model . That is , each observation
is modelled as a sum of various effects and interactions , and the statistical error
term is also involved additively.
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Pseu dof ac tors
Programmers A B C

1 0 0 0

2 0 0 1

3 0 1 3

4 0 1 1

5 1 1) U

6 1 ii 1

7 1 1 0

8 1 1 1

Figu re 5— 1. Correspondence Between Levels of a Given Factor
(Programmers ) and Levels of Pseudofactors Used
as Subst i tutes.
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When a logari thmic transformation is used for the data , y. . in (5.1) becomes
the logarithm of the response, such as the M or the R reading .u3~ n thi s case , a mnul-
tiplicative model in fact underlies (5.1). We may write

Z = X1T 1 11 ~~~~ C
u k  i ij k ik ijk 13k ’ (5.2)

= 1 ,2,3,4 j = 1,2, k = 1,2,3.

The connection between (5.1) and (5.2 ) is

l n z .. =y..
ijk ijk

ln x = C ,

ln ,. = P.
1 1 ’

l n t . .  T . . ,

ln =

ln 
~‘ ik 

= PM ik,

ln t I~~. - = P1. -u K  13 K

ln ~~~..  e -

13k ijk

Th us, use of the logarithmic transformation on both sides of (5.2) yields (5.1) ,
au the -uuitip lic ative model (5.2) may be viewed as the meaningful basic underly ing
io~ e l .  As noted aoove , this situation seems to arise naturally in consideration of
the -i inn R measures.

~i 91 lar considerations for the S measure suggest a square root transformation
is appropriate to stabilize its variance . This transformation arises because the
var i ance , rather than the standard deviat ion , of the S measure of the second test
program in the above discussion can be expected to be proportional to kV. Use of
the sauare root transformat ion woul d imply use of the model in (5.1) with y.
denoting the square root of the measured S value. 13

To summarize this di scussi on , we note that the purpose of a variance stabi-
l izing transformation in the CFA study is twofold. First , a transformation may
have underlyi ng i t a mea ni ngful model for the data , such as the multiplicative
node] (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-
rithmi c transformations are only two of a large number of transformations. 

~
A family -

of prac tical transforms takes a response z and transforms it according to z for any
a > 0. Wi th an appropriate interpretation , the logar i thmic 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
l ogarithmi c transformations have been used. As discussed above , the former trans-
formation appears to be appropriate for the S measure and the latter for the H and
R measures. Results of statistical analysis for both transformations on all three
measures wil l in fact by presented below ,

38 



- - - —--- - -----.-, -- — - —-- - -—---—.---.——- “ w’ ~~~~~~~~~~~~~~~~~~ ’~~~ ~ TT~~.11 TiT T~~ ~ ~~~~~~~~~~~~~

C . STATIST ICA L ANAL YSIS OF PHASE I DATA

Anal ysis of variance calculations were performed on both halves of the Phase I
o*~ eri.nent for iS , iN , ,‘R , ln 5, in ii , and in R measures. Each analysis or~ a half
of the Pnase I experiment involved 24 data values. In each analysis the sample
vari ance of the 24 values was decomposed into sums of squares attri butable to vari-
ations among programmers , test programs , machines , programer-riachine interactions ,
and test program -machine i nteractions. The proportions of the total vari ance due
to the variou s sums of square s are summarized in Table 5— 1.

These anal ysis of variance calculations indicate that test program and program-
~ ‘.ariations account for most of the variation in the data in the case of the M

and R rimeasure s, and that machine differences are extremely small on a relative scale.
achine aifferences are noticeaole for the S measure. More detailed and precise

ca1’arisons of the three machines are presented below .

Table 5-1 show s 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-
lent is rather small , involving only four programmers and 24 observations. The out-
come s for the S measure suqaest that a larger sample of programmers may be necessary
to ootain results that representative of the population of profes sional programmers.

At the end of Section 5.1 an alternative formulation for the model of the Phase
I experim ent was di scussed. This formulation viewec the experiment as a tractional
factorial aesian ann replaced each of two factors by a set of pseudofactors. Using
nuony va r iao les , we fit models to sets of Phase I data with /5 , .M , VP , in S , ln 1.
and in ~ as the responses. In each mOdel 24 parameters were fit , leav ing ~4 degrees
of treedoni to measure experi mental error. Estimates of the variance of the error
tern in the model (5.1) are shown for each type of resnonse in Table 5-2. The esti-

-
~ates of variance snown in Ta ole 5— 2 rudy ne used to construct conf inence intervals
m r co ipari sons among the three architectures. As in (5 .1 ) , l e t  1 . denote the
differential effect due to the kth machine . We establish the foll~ wi rm g convention :

N 1 = effect of the P3~—1 1

= effect of the 18i 1 S/37U

1
3 = effect of the Interdata 8/32.

Taol e 5-3 show s estimates of various machine comparisons for the Phase I data. A

~5-, confidence interval is quoted below each estimate. The confidence intervals
wh ic im do not cover the value u correspond to comparisons significant at level .05
(=1- .~ 5). Thus at level .05 the Interdata ~/i2 is superior to the IBM S/370 on all
‘~1easures. For the •1 2

_
~l1 comparison the PDP-11 is adjudged superi or at level .15

on four of the measu~es and barely misses being superior when ~S an d “M responses-i re considered. i- Ioreover , the I BM S/370 is inferi or to the average performance of
the other two macnines on all measures. The estinates of the comparisons N3_ M 1 and

~re statistically independent , and no other pairs are independent. It
is worth noting that these comparisons among the competing architectures are based
upon consideration of test programs A through H only. It is reasonable , however , to
v iew the ei ght programmers in Phase I as representative of a large population of
programmers.
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Response Estimate of

C 
/5 18.175

44 272.546

577.863

in S .398

in ‘I .377

in R .400

Table 5-2 . Estimates ~
2 of the Var iance of the Error Component

in Model (5.1), Phase I Data , 24 Degre es of Free dom
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Table 5 —4 displays estimates of the effects M and u for the various measures.
T ru e latter are obtai ned by exponentiating the esti~ates o~ Mk and are appropriateta r the logarith mic models only. Since the effects noted in Table 5—4 are di fferential
vi lues , a value of U i s neutral for ~ an d a va lue  of 1 is neutral for ~ - The figures
in Table 5—4 are consistent for the d~fferent measures and transformatio~s. The IBM
3/37u is noticeably worse than the other two machines . For the responses /S , IM, and
~R , 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
i~3i-~ S/370 requires 142.5% as much space to represent test programs A through H as theave rage of the thr ee machines , while the PDP-11 and the Interdata 8/32 require 86.2%

- in n ~1.b - as much space , respectively. Corresponding statements may be given for
execution times as reflected by the in M and in R measures.

~€~asure jS ,‘ri ln S ln M in R

Com parison of Machines

1. - .788 -1.918 -4.788 - .148 -.230 -.247

• 2.161 8.387 16.502 .354 .443 .482

-1.374 —6.468 —11.714 — .205 — .212 - .235

.862 .795 .781

- . ‘ 1.425 1.557 1.619
C-

.815 .809 .791

• : effects b r  -~~-‘-ii

, : effects for IBM S/37U

effects for Interdata ~/ i2

Table n—4 . Estimates of Machine Effects in Models (5.1) and (5.2) , Phase I

C,

BESI AVAUJ~B 1E C~~
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d. PHASE III MOUELS AND RESULTS

The models for Pnase III experiments are the same as in (5.1) and (5.2), except
Lrlat the subscript i assumes the values 1 and 2 only. The layout of the Phase III
ues igns is illustrat ed in Figure 4— 2 .

Ta ole s— b gives a summa ry of analysis of variance calculations for the Phase III
data. It is comparable to Table 5—1.

Es ti nates of tne variance of the error term in the Phase III version of model
(b.i) are snown in Taole b-b , wflich is tfle anal og of Table 5-2. The estimates are
udsed un eignt deg rees of freedom. That is , models were fit to set s of Phase III
uata with iS , ill , IR , In S, l n  8, and ln R as the responses. In each model 24 data
iathes were employee , ana dummy variables2were used to f i t  lb parameters. It shoula
.e noted that the Phase III estimate of a have less precision than those of F’fla se I
-- they are based on ei ght degrees of freedom rather than 24. The correspondi ng fig-
ares in Taoles b-2 and b—b are comparable , though , with severa l of the pairs very
Jose.

Tabl e b-i is the analog of Table b-i , and Table b-d the analog of Table 5-4.;
~one ot tne confiaence intervals show n in Table 5— 7 fa i ls  to cover the val ue u.
~owever , it is apparent that tne POP—il performed noticeabl y worse than the other
two Ill ac il i nes in Phase 111 . Also , there is very little difference between the I8M
C/ i/ U  anu tne Interdata d/32 in Pnase III.

the relatively poor performance of the POP-i l  in Phase III appears to oe due to
its inao ility to ~ianul e test program I, quicksort. Certainly part of the explana-
tion tor the poor performance of tne IBM S/37U in Phase I can be attri buted to test

rogram A , I/U k ernel wi t f l  four priority levels. In the next section results from
~nase I and Phase III are comoi ned to produce overall estimates of machine effects
m d  overall comparisons of the mac nines.

e. C0r18Ii~AT IUN OF PHASE I AND PHASE III RESULTS

Let e denote an estimate of a machine effect or comparison , such as M~ or

~
— M

~ 
, in ~hase I. Let a T T T  denote tne estimate of tne same effect or comparison

‘ ru  Pñase III. In the pre~f tOus two sections such estimates were given , as well as some
.untidence intervals. The pu rpose of tnis section is to present estimates of the torn

+ ( i — a ) 8 111 ,

wnere ~ is chosen to mi nimi ze the varian ce of the resulting linear combination and
C) a < I.. Table b— 9 shows estimates of machine compari sons and 95% confidence
. Ice rvals. Tne value of a for eacn column in the table is given along the top Dor-
icr. In all columns but the fourth more weight is given to the Phase I data. il e
~-1U gives estimates of machine effects with Phase I and Phase III data combi ieu

Five of the confidence intervals for 8- -M. in Table 5-9 fail to cover the value
zero, and the sixth one ( for M) almost fail~ t~ cover. Tnus , the evidence suggests
tnat tne Interdata 8/32 performs better than the IBM S/37U on all three measures , S,
N, an d R. Also , the IBM S/37u tends to be worse than the average of the other two
mac nines.
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Respon se Est irnate of c2

/S i~i.bOb
- 

,‘M 24b.~ ts8 
-

11i79.7’+ )

in S .174

in H 374

l n R  .308

Table —b. Estiniate of -~~~ of the ‘-/ari vice of the
Error Cornponent in Model (i . l),  Phase III
Data . Ei qht i)egrees of Fre?oori .
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Measure 

— 
iS /t1~~~~~~’R in S ln M in R

Coi iparison of Machines
- 

2.’J09 7.959 17.160 .133 .~ 29 .223 
-

-1 , — .212 —5 .461 —9.111 .042 — .165 — .u9~i

-1.797 — 2. 498 -~ .0o0 -.174 - .066 - .125

1 1.142 1.257 1.250

—
C l.u03 .848 .907

.14U .936 .o82

-

- 
. -- ~rr ’~cts for PU P— li

~‘~~: effects fur 1814 S/37’ .i

~~ -‘~~ : ettects for Interdata .1/32

I L  —~~~ . Esti Cnates of Machine Ef fects in -load s (5.1) m l  ( 5 . 2 ) ,  Poase III
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The estimates of in Table 5—lu provide a summa ry of the Phase I and Phase III

data. The lari S/370 require s 120.8% as much storage as the average of all three
machines for the 12 test programs studied. Accordin g to the 1-1 measure estimate , the
IBI4 S/37u require s 12b.6% as much time to “execute the test programs as the ave rage
of the three machines . The other fi gures in the l ower part of Table 5-10 are inter-
preted similarly.

Measure “S /M 1R in S in M in R

Comparison of Machines a= .67 a= .64 o~ .79 a= •47 ~= .66 ~~.61 —

.135 1.63~ — .17/ .001 .0Th .0b4

~~
‘ 

1.378 3. 402 11.123 .i~~ .23o .256

-1.514 -5.039 -10.947 - .1~~ - . 163 - .1923
1.uul .92-’.~ .93~i

l.2ud 1.266 1.292/

.~m5U •~~2~

-‘ j :  - ‘ffects for PDP— 11

‘rfects for IB~-1 S/370

- - - - effects for Interdata ~i/32

H - i  :. ~stiiates of :-iacnine Efiects in ~lode ls (5.1) a l d (5.2), Phase I and
.1hase III Da ta Combined

f. ~ - ;. 
~ I ~UDELS AND P~ESULTS

Analysis of variance calc ulations were performed on aata arising from the
r’.nase II desi gn. Some of the results for responses “S. in P , and in M are sunmar—
izea in Tanle 5-11. This taole indicates the proportions ot tne total variance
attriDutahle to various sum s of squares. The correspondin c~ decirees of freedom arei lsu in :1 cate(I. The s t a t i  stical anal~ si s w~s perforned uy util i zing the theory

-~ssoc i~~t-’ .m wita a 1/3 fraction of a 3’~ desi gn. The va r i ance  was split in to  sums of
squares ea c h with t•~o degrees of freedom . Since two of the factors in the design
were in tact pseudofactors at tn ree levels each to account tor the nine test pro- —

grams , severa l sets of sums of squares were combined. There is some aliasin g in
the desi gn i nvolvin g second-order interactions.

50
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measure ,is in M in R

Sum Ot squares i’egrees ot treeoom

P-e oyraIIIICrers .u27 .ulb .026

Test Programs d •u23 .b53 .6b0

-Iacnines 2 .1.S2 .U7o Ubd

P rograimners • IJ39 .053 .047
A -l a~ii fl e S

T est Programs d .132 .124 .121
A Macnines

Test Programs 4 .047 .076 •07d
A Programni rs

Ta ole s-il. Phase II At~UVA Calculat ions Proportions of
Variance Attributaole to Eacn Sum of Squares

~stirna tes of di fferential effects in a model comparable to (5.1) for the three
nacnine~ ca n a l s o  oe given. For tne v’S measure they are -.952 for tne PUP— li , 1.605
tor the lOl l S u b , aria - .bsi for tfle Interdata d/32. For tne in M measure the values
are - .o~i, .006 , and .lo3 for the ~iachines quoted in the same order , and the figures
are -.boZ , .336 , ar ia .123 for the in R measure. Tflus , the experimental results tend
to ranK tne macnines wi th the PUP-il f irst by a substantial margin , and the Interaata

C~~~~32 ranks secona. It snoul~ oe noted tflat test program A was included in the Phase
11 design , ana test pruyrdIns ii and I were not.

g. AI~~LYSIS oF I-’ -IASE I AUi) PHASE III USINIj ONLY 1#E “8EST PR0Gi~AMS”

~acii test program in the Phase I ana Phase III designs was written Dy two di f-
ferent progranir.rers. -loreover , the models (5.1) and (5.2) for these designs involved
tnree tac tors, programmers , test programs , and machines. In this section we des—
crioe anal ysis of the data when the factor representing tne prograniners is elimi nated
train trie aesigns . Tnis 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-
terpretati on of tnis approach to the analysi s is that the “best” p rogramme i s bei ng
selectea in each case. It is worth noting , nowever , that “best” is merely among two
person s for the data in Phase I and Phase III.

nr,en the designs are reduced to consideration of two factors in the manner des-
cr ioc a aoove , the mode l (s.1) is rep laced by

= + + + TM~~ + e13
,

wnere

response wnen test program i is written for macnine j ,
51
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T nffect  of test program i ,

— 
~LL of machine j,

interaction between test program i ano machine j,

e - = a random error term , assumed to be noyma ll y distri buted
~ wi th mean () and constant variance °~~~ .

The design (5.i) is a two—way layout (see LAnderson and McLean , 1474], e.g.). ~4epresent be l ow the usual analy sis of variance table for ‘S , in !i, and ln R responses
for the Phase I and Phase III experi ments.

Firs t consider the v’S response for the Phase I design. Table 5-12 display s the
A NOVA calculat ions. The sum of squares for machines has been decompos ed into two
Darts, one i nvol vin g thr~ comparison M 1 -M3, and the other the compari son 1/2 ( r 1 1 + ’ ~~) - M , .
The interaction/ error sum of squares Fias been similarly decomposed. Details of this
decomposition are presented by [Anderson and McLean , 1974]. e.g. As above , the corre-
spondence is Ii: POP-li , M2 : IBM S/37U , M3: Interdata d/32.

Sum it Deqrees of Mean
Source squares freedom Srni-ire

Test -, r~ C r i C 2 . 3m7 
- 

/ 31 .

‘ i n  ill -;

3) 1 1 . - ~ I
C 37. i~ -i I 3 7 •

-- u ~to ’- - I  3J. 35L1 2

~ n -- r — 1 rl~r r

(m ~ - - --  r - r ~~ -’~ lu.~i2’ 1 1 .o~ 1

I 
~~~

- -
j~~ r~ - r - 1 / p r o ~~rans i13.134 1 1~ .1t2

suDtotal 124.ub9 14

fo~ -~1 1~ j~ 7- 2 3

‘-
~~ i .~~~~~. ~~~~ for ,iS , Phase I . ‘odd (5.3)

Est imates ~ t~e ‘.~itferenti al effects 1~~, ~~~~~ an~ 13 in (b.3~ are — .739, 1.779 ,
and —l .u413 , respectively.

Tables b-13 ana s-14 present the sanie calculat ion s for the ln 1 and in R re-
sponses in Phase I . For in M estimates of M 1, M 2, and N3 are - .1~i6, .401, and — .21o ,
respectivel y. For in R they are -.196, .424, and — .228, respectively.
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Sum of Degr ees of -lean
Source squares freedom Square

Test Programs l28.9~l 7 18.4 26

Machi nes

M1-M3 .003 1 .003

—~(M1+M3)-M2 1.932 1 1.932

subtotal 1.935 2

Interaction/error

(M1-M3)Xprograms .291 7 .u42

[~(M1+M3)..1vl2]xprograms 3.701 7 .529

subtotal 3.992 - - 
- - 

14

Total 134.908 --23

Table 5-13. AmiOV A for lri M , Phase I , Mo del (5 .3 )

Sum of Degrees of Mean
Source squares freedom Square

Test Programs 136.962 7 19.965

Machines

.004 1 .004

2.161 1 2.161

subtotal 2.164 2

Interacti on/error

(M
1
_f1
3)xprograrns .492 7 .07U

[~(i-i~+~3)_M~]xprograms 4.124 7 .589

subtotal 4.615 14

Total 146.742 23

Table 5—14. ANOVA for in R , Phase I , Mode l (5.3)
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The results of this “best” programme r 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 procirams, rather than di fferences among
macn ines , and this is especially so for the ii and R measures. Moreover , differences
among the three machines are largely described oy noting that the performances of
the POP—li and Interdata 8/32 are comparable , and that the I8M S/370 is measurably
worse than the other two. It is interesting to note that the decomposition of the
i nteraction/error sum of squares shown in Tables 5—12—14 reflects this assessment of
the three machines .

The comparisons describe d above for the three machines were obtained for an
experiment i nvolving test programs A—fl . In the Phase III experiment test programs
I-L were utilize d and the di scussion in Section 5.4 i ndicated a different ranking
of the three machines was obtained. Similar resul ts occur for the “best ” programme r
analysis. Table 5—15 shows analysis of variance calculations for the response ,‘S.
Estimates of the effects 8i, N2, and M3 in (5.3) are 1.403, - .162 , and —1.241 , respec-
tivel y. The decompositions in Table 5-15 use M 2—~13 and 1/2 (11 2+1-13)—M i, which di ffer
from the comparisons in Ta nles s- 12— 14 , it should be noted.

Sum of Degree s of Mean
Source squares 

-- 
freedom 

-~~~ Sauar e

C Test Programs 161.399 3 53.800

-lacni nes

2.327 1 2 .32 7

~~~~~~~ 2
+1 13) 1 h 1 11.812 1 1l.C~ i2

subtotal 14.139 2

Interaction /error

(M2~m-~j)xprograms 13.114 3 4.3/1
- 1 -L~ (M 2+ 13 )_ M~]Xp rograms 77.358 3 25. 7~ib

subtotal 90.471 6

io ta ]  266 .009 9

Table ~—15 . AIIOVA for ’~~, Pnase III , Moriel (~ .3)
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i;’:.1c~~~~i 1” ~‘~~s sec~ ’~ ri of anal ysis of the ‘best” ~~ograrime r model
~~~‘ ic Jccur Jte l y sl4C k lar ized hy stating that the results are very simil ar

t~ t riose odta ined in Sections 5.3 a C i d 5.4.

h . T~-1E P~ 3~;~ A;t-1E!~S 
‘ L0I S

In the ori 9ina l memo to proQrair~ners on t~ Apri l 1976 th~ prograriners were
asked to keep a diary of h~w their time on the project was spent. At the t;ne
t i C  request was made, it was expected that the primary use of the diaries would
ne in at~enptin ri to understand anomalie s in the statistical analysis. Though C

tne memo request ~J -~ resolution of hours or half-days , and asked that the time
~~~ ‘i’~lineated into several c~ ,.eqori es , only seven of the programmers kept uc-
taii eu enough records to provide any quart~tative information about how program-
icr ,. le was spent. Even among these seven , the ti ’ u~ scale recorded , and the
se C L3 rdt iu n of prot~~~is of the task , varie d a great deaL An eighth 1 rogramer
recorded information on an hourly uasis , but failed to make any distinction a1~ungt!ie different phases of the task.

The ava lac ility of facilitie s had a iarae effect or, cu e debugging time
recorded . The PDP-1i pro4rams were debugged interactively with a syr i olic de-
hu~gi nq package*, on a machine wh~,e a simp le debugging package is part of the
~i.rocoae .** The It3~-1 Sf37 3 oroqranis were debu9ged on a batch system , where the
- ieouaginq t~iois were core dub s ~nd t’ie trace of parameters values provided oy
the orive r . For the Ir~~erdata 8 /32 programs , almost no deouagi r~’j time was re-
cordc n oec -3use most of tue r~e o C~1qing w as done oy one of the prooraromers who aade

Cf l~~~j~~~~ weeKen d jDurney s to the onl y av ailable Interaata site (Ilceanport , ‘J .~~.) .
-
~~~ 

f . lC )r~i4 l1 onl y the ti-’ie spent d e O ugg i t i  his own programs . When a proarammer
r~ ci , ~~~~~~ ~in dour r1e~iu~ ginc on the S/37~), it was no~ clear how rnuc~ of that time
•~~ Sidlit ex aii~.~~ig the i ist ina ani how n.ruch was spent wait i i ig for batcfl runs.

Even .ii tfl the seven nroqra C iers rienti cried, there was often not enouqli sep-
irat io- i  ~f infor~nation . Sorieti- ies a pro9ramr Ier wo uld record “fou r flours spent
St ’ . ,irl -il l three nardt-ia re la n ti a ls ’ ; it w as impossible to tell in such instances
io~ ‘ ucu ti~ ie .~as sc ent stu iying any one machine.

~- it ~ tne~ c caveats in iinu , we present the fol low inq tables summarizing the
-rorira’n-ie r logs . The ‘iu~~ers in parentheses represent the number ol’ programmers

n i  w-’lcr! tr,~ ’ times ~re based.

8~S1 - PN M1)&~ CO~N

• - ) i - a i l c idixi qgi ni ion , j t  T
~~~~

‘:- ,~ ita l ~quio’nent ~ DJ r 1t ioru L S I— 1 1
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BEST AVAILABLE COPY
Total Time Spent, Per Machine Per Programmer

POP-Il 18r4 S/370 Interdata 8/32

Stuay 1~i (6) 22 (5 )  33 (6 )

Codi ng 4o (7) 50 ( 1)  40 .5 ( 7 )

iebu9y ing ~+o.5 ( 1)  0 ( 7 )  17.5 (5 )

Total lime Spent , Per Proo l em Per erogrammer
Study Codi ng Debugging

A 2 (2 )  .s ( 1)

.~~ 
( 1 )  213 ( 3 )

lo (1) 4 (1)

3

r. 13 ( 3 )  9 .5 ( 3 )

F i.s (1 )  ~ (1)

b .~ (2) 19.~ (3 )  12 ( 1)

~ (2 )  2 (2 )

£ 4.5 (I) 14 ( 1) 3~3 ( I)

u (~ ) u.s  ( 3 )  i (i)

~ (1 ) 24.5 (~+ )  Ic (4 )

C- t .~ ( 3 )  ~u ( 4 )  .5 ( 3 )

1 . u1~ dfiuLuuY iF liSI ~~Uu~Ali ASSIbNtI ENT ANti ANALYSIS

m e  statistical appruacu to tne design of tne test program assignments was
developed oy I’ . Snama n and S. ii. Ful ler  prior to the tnird CFA commi ttee m eeting

~~)— ? )  rt ~uruary 19/o . The approac n was exp lai neu at the m eeting, a aescript ion
tile methodo l ogy was distriuuted LFulIer and Shaman , t9/~j, and the CIA commi t-

tee ayreed to use tn is approach in the test program assignments. Volunteer pro-
grammers were requested at the Feoruary ~FA meeting and assignments were sent outto eight programmers in vari ous Army and Navy laooratories on 8 Apri l 197o. During
the Fenruary CFA meeting , it oecame clear that we could not complete the test pro-
gram sw ay without programmers in addi tion to the eight Army/Navy volunteers.
Inerefore , a proposal was submi tted by Carnegie-Mel l on University (CMU) to the Army
Nesearc n Off ice , Durham, N.C. , on 7 Apr Il 197o for support of graduate students at
Cr10 to wr i te  test programs. Tne proposal was accepted and CMU was awarded a grant
(uAAL~ 9-/b-o-u299) to complete the test program study. Nine addi ti onal program-
mers from CMU were assigned test programs and by mi d-July, 1970, all but three of
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tne 99 test programs in Phases I , II , and III were written , debugged , and 5, 8 ,
.318 ~ measurements completed. Fortunately, a few “aux i l i ary ” test programs in
addi tion to tne basi c 99 were written and we were able to estimate values for the
cnree mi ssing data points. (The missing data points and the estima ted values used 

—

oy the CFA commi ttee are shown in Appendi x E. Whe n these mi ssing data points did
be come avai laole no significant changes in the results were found. )

m e  group of graduate students at CMU proved crucial to the completi on
of tfle full set of assigned test programs . We gratefully acknowledge their
participati on. Three of these students , Leland Szew c renko , George Mathew , and

~ari ndra Jam have oeen particularly helpful through their conti nued effort on

~ena lf of this project.

m e  results of the test program study were input to the life cycle cost models
on 2.S duly 1970 and the entire CFA commi ttee was given a summary of the results at
the 24-20 August 197b meeting IFuller , ~3urr , and Sham an , 197oJ.
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o. Sumirtiary

Tt-i i s volume of the Computer Fami ly Architecture (CFA ) Selection Commi ttee
Final <eport 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 .

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

a. I/O Kernel . Four Priority Levels

I/O Kernel . FIF() Processing

/ i )  8evi cc H a n d l e r

d. Larie Fast  Fourier Transfor m

- . Lharacter Search

i t  Test , Set ~eset

- \  ‘ tt,i I ntc u rCI~~ 1

Linked L i;t Insertion

1. )imicksort

j .  ASCII to Floatin g Point Conversion

k. Virtual —lemorv Space Exchange

ihe f u ll specitication of these test nroqrarns is given in Appendix A. The
te st prooranms were meant to span the range of app l ica t ion m ost important to )oC.

Section 3 of tnis volume defined the three measures of performance used to
eva luate  the canuidate computer architectures on each test program:

‘-S : tjumber of bytes used to represent a test proaram

I :  n u m ber of bytes transferred between primary memory and the processor
C lurin c ) executio n of the test orogram

n’ ~-yt r t  tran sferred among in~t r -~ 1 r ”r ~ ~~~rs of thc ~r’ico-— ’-
( C j r ~~flr~ oxecut inc of the test program

Ii -Cecti ons 4 and s statistical results of the test program measurements ~~‘-~
discussed. Section 4 deals wi th general and specific design considerations and
statistical details presented in Section 5.

The test program study involved three di fferent parts. These are labeled
Phase I, Phase II, and Pha se III. In Phase I eight programmers eac h wrote two
test prograris on each of the three machines. The proqramn s in Phase I were A
through H. In Phase III four programmers each wr ote two test programs on each
machine. The test programs in Phase III were I through L. The Phase II design
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was ilp l eufienteo to attempt to corr000rate information obtained from tee otruer
two desi gns. Tnree proyro iuuu mmers eacu wrote nine di fferent test programs , thr ee
ar each ot tee macnines. The test programs in Pnase 11 were A , t~, E . F , ~~, ri ,
3 , r~ , am L.

m e  principa l results ot tne test program study Jiat were passed on to the
life -cyc le cost nicdels (see Volume VI) was the composite performance of the
cand idate architectures on the set of 12 test programs in Phases I ana III. An
Anal ys is  of Var iance (A hIU VA ) procedure was used to determi ne the overall rela-
tive performance of the three candinate machines. Unity indicates average per-
tormance and tee lower tne score on any of the measures , the better the machine

ulea tee set of test programs.

Arch itecture S M

u’UP-jl 1.00 u.93 0.94
IBM S/i/U 1.21 1.27 1.29
Interaata 8/32 U.a3 u.ab 0.83

Tanle 6.1. Relative Performance of Candidate Architectures

In other words , our test program results indicate that the IBM S/37u needs 4ô~
more memory tnan tee Interdata 8/32 to represent the set of test programs (or

~~~ more tear tne average of the three architectures) and the POP-li is essen-
t i~ ll y averaje in its use of memo ry . Si llilarly, the POP—li ’ s aoility to execu te
time test programs ranges oetween c3~ and 94-  of tne average execut ion time nasea
on time ~‘ anu ~ imeasu re, respectivel y.

Lons mn erin y tne test program results in a little more detail ,in Phase I the
~iata revealed the IB~ ~/31u to oe si gnificantly worse tnan the other two machines
on ~~, .1. and i~ rn ,easures at a confidence level of ~~~ Moreove r, time overall per-
tormanL~ at the i’uP-ii w a s  virtual ly identical to that of the interdata o /32 .
~oi me part of tee poor performance of the I BM S/37u can oe traced to test program
-
~ (tile priority I/O m~ernel ).

In Pease III alo ne , none of the compari sons among the three machines was
si gnificant at a confinence level of 95~. The POP-il was noticeably the worst
Ot the tnree macnines on all three measures. Ihe 1dM 370 domi nated the Interdata
8/32 witn regara to tne ii measure , the Interaata was better for the S measure ,
and tnere was littl e di fference between the two for the R measure. The rela-
tive l y poor performance of the PUP-Il appearen to oe due to test program I . a
-~uic~.s ,r ’t progr am -~4 ori~iny ~,ittm a list mucn larger than the virtual address space

~t tne PuP-li (64K bytes).

t~~is:i~~i l re sul ts fro m enases I and III were com’)inecl. In tni s analysis
~~ ranuu( in ’J of the three iuiacnines from best to worst on all three measures was:
intefuata u/32 , PiP—l i , and IBu~ 37u. Tne PUP-li was much closer to the Imiternata
a/i2 tuuan t ruC Its~l 37u was to the POP—Il. The average performance for the three
macnines in ~nases I ann III is given above in Table 6.1. Figure 0.1 shows the
is~ confidence intervals tnat surround corm iparisons of these average values.

The ou tcome of Pease 11 largely corroborates the results of the other two
experimients. Tee ranking of three macn ines , from oest to worst is: POP—li ,
Internata 8/32, IBM Jiu . This ranKing prevails for all three measures, S, M ,
ann ~~ . For the ~-l ann i~ umeasures tne POP-il is suostantia lly Detter than tne
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0ter ’Uci td u / 3~ . Fo r the S measure , howeve r, the PUP-li and Interdata 8/32 are
very L ’ J S C  to eacn otner in performance. It is important to recal l that Phase
~i inclu ies test prograun A , for wn icn the IBM 370 performs rel ati vely poorly,
~nu does not inclu ne test programs I) and I , wh icfl are rel ati vely difficult to

p l e i e n e  on the PUP—il oecause they have very large data structures.

T ne experi mental designs executed in the test program phase of the computer
fauni iy architecture evaluation process permi tted a quantitative compari son of
the three machines in the study. The experi ments were not large-scale , and the
resul ts need to be interpreted with some caution. In particular , only a very
sm na ll sample of programmers was used in each phas e , especially in II and III.
Future stunies of the same size and scope as the present one seem from the avail-
ae le evioence to be wortnwhi le undertaking s. They could be used to attempt to
ca rr~uL)-Jrate the present results. Larger scale experiments would be much more in-
t Ci -;, I at lv e . Ilnougn tnese are likely to require substantially more funds , however.)
~ r-~ .iain statistical issues appear to oe the need to use a representative sample of
programmers and to obtain estimates of parameters with high precision .

Another important poi nt emerging from this study is that there is a signifi—
cant interaction between the architecture under considerati on and the test program
being written . m i s  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

-C - -~~~~~~~~ — -C -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~ —



QEFERENCES

1. Anderson , V. L. and McLean , R. A. , Design of Experiments a Rea l i s t ic  Ap p oacru ,
Marcel Dekker , I nc. , New York , 1974.

2. Bell , C. G. and A. Newell , Com pute r Str uctu res: Read i ngs an d Exa mp les,
McGra w Hi l l , New York , 1971.

3. Bonwell , N. (editor), Benchmarking : Computer Evaluation and Measurement ,
Jo hn Wi ley & So n s , New York , 1975.

4. Box , (i. E. P. and Cox , U. R. , An Anal ysi s of Transforma ti ons , The Jo urnal
of the Royal Statistical Society, Series B, Vol. 20 (1964), 211—252.

~~~. Brent , R. P., “On the precision attainable with various floating point numn -
Der systems ,” IEEE Trans. on Computers C-22, o (June 1973), p01-607.

b. Buc hholz , W. “A synthetic job for measuring system performance ,” IBM Systems
Journal 8 (1969) , 309-318.

). Bu rr , H. E., “Computer Architecture Test Program Subcornittee Report ,” ~~memorandum , 15 January 197o.

-~~. Computer Review , UML Corporation , Lexington , r~1ass., 197b .

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

lu . Uavies , 0. 0. (ed.), Design and Anal ysis of Industrial Experim ents , 2nd en.,
Oliver and Boyd , Edinbur gh , 1971.

11. Fuller , S. H., “Further conmments and revisions to the S. N , and R Architec—
ture measures ,” CFA memorandum , 24 ilay 1976.

12. Fuller , S. H., R. Estell , L. Hayn es , N. Tinklepaugh , and D. Wi se, “Selection
Criteria for the Army/Navy Computer Family Architecture ,” CFA memorandum ,
20 November 1975. Distributed at the 1-2 December 1975 CFA Selection
Comittee meeting.

I .  Fuller , S. H., P. Shaman , ann W. E. Burr , “Results of the CFA performance
evaluat ion of the IBM S/370, PUP ii , and Interdata B/32 computer architec-
tures ,” CFA memorandum . 19 August 1976. Distriouted at the 24-26 Au qust
lY7n CFA Selection coC ui i t t c e 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 meeti ng.

lb . Fuller , S. H. and H. R. Smi th , “Select ion Criteria for the ø rmy/Navy Computer
Fam i ly Arc hi tec tu re,” CFA memoran dum , 29 September 1975. Distributed at the
1-2 October 1975 CFA Selection Comi ttee meeting.

61

— ~~~~~~~~~~~~~~~~~~~~~~~~ 
- =- _____________________________________



- 

- 

--- —- ~~- - - -~~~ -~~~ -~~~~ -
~~~~~ ‘~~~~~~~~~~~~~~~ -

lo. IBM System/37U Principles of Operation , IBM Publication GA22—7000—3 , Wh i te
Plains , NY , 1973.

1 .  Lucas , I-h . C., C
~perfo~~ ance evaluation and monitoring, ” ACM Computing Sur,ey s

3 , 3 , (1971) pp. 79—91.

18. Rao , C. R., L i near Statistical Inference and Its Applications , 2nd ed., John
Wi ley & Sons , New York , 1973.

l- ~. Stone , H. S. (editor), Int roduction to Computer Architecture , Science Re-
search Assoc., Chicago , 1975.

~ichmn ann , B. A. , Algol 60 Compilation and Assessr ment , Academi c Press , New
~or~:, 1973 .

62

~

-

~

-‘— -C - -C - -C- —- - - — ---- -C . -C 5 
J . ’r- ff . -w r~~~i~~~~

j
~--~..-- 

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



-_ ~-C - - - -  
~~~~~~~~~~~~~~~

Test Program Specif ications December 10, 1976

Appendix A: Test Program Specifications

A. I/O iNTERRUPT KERNEL, FOUR PRIORITY LEVELS

A.! INPUTS

An asynchronous I/O interrupt with associated status registers.

A.2 PROCESSING

The interrupt kernel will be activated by an I/O interrupt with priority level 0, 1, 2, or 3
f ro m one of four devices. Actual interrup t processing will be simula ted 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 pr ocessing of the preem pted tower level interrupt from the point of preemption. As much
processing as possible will he done with higher priority I/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 POP-i 1, diasable can be achieved automatically be setting
up ahead of time the appropriate processor priority level in the PSW of the device interrupt
vector,

A.3 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(c4lOgm2O) at CMIJ-A .
If not send mail to George Mathew at CMU-A
December 10, 1976 DRAFT
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Test Program Specifications

INTERRUPT

Disable

Save Context

Er’thIe Higher
Priord y Interrupt .

Simulate Prcc.uirig

Disable

Rector . Contowt

RETURN

Figure 1: Priority I/O Kernel

B. I/O INTERRUPT KERNEL, FIFO PROCESSING

9.1 INPUTS

An asynchronous I/O interrupt with associated status registers.

B.2 PROCESSING

r,p inter’upt kernel will be activated by an I/O interrupt from one of four devices which
.will he placed in a serv~ce queue for first-in-first-out (FIFO) processing. Actual interrupt
proces~Jng 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

A-2
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interrupts will be taken and queued appropriately wh i le previous interrupts are being
processed. Before returning to the ori ginally interrupted application program, a check sh a ll
be made to see if any interrupts remain queued, and these will be processed in FIFO order.

Fi gure 2a represents the functions to be performed. Appropriate use of an architectural
feature to automatically provide some such function is allowed (see POP-il example in I/O
interrupt kernel *1).

8.3 OUTPUTS

An updated count of interrupts by device.

8.4 CONSTRAINTS

This program need not be either position independent nor reentrant.

8.5 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 of f ”. 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 k4 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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I/O Interrupt

Disable Interrupts Save Context Identify Dev ice j
-

~ Queue
Service Requests

YES Is

____________ ________________ 
Run Flag

- 
On?

Restore Context 
________________ NO

Select next
Enable Interrupts request (FIFO)

Return Set run flag on

Enable Interrupts

Simulate
Processing

Disable Interrupts

NO Set run flag off

YES ,/‘~je ’N,~ Remove request
from queue

Figure 2a: Original FIFO Kernel
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I/O Interrupt

Disable InterruptslH Save Context f-_a1~ Identify Device

Queue
Servi’e Requests

_  

YE1<~~~~iag

Restore Context

Set run flag onEnable Interrupts 
___________________

Select nextReturn request (FIFO)

Enable Interrupts

Jr

Simulate
Processing

Set run flag off

NO Disable Interrupts

Is
Queue Remove request

YES Empty? from queue

Figure 2b: Modified FWO Kernel
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C. INPUT/OUTPUT DEVICE HANDLER

C.! INPUTS

A pointer to a control block with the following fields:
JEVJCE The device identifier for a “typical” tape drive.

The operation to be performed:

0 Read
1 Write

NO-TRANS The number of I/O 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.
INGTH An array containing ten values giving the sizes in characters of the records to

be transferred to the buffers specified in BUFFER.
STATU S 9torage used to hold the device completion status after an I/O transfe r.
/~CRK ~torage 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:
~~. App lications programs perform high level logical I/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
necessaril y conti guous memory locations, and which may have different record lengths,
be either read or written (but not both in one request) to or from memory.

b. A separate test program exists for the general task of interrupt queuing and handling
(whereas this benchmark is explicitly to test device I/O operation).

c. 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 I/O 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.

ci. The I/O devices handled by this program are all single density nine-track tape transports
(pick any typical model tape transport for your machine).

After an I/O request is issued by an application program, and after the executive queues

~ 
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the input control block , this test prog ram is initiated and and it performs the following
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 $10 to the channel; in the PDP 1 1, fill in the
device registers for the particular device and set the GO bit. Up to tort 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 , fir st 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 $10, 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.

i i i .  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 I/O transfer is returned via the STATUS entry of the control
block.

C.4 CONSTRAINTS

The device handler is reentrant and se lf-re locating.

D. FAST FOURIER TRANSFORM

0.1 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 par t and an imaginary par t, both of which are 32-bit floating point
numbers.

W A vector holding the first N/2 powers of EXP(-2ni/N), where i*s2 — -1. That
is, W(j) — EXP(-2ni/N)*sj.

A-7 
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WORK Pointer to auxiliary working st’~rage.

D.2 PROCESSING

procedure FFT (N, X , 14)
GROUPS ~- N
do for PASS ~ 8 by steps of 1 until l og2(N)—1

do for a l l ELEMENT such that B ~ e lemen t ~ N/2
“genera te  com ple x adden d”

I4EXP ~- B
i f PASS > B

then WEXP ~- (((ELEMENT * N)/2 )/  2**PASS) 1100 (N/2)
end-i f

if t.J E X P �B
then TEIIPI 4- X (ELEI1ENT + N/2) * W (WEXP)
else TEMP1 ~- X (ELEMENT + N/2)

end-if

“generate 2 element entries in data vector ”

Xl (ELEMENT) ~ X (ELEMENT) + TEMP1
Xl (ELEMENT + N/2) 4- X (ELEMENT) — TEMP1

end-do
i f PASS < ( l o g 2 ( N )  - 1)

t hen
“execute perfect card shuffle on data vector ”

P i- 2**PASS
GROUPS 4- CROUPS/2
do for all I such that B ~ I < GROUPS

do for a l l  J such that B � J < P
INOEX1 4- 2*P*J + J
INOEX2 ~- P*I + J
X (INOEX1) ~- X1 (INDEX2)
)((INDEX1+P) ~- X1 ( INDEX2 + N/2)

end-do
end-do

e I se
do for all I 8uch that B � I < N

X4- X1 (I)
end -do

end-if
end—do

A-8
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0.3 PROGRAMMING CONSIDERATIONS

Xl is art auxiliary array of size N used to accomodate the card shuffle. Remember that
both X and W are arrays of complex numbers. ’

0.4 OUTPUTS

A vector of EFT coefficients in X.

0.5 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.
SRCI-ILNGTH The length of that string. ~ 2s*15
SRCHARG A pointer to a string of characters.
ARGLNGTH The length of that string. � 2s*1O
LOG ‘ An integer return code
WORK A pontet 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 successfu l the relative character position of the first occurrence
of the substririg shall be returned. If no match is found a negative value shall be returned.

E.3 OUTPUTS

If the search is successful, LOG is set to the relative character postion of the first
occurrence of SRCHARG in SPCHSTR. Otherwise a negative value is stored in LOC.

A-9
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E.4 CONSTRAINTS

f he routine ~~~~~ be roentrant and position i~~ependent.

procedure CHARSRCH(SRCHSTR , SRCHLNGTH, SRCHARG, ARGLNGTH, L ’IC, WORK)
integer I

LOC *- -1
do for a l l  I such that B�I�SRCHLNGTH-SRCHARG or unt i l  LOC.~-1

if the substring of SRCHSTR from I to I+ARGLNGTH-1 = SRCHARG
then LOC~~~ I

end—if
end-do

F. BIT TEST, SET, OR RESET

F.1 INPUTS
F Function code

1 test bit
2 set bit
3 reset bit

N Relative hit 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 ori ginal 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 + N/(word length)) is tested. If it is zero ,
tk- - n -

~~ -e 4 to zero; otherwise RC is set to one. If F is 2, the bit is then set to 1. II F is
3. th e hit i~ then set to 0. For all othe values of F, t he 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-i 0 
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k

procedure BITTEST (F, N, Al, RC, WORK )
integer ABIT , 0

AB IT ~- Al + N/(word l ength)
0 ~- N mod (word length)

i f  0th bi t  at address AB IT — 1
then RC~~~1 -

e l se RC~~~0
end-if

i f  F - 2
then 0th b i t  at address ABIT ~- 1
else i f  F — 3

then 0th bi t  at address AB IT ‘- 0
end-if

end-i f

G. RUNGE-KUTTA INTEGRATION

G.1 INPUTS
TO Initial value of T, single precision f loat ing point
VO Initial value of Y, single precision floating point
H Interval of integration, single precision floating point
TMAX Final value of T, single precision floating point
YMAX final value of Y returned, single precision floating point
WORK pointer to any needed working storage

G.2 PROCESSING

Given 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—TMA X to deterntine YMA X , using an integration interval H All calculations are single
precision floating point.

A-l i
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G.3 OUTPUTS

The value of V at time TMAX is returned in YMAX.

G.4 CONSTRAINTS

The routine is position independent and reentrant.

procedure RUNGEKUTTA (T0I YB, H, TIIAX, YIIAX , WORK)
rea l Ki , K2, K3

VIIAX .- YB

do for a l l  I from TB incremented in steps of H until I > TIIAX
K1 4-H * (T+YIIAX )
K2~~~H*  (T + H / 2 + Y ÷ K l / 2 }
K3 ~- H * (I + 3*H/4 + Y + 3*K214)
YMAX ~- YMAX + 2*Kl/9 + K2/3 + 4*K3/9

end-do

H. LINKED LIST INSERTION

H.L INPUTS
LISTCB Pointer to a list control block , containing the entries

HEAD Pointer to first node
TAIL Poin te r 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

A-12
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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 the re are
duplicate keys the NEWENTRY is inserted after all matching entries. The list may be empty
when the rout ine 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. NUk-4ENTRIES is updated. If the new entry is
a head or a tail then the pointers in the list control block are updated acco rdingly.

H.4 CONSTRAINTS

The routine is reentrant and position-independent.

procedure LISTINSERT (LISTCB, NEWENTRY)
“t he notation POINTER.FIELO is used to access a

par t icu l ar field of the st-ucture pointed to by POINTER ”

pointer PRESENT

if LISTCB.NUMENTRIES = B
then

“ l i s t  is empty, so initial i ze ”

LISTCB.HEAO i- LISTCB .TAIL ~- NJEL4ENTRY
LISTCB.NUMENTR I ES 4- 1
NEUENTRY.NEXT .- NEt.JENTRY.PREV 4- 0

e I se
“l ist not empty ”

PRESENT ~- LISTCB.HEAD
LISTCB.NUMENTR IES 4- LISTCB.NUMENIR IES + 1

“d e t e r m i n e  p o s i t i o n  of new en t ry ”

wh il e  NEW.KEY � PRESENT.KEY and PRESENT.NEXT ~ B doPRESENT ~- PRESENT.NEXT

if PRESENT.PREV = B and NEW.KEY < PRESENT.KEY
then

A-i 3 
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new l i s t  head”

LISTCB.HEAO - NEW
NEL.J.PREV ~- 0
PRESENT.PREV i- NEW
NEL4,NEXT 4- PRESENT

e I se
if NEI4.KEY � PRESENT.KEY

then
“new l i st t a i l ”

PRESENT.NEXT .- LISTCB .TAIL 4- NEW
NEL4.NEXT ~-

NEW .PREV PRESENT
e I se

“in sert in middle ”

NEt.J.NEXT ~- PRESENT
NEt4.PREV ~- PRESENI.PREV
PRESENT.PREV 4- NEW

‘back up and link w i th predecessor ”

PRESENT ~- NEI4.PREV
PRESENT.NEXT ~- NEW

end-if
end- if

end-i f

I. QUICKSORT

L i  INPUTS
Itie number of records to be sorted. N � 10000

PC  Pointer to the first element of an array of N+2 16-character records: RO, RI ,
RN , RN+J. RO is a dummy record with a low-valued key, and RN~’1 s a

dummy record with a high-valued key. Each record has a 7-character key
found in positions 3 th rough 9, counting from 0.

M integer parameter specifying the changeover point between QUICKSORT and a
simple insertion sort. 5 � M ~ 20

WORK pointer to any needed working storage.
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1.2 PROCESSING

Records RO to RN+1 are sorted into character collating sequence.

1.3 CONSTRAINTS

The routine is reentrant and position-independent.

procedure OUICKSORT (N, REC, M, WORK )
integer L, R, I, J, K
integr array STACK (0:2*f(N)—1J
character string V

REC (N+1] 4-

L~~~1; R . - N
do forever

I 4- L; J ~- R+l ; V ~- REC (L]
do forever

do I~~I+1 u n t i l  REC( I) � V end—do
do J#-J-1. unti l  REC (J] � V end-do
i f J > I

then swap REC C I] w i t h  REC LI]
else go to end—f irst

end- i f
end-do

en d — f i r s t :
swap REC [L] w i t h  REC (J)
i f  both s u bf i l e  s izes (J— L and R—J) ~ M

then
if stack i s  empty

then go to end-outer
e lse  pop L and R from stack

end- if
e I se

if s m a l l e r  su b f i le  s ize  ~ II
then ~et L and R to l ower and upper l i m i t s

of larger s u b f i le
e I se

push lo wer and upp er l i m i t s of l arg er
s ubf i le onto stack

set L and R to limits of smaller subfi le
end-if

end-if
end-do

A- 15 
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end-outer:
do for I from N—i to 1 in steps of 1

i f  RECLI) > REC (I+i] then
V ~ REC [I1 ; J ~- 1+1
do forever -

REC [J—1) ~- REC U ); J 4- J+1
if REC (J] � V then go to end— last end— if

end-do
end-last: A (J-l] ~- V

end-if -

end-do

1.4 NOTES

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

J. ASCII TO FLOATING POINT CONVERSION

.J.1 INPUTS
N Number of characte rs in the string
Al Address of the character string; it may be assumed to be aligned on a word

boundary.
A2 Address of a float ing 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

<optiona l sign> <dec i ma l digits> . <decimal di gits>

where either set of dec im al 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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J.3 CONSTRAINTS

This routine is reentrant and position-independent.

procdure AFP (N , Al , A2)
integer NUMBER, POSITION
rea l RESULT , DIVISOR
boo lean ISNEGAT IV E

I SNEGATIVE 4- f a l se
POSITION 4- 0
if f i r s t  character of Al is a si gn character

then
i f  s ign character is “— “

then ISNEGAT IVE .- true
end- if
POSITION 4- 1

end- if
NUMBER i- integer equivalen t of character s POSITION to J-1 of Al

where character J of Al is “
.
“

RESULT ~ - floating point equ i va l ent of NUMBER

“ the f o l l o w ing two steps can be done in pa ra l l e l , if  desired”

NUMBER ~- integer equ i valent of characters J+l to N of Al
DIVISOR 4- floating equivalent of 1B**(N-J)

A2 ~- RESULT + ( f l o a t i n g  equ ivalent of NUMBER) I DIVISOR

K. BOOLEAN MATRIX TRANSPOSE

K.! INPUTS
Al Pointer to a word of storage
~42 bit number within word Al where the matrix begins
N size of the boolean matrix
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<.2 PROCESSING

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

procedure BMT(N , Al, A2)
integer I, J
boo l ean B[1:N,l:N) beg inn ing at b i t  A2 of word Al

do for a l l  I and J such that (1 ~ J � N) and (J+l ~ I ~ N)
swap B( I, JI and BUJ , I)

end-do

L. VIRTUAL MEMORY SPACE EXCHANGE

I PROCESSING

Write a miniature supervisor call handler which provides the two functions “call ” and

return ”. CALL is function 0, RETURN is function 1 (i.e. SVC 0, SVC 1 on the 1370, TRAP 0,
TRAP 1 on the POP-il). In the following, “segment ” means whatever IBM means by a
‘~egmen t on the /370, whatever INTEROATA means by the term on the 8/32, and one of 8

eight-kilobyte pages on the POP-li. Parameters will be passed according to whatever
-~ ailing convention is used for ordinary subroutines on the math%ne ~n question.

CA LL takes two paramete rs. CALLEE is an integer in the range 0 s 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 ~f segments). PARAMETER is an address in user space. CALL saves

~?nough information to resto re the ent ir e state of the caller (e.g., all the fixed point and
fl oating point registers , the program counter , and so on). It then establishes addressibi lity
for the address ~space indicated by CALLEE. One of the segment pointers in the address
space will he marke d 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
-~dd~~ss space at some arb itrary 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.

A- 18
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L.2 CONSTRAINTS

This program need not be either position-rndependent nor reentrant.
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Appendix B CFA Test Data Specifications

This document specifies the test data which the routines must satisfactorily
process to cert i f y the m as debugged. Mali the final listings of your test programs
along wi th printout demonstrating their correct operation to Sam Fuller. The data sets
marked * will be used to compute the S, M and P measures on the ARE 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. I/O kernel, Four Priority Levels.

Test scenario: An interrupt is received on the lowest priority level . White this
interrupt is being processed a second interrupt i~ 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. I/O 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—ir iterrupt state.

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

Dev ice: t ape
Op: 0 (read)
No-trans: 2
Buffer: addr l, addr2, 0,
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.

B—i
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0. Large FFT. (See attached appendix for illustrations of how the FFT procedure
should transform the data, i.e. the X vector).

In the following tes ts , the W vector will be as follows:

W(O) — (1.0, 0.0)
W(1) (0.0245412, 0.9996988) — (cos n/128, sin n/128)
W(2) ~‘ W(1)2 —

W( 128) = W (1) 128 = (-1.0, 0.0)

*1) Test case : Step Function. Para meters are:

I. X: X(0) ( 1.0,0.O)
X(I) = (1.0,0.0)

X(127) = (1.0, 0.0)
X(128) = (0.0, 0.0)

X(255) = (0.0, 0.0)
ii , W: W vector above

N: 256
iv. WORK

2) Test case: i ~ mt rts. Parameters are:

i. X: X(0) (0.0, 0.0)
X( I) = (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(19 2) =(-1.0,0.O)
X(i93) (0.0, 0.0)

X(255) = (0.0, 0.0)
ii. W: W vector above
iii. N: 256
iv. WORK

+3) Test case: Small Step Function. Parameters are:
B-2 
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i. X: X(0) - (1.0, 0.0)
X(1) — ( 1.0 ,0.0)
X(2) - (0.0 , 0.0)
X(3) — (0.0 , 0.0)
X(4) — (1.0 , 0.0)

ii. W: W(0) — (1.0, 0.0)
W(1) — (0.3827, 0.9239) — (cos n/8, sin n/8)
W(2) — W ( 1)2

W(4) — W(1)4 (0.0, 1.0)

W(8) = W(1)8 — (-1.0,0.0)
iii. N: 16
iv. WORK

E. Character Search.

1) Test case: Find match. Parameters are:

i. SRCi-l-STR: “Monday, June 7th , 1976”
ii. SRCH-LNGTH: 22
i i i. 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
iii. SRCH-ARG: “CMU”
iv. ARG-LNGTH: 3
v. LOC: Expected return value — -1
vi. WORK

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

I. SRCI4-STR: “Day in, Day out”
ii~ $RCH-LNGTH: 15
iii. SRCH-ARG: “Day out ”
iv. ARG-LNGTH: 7
v. LOC: Expected return value — 8
vi. WORK

4) Test case: Match at beg~n,urtg of string. Parameters are:

i. SRCH-STR: “abcd”
ii. SRCH-LNGTH: ~ B-3

d

~~~~~~~~~~~~~ ~~~~~~~
= :- -

~~~~~~~~ - -.



~ 

Tes t Program Specifications

iii . SRCH-ARG: “ab”
iv. ARG-LNGTH: 2
v. LOC: Expected return vaLue = 0
vi. WORK

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

i. SRCH-STR: “efg h”
ii. SRCH—LNGTH: 4
i i i~ SRCI-4-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. 5RCH-ARG: “Day”

iv. ARG-LNGTH: 3
v. LOC: Expected returr ~ vaL*.Le — 0
vi. WORK

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

i. SRCH-STR: “Day in, Day out”
ii. SRCH-LNGTH: 0
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:

i. SRCH-STR: “Day in, Day out”
ii. SRCH-LNGTH: 15
iii. SRCI4-ARG: “Day”
iv. APG.-LNGTH: 0
v. LOC: Expected return value = 0
vi. WORK

*9) Test case: Match at attemnpt a (a > 1). Parameters are:

i. SRCH-STR: “Saving hot wate r saves gas . So take shorter showers ,
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 setting or lower. ”

Note: Each line break in the above string is a space.

B-La
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ii. SRCH-LNGTH: 240
iii . SRCH-ARG: “water heater ”
iv. ARG-LNGTH: 12
v. LOC: Expected 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
resul ts expected below (i.e. returned code) will be the same for bits counted in either
direc tion. 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 I100IOI1IOI11000

1) Test case: Test I bit. Parameters are: i - II - I

I . F: 1 -

ii. N: 19
iii . Al: Bit string above
iv. PC: Expected return value: 1
v. WORK

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

i . F: 1
ii. N: 35
iii. Al: Bit string above
iv. PC: Expected return value: 0
v. WORK

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

i. F: 2
ii. N: 21
iii. Al: Bit string above
iv. RC: Expected return value: 0

ALso .expect: Word 1 -01110~1010O11100
v. WORK

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

i. F: 2
ii. N: 34
ii i. Al: Bit string above
iv. RC: Expected return value: 1
v. WORK -

B-~
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5) Test case: Clear 1 bit. Parameters are:

i. F: 3
ii. N: 0
iii . Al: Bit string above

iv. PC: Expected return vaLue: 1
Also expect: Word 0 - 0010011100101110

v. WORK

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

i. F: 3
ii . N: 16
iii . Al: Bit string above
iv. RC: Expected return value: 0
v. WORK

G. Runge-Kutta Integration.

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

i. t0: 0.0
ii. YO: 0.0
iii . h: 0.0078125
iv. tmax : 10.0
v. y: Expected return vaLue: 22188
vi. WORK

2) Test case: tO = tmax. Parameters are:

i. t~ : 1.0
ii . yo: 0.0
iii. h: 0.01
~V. tmax : 1.0
v. y: -10.0 ( IrtitSol value) Lxpected return vaLue: 0.010100333...
vi. WORK

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

i. t0: 0.0
ii. yO: -1
iii . h: 0.5
IV. tmax : 1.5
v. y: Expected return value: -3
vi. WORK

B-6

~~~~~ i S~~~~~~~~~~~~~~~~~ -~~~ ~~~~~~~— ~~~~~~~~~~~~~~
_ _ _

~~~~ ~~~~
- --—- -~~~~~ -C-C— -C~~~~~~



________ — - C -  —-C—-—-

Test Program Specifications December 16, 1976

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: (?,?, 1)
ii. NEW-ENTRY: (45 , 0, 0)

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

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

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

i. LIST-CB: Contains: (?,‘,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:

L!ST-CB: Contains: (?, ?, 5)
ii. 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-CR: Contains : (?, ‘, 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, I l l .

Quick Sort.

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

B-?
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N: 30
ii. REC: See table below
ii i. M: 6
iv. WORK

Note: When sorted, the numbers in positions 0 - 3 of each record will be in
ascending order cf  magnitude.

u S( ]
(J ~~~~~~~~~~~~~ ,

48 rncw so++++++++” , frktb++++++++°, ::68 savwu+++++++-t- ’ ,
36 j j k I V,t~ht’~~,~~C~nC , 88 vbvbsic , 1 20zoupin ,~~ -~nr~n:
“40 jsgcz++++++++” , “4 aercr++++++++” , “l@Oxjvgc++++++++ ” ,
“1 R4ym I j z*~r:nwr:r~ *” , “66 r oOxc c~r * ~c*

’, “76 t a
“1 l6zkhuk++++++++” , “92 vcobr++++++++” , “32 jhkp~++++++++” ,
“56 qrnfzy~c ***~’n~*” , “80 tzwkt***~nc***” , “44 l dvuj-~~~c****” -
“68 qocwf++++++++” , “84 uwbyb++++++++” , “28 cydhp++++++++”,
“28 i uyun*~ *~Wc*~c” , “72 sohrg**~’c*~c***” , “12 bwh
“52 qgggj++++++++” , “16 csqcw++++++++” , “96 vrkzw++++++++” ,
“1 12zhrhb*~*~e.~**~ ” , “lO8yqmba* *****“ , “8 a I VOZ * c * * ~ ” ,
“l24zzzzz++++++++” ,

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

i. N: 6
ii . REC: See table below
iii . M: 2
iv. WORK

“8 ++++++++ “ ,
“48 mcwso*~w(**~c**” , “24 frkt b********” , “68 savwu**~c c ~~n’c” ,
“36 i i  k I v++++++++” , “88 vbvbs++++++++” , “ l2Rzoupm++++++++” ,
“ l24zzzzz******** ” ,

J. ASCII to Floating Point Conversion Routine.

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

ii . Al: “10.0625”
iii. A2: Expect: (*041041 *000000 on POP 11)

Expect: (? on IBM 370, Interdata 8/32)

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

i. N: 5
ii . Al: “.0625”
iii. A2: Expect: (*037200 *000000 on POP 11)

Expect: (? on IBM 370, Interdata 8/32)

B-B
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3) Test case: No <fraction> part . Parameters are:

i. N: 3
ii. Al: “10.”
iii. A2: Expect: (*041040 *000000 on POP 11)

Expect: (? or IBM 370, Interdata 8/32)

4) Test case: Ordinary (non-re prest-ntoble ) V.P. number. Parameters are:

i. N: 4
ii . Al : “0.01”
iii . A2: Ezpect:(sO364 t3 sl53412on PDp11)

Expect: (‘ on IBM 370, Interdata 8/32)

5) Test case: Ordinary F.P. ,zurnber. Parameters are:

i. N: 9
ii . Al: “0.5009766” ( 2~~~ 4 0.5)
iii . A2: Ezpect: (*040000 *O40000 on PDpll)

Expect: (?on IBM 370, Interdata 8/32)

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

i. N: 4
ii . Al: “—2.0”
iii. A2: Expect: (*140400 *000000 on POP 11)

Expect: (? on IBM 370, Interdata 8132)

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

i N :  4
ii . Al: “#2.0”
iii . A2: Ex pect: (*040400 *000000 on POP IL )

Expect: (?on IBM 370, Interdata 8/32)

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

i. N: 3r ii . Al: “0.0”
i ii . A2: Expect: (*000000 *000000 on POP 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: 4
ii . Al:

1 1 8 1  1 1 1 1

_ _ _ _ _
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1 0 1 1  1 0 0 0
1 8 8 8 ~ > 0 1 8 0
1 8 0 1  1 1 0 1

• iii. A2: 4

*2) Test case: Array > I word ~si Length. Parameters are:

i. N: 9
ii. Al:

0 0 1 0 1 0 0 1 1  0 1 1 0 1 0 1 0 1
1 0 0 1 0 1 1 1 0  @ 0 1 1 1 0 0 0 0
1 1 1 0 0 0 0 1 0  1 0 1 1 0 1 1 0 0
0 1 1 1 0 0 1 0 1  0 1 0 1 1 0 1 0 1
1 1 0 1 1 1 0 0 0 * >  1 0 0 8 1 1 1 0 1
@ 0 1 0 1 1 1 0 0  0 1 0 0 1 1 0 1 1
1 0 1 1 10 1 1 1 0 1 0 1 0 1 1 0 1
0 0 0 0 0 1 8 1 0  1 1 1 0 0 0 1 1 1
1 0 0 1 1 1 1 1 0  1 0 0 1 0 0 1 0 0

iii. A2: 0

3) Test case: One dunens~onaL array. Parameters are:

i. N: 1
ii. Al:

1 0  1 8
1 0  —> 1 8

iii . A2: 4

L. Virtual Memory Space Exchange.

WilL not be ran on actual machines.

B 1 0
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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 FORTRAI*, on the 11 it was
written in BLISS-il. For the canonical program

RTN(A 1,,. . .An)

the calling sequence for the POP-li was

MOV address of downward—grow i ng stack ,R6

IIOV A1 ,— (R6) 
- ; stack va l ue of first argument

IIOV An ,-(RG)
JSR PC,RTN ; push program counter

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 ) l oad address of argument l i st in Ri
L 15,~ A (RTN) get address of routine to R15
BALR 14,15 jump to subroutine

ARCS DC A(Ai) 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.

C-’
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Regis ter 13 pointed at the base of an area used to store the general purpose reg is ters. The
• actual convention for the use of the area pointed to by register 13 is fairl y 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 1.

For the Interdata 8/32, the ca lling sequence was

L 12,address of star t of downward-grow i ng stack

BAL 1S,FITN
DC X ’ c2*N+2>’
DAC Al address of first argument

OAC 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 of fsets from the
stack pointer as temporary storage2. 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 fuliwords 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 I OC : empty I OAC Al I DAC A2

I BAL’ : DC I OAC Al I OAC A2 I

11n the standard cal l ing convention, on. stores the r.qistsrs startin g at offset 12 from register
13 vi.

STM 14,12,12(13)

2U n i i P c. on ths PDP—11, this is a so ft wars conv.ntion; on the POP—il , the register 6 stack is used
by the hardware. 

C—2
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In both cases, register 15 points to the DC constant. In tne first case, the first address is at
of f set 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 ha l fwo rd immediate

as the first instruction of the subroutine forces register 15 to point to the halfword
immediatel y prece ding the “DAC A 1 .  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 POP-I 1, 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

• regis ter 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-1 1, 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
permit ted to use the area pointed to by register 13 as their work area on the /370. All
‘input” parame ters , those examined by the routines but not overwritten, were passed by
value ra ther than by reference. Those parameters specif ied as being addresses in the
program specifica tions, as we ll as t hose parame ters in to 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 SRCHSTF?

3) SRCHARG, the address of another string

4) ARGLNG, its length

5) LOC, a place to store thm 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)
• DC A(ARCLNG )
• DC A (LOC)

DC A (WORK )

SRCHSTR DC C’Search string ’
SRCHLNG DC F’13’
SRCHARG DC C’Arg’
ARGLNG DC F’3’
LOC DS F

• UORK OS

Under the new conventions, this became

ARGLST DC A (SRCHSTR)
• DC F’13’

• DC A (SRCHARC)
DC F’3
DC A (LOC )
DC A (WORK )

SRCHSTR DC C’Search str ing’
SRCHARG OC C’A rg’
LOC OS F
UORK OS ...

C-4
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• Appendix 0: 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.

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 arionical 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 folIowin~ calculations of the R measure f or 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.

D-1
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Instructions for Completing the IBM 5/370
• 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 calcula tion sheets (8 pages) and a liberal supply of work
sheets. The work sheets are designed to be directl y attached to the listing of your
test program and have entries for each line of your program. Use as many work
shee ts 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
y 

work sheets will be to get accurate counts of
ins truction executions. The calcula tion 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 directl y, but this will be used primarily as a check on your calculations.

1. 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.

2. Attach the work sheets to your program. The work sheets have a line for eac.h
line of your pr ogram , 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 N*R.

3. Go through your program to determine how often each instruction will be
execu ted, using the test data items marked with a plus ( i.) 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 parti cular program, determine the number ~f 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 boolcan matrix transpose program). Failing that , you may need to hand-
s imulate the operation of your program on the test data.

• 4. 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.

5. 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.

6. 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.

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

8. calculation sheet: Far each eff ective 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 regis ters), base plus displacement (one register), and base,
displacement , and index (two regis ters). Add one to the “no. of times executed”
column of the row.

9. 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 (preferabl y in a colour that
stands out), w r i t e  zeros in these two columns, and on a separate sheet make note
of the fact that the instruction was missing.

10. work sheet: Add the number in the “P/ INSTTM column of the ~ow found ~n step 9,
the number of the “RICALC” 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.

11. w ork 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.

12a. calculation sheet: If the entry in the Instruction Table (found in step 9) has an
asterisk (*), the ki and P 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 st ored. For each such starred instruction, look
up its entry in the  “Miscellaneous M and P table ” (page 8), calculate the
appropriate “what to count” number , multi ply by the entry in the N column of the
work shee t , arid add this number to the “coun t ” column of the table.

12b. work sheet: Multi pl y the “what to count number ” determined in step 12a by the
number in the “M/COUNT” entry used in that step, and add t his product to the M
column of the work sheet.

When you have completed these ,calcu lations 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 “P/ INSTTM
column and write the product in the “P subtotal” column.

D-3
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14. calcula tion shect: For each page of the Instruction table , ca lcula te  the su bto tals  of
the “number of times executed”, “M subtotal”, and “R subtotal” columns , fill in the
subtotals at the bottom of the page (Cp1, Mp1, Pp1 for instruction page 1, and so
on), and write these subtotals in the space provided on the Summary Calculation
page (page 1).

15. calculat ion sheet: On the Instruction Format Table (page 2), add up the “S
subtotals ”, “number of times executed”, “M subto ta l ”, and “R subtotal” columns to
give S1, C1, M1, and P1. Fill in the corresponding entries on the Summary
Calculati on page.

16. calculation sheet: On the Effective address Calculation table , add up the columns
giv ing  Ceac and 

~eac ’ and copy these to the summary page.

17. calculation sheet: Add up the entries on the summary page to give the 5, M, and P
measures.

• 18. calculation sheet: Perform the consistency checks given on the summary page.
You should get C1 equal to Cpj + ... + Cp5, and Ceac equal to Cpx + 2C95.

19. work sheet: Multiply the N column of the work sheet by the M column and write
the resul t in the NM column. Multiply the N column by the R column and write the
result in the NP 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 P measure .

0-4
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________________• June 30 , 1976
IBM S/370 CALCULAT ION SHE ET1 Tes t Program : 

______________________

S. M , and R Measures Progra~~er: 
_______________________

SUMMARY CALCULATIONS Date : 
___________________________

S MEASURE

Instruction subtotal , S1
:

Constants and local variables : 
__________

Temporary workspace : 
__________

S r
• M MEA SURE R MEA SURE

• Instruction form at subtotal M
1
: Instruction format subtotal , __________

• Instruction page subtotal , M~1
: Instruction page subtotal , R~ 1

:

• 
M~2

: Rp2 •

• M~3
: Rp3 :

H24 : Rp4 :

• M~5.

~iscellaneous subtotal , MM
: Miscellaneous subtotal , R~ :

Address calculation subtotal,
I R _ _ _ _ _ _

L I _______

R [
_ _

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> C~~ + C~,2 + C~3 
+ C~4 + C~5 

C 1

(2) C CRX + 2C5s

0-5
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- _______________

~~~~ 0 = 2 
__________________ —

INSTRUCTION TABLE

(ALPHABETIZED BY MNEMCN I C )

[NO . TIMES
• 

~ONIC INSTRUCTION ~E.~~CU~~ D M/D ST ~1 SL ~STfl TAL R~’1NST , R SUB TO TAL

A AD D 
_________ I ~ 16 

_______

AD A D D N D S D A L I Z E D L ong) I 8 I 32
APR ~) i )  \~ iT ______________________—  

24 
__________

AL AD~~~~~2~A L I Z~D (shor tL~~~ _________ ___________________

~~~

j

~~

~~~ ADD N OR~L A T J Z E D  ( c h or t )  _________ 12 _________

AU ADD UAL~ 4ORD 2 r 12 
_________

AL ADD LOGIC A L 
___________ 

4 16 
_________

• 
- 

AL R ADD LOGICA L 0 12 ________

AP ADD DEC E~AL 
____________ J

AR. ADD _ _ _ _ _ _  
U 

— 
12 

_ _ _ _ _

AU ADD _ UNN ORNA L I Z E D _ ( sho r t) 
__________ ____________________ ________ _________

AUR ADD IJNN O RNA LIZ ED ( shor t)  
______

AW ADD L ORNALIZE D~~ Iong) 
________ — 

-

AWR ADD UNNO RNA LIZED ( long)  
______ _____ _________

AXR ADD NOR MALIZED (extended) ___________ —____________________ ________ ______

BAL BRANCH AND LINK _________— ________ ___________ - 
8 

______

BALR BRA NCH AND LI NK j 
__________ ________ ___________ 

15 ______ -—
BALR BRANCH AND LINK____________ __________ 

0 
___________ 

9 - 
______

• BC BRA N~1I ON CONDITION ___________ ________ ___________ 
j  4

BCR BRANCH ON CONDITION ___________ ________ L ___________ 
S

BCT BRANCH ON COUNT 2

BCTR BRANCH ON COUNT __________ ________ _________ ________ _________

BCTR0 BRANCH ON COUN T J __________ ________ ___________ 2 _________

BXH BRANCH _ ON_ IN DEX _ HI GH __________ ________ ___________ ________ _________

BX LE BRANCH ON INDEX LOL’ OR EQUA~ _________— ________ __________ 17 ________

C Ca PAR E __________ 4 — ___________ 12 _________

CD COMPA RE (long ) 
__________ ________ ___________ ________ _________

COR Cc~fr ’ARE (long) __________ ________

• CDS CE~ P \RE DOUBI -E AND SWAP __________ ________ ________ _________

CE CO~ ?A R E  (s h o r t)  ___________ _________ ____________ _________ __________

CER I’U~~i~\ ? E  (short~ _____________ 
-CU — ~2 iTPA RE ~ALFWORD __________ 2 S. _________

CL CC~1PA R LOG I CA L ________— 4 1’ ______

CLC~ CO OCIcA L_ (c~ ar ac~~~~ __________ ____________________ ________ ______ —

CLCL C C N I A R E .  LOGICAL LO~.G________ ___________ ______________________ _________ __________

CLI COMPARE LOGICA L_ t L~~~~ j .aLe1.~ _• -•~-_—-- • --—--— • -

CL~ C}IPARE LOG I CAL CHA RACTERS
1~NDER R A D~ _________ _______________ ________ • -—

Page Subtotals 1C~ 1
: >< ~:

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_____________________ 
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______ _________ _________ 
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________

U 4 
_ _ _ _ _ _ _ _ _ _ _ _ _
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-- 

—i—__________________ 
———- —-

~~~ 

-—

I : 0

- 
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IBM S/370 CALCULATION SHEET
June 30 , 1976 Test Program : 

___________

Programer: 
______________

Da te: 
___________________

NME - NO. TIME S
M ONIC INSTRUCTION E~~~Ct7rED MJIN ST I N  SUBTOTA L I RJJN~ T _ - 

P SUBTOTAL

LH LOAD HA LFWORD L 2 ____________ 4 ___________

LN 1
~ LOA D MULTIPLE 

_________ 
F ________ _____—

~~~~~~~~~~ 

________ __________

LNDR LOAD NKGA TIVE J~~~ g) _______ - • 
_ 

-- — JI - ,~_ -______

LNE R LOAD NEG ATLV E ’sho r t) — - — —~~ — _____ ______

LNR LOA D NE GAT IVE 
- -f ~ 

__________

LPDR LOA D POSITIVE (long) 
__________ _________ ____________ _________ ___________

LPER LOAD POSITIVE (short) __________ — — — —

LPR LOAD POSITIVE • 
—________ ________ ______ —

LPSW LOAD PSW __________ — — — —  
S ___________

LR LOAD 
__________ _________ _____ - .  o ___________

LEA LOAD REAL ADDRESS _________ 

0 
~

, -1
LRDR LOAD ROUNDED (extended to

long) 1LRE R LOAD ROUNDED (long to short) __________ _________ ___________ ____________________

LTDR LOAD AND TEST (long) 
_________ ________ ___________ _________________

LTE R LOAD AND TEST (short) — _ ,~~~~~~_ • ,  -

LTR LOAD AND TEST j ~ __________

H MULTIPLY _________ 
4 ~~~ 20 - __________

MC MONITOR CALL __________ —________ ____________ _________ ___________

MD MULTIPLY (long ) 
— _________ __________ _________

MDR MULTIPLY (long) 
— 

- 

.~~~~~~~~ — 0 _ —• ~~~~ - — _____

ME MULTIPLY (sh ort to long) __________ 4 
[ 

[ 20 I
ME R MULTIPLY ( sho r t  to long)  

________ L 0 I 
_____

MM M ULTIPLY HALFL~ORD 
______ _____ •.. _L .2._ L. .. ‘ - - J ..L2 H - ____

NP MULTIPLY DECE-IA L __________ ________ I
MR MULTIPLY __________ ________ ______ ......i~ . ,._ 4...

MVC~~ MOVE_ (character ’) 
__________ ________ ____________ _____________________

MVCL~~ MOVE LONG 
__________ ______ ___________ ______ ___________

MVI MOVE (imn ~edia te) _4 1 
____________ ________________

MVN~~ MOVE N I N E R I C S  . ____________ __________ ______________ _________— _____________

MVO MOVE WITH OFFSET __________ ________ ____________ ________ ___________

MVZ X MOVE ZONES __________ ________ ____________ ________ ___________

MULTIPLY (long to extended) -__________

MXDR M ULT I PLY ( l o ng  to e xt e n d e dj  ______

NXR MULT I PLY (extended)
N AND _________ 

4 _______-— _16

Page Subtotals C~3 
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IBM S/370 CALC ULAT I ON SHEET
Hot 10 , 1976 Test Program : 

___________

Programer:_____________
Date: 

__________________

MNL - NO . T IME S
INSTR U CTION EXECUTED N/INST N SUBTOTA L R/INST R SUBTO TA

NC AND_ (c haracter) ________ ________ __________ _______ _________

NT A N D  ( lormediate) 
__________ 

2 3
NH -\N D 0 

____________ 
12 

__________

(3 OR 
________ 

4 
__________ 16 4

00 a~ OP (character) 
_________ _________ ___________ ________ _________

01 OR (i~~ediate) 
_________ 2 

___________ 3 
_________

OR OR 
_________ 

0 
___________ 

12
PACK~ PACK 

__________ __________ ____________ ________ __________

?TLR PUr1OC TLB ___________ ___________ _____________ _________ ____________

RDD RE A D D I R E C T  
_________ 1 

___________- 1 _____—

RRB RE ET REFERENCE B I T - _______ _______ ________ ______ _______

S S LDT TRACT 
_______________ ______ 

4 
___________ 

16
scK s~: r L E D ; .
SCK C SET EHI~~. I

SD St ] T T R A C I  ;D -E~ALiT :L i  lorg ~ 8 
_____________ 

32 
___________

SOR S~TP TRACT Lv E\~~Li T EDj j n g g~~ ____________ 0 
____________ 

24 
___________

SE ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 
___________ ________ _________

SER SUETEALT -~~iTAL:E~ J ~ ;lmu r t )  
- 

0 
____________ 12 -

SF1 SL’D TRAC T •~~ b FNOLD 2 
___________ 

12 
__________

SIGP SIGNAL PSoCLES OR 
__________ _____________ _________ ____________

SIO START Ij~0 - - — - ___________ ________ ___________ _______ __________

SIOF STAR T I /O EAST RLE E , TCO 
_________ ___________ ________ __________

SL SIJ’D T RA C i ) G I E \ L  • 
- -  

4 
___________ - 16 _____

SLA Si I I FT LEFT S I N G L E  
__________ __________ j  S _________ -~~

SLDA :i i I E T  LE I- 1 DULNI LL 
_________ ___________ 

16 
___________

SLDL SU1F~~~ EFT DO VELE LOCIG A L~~~~~~~~~~~~~~~~ J 16 _________

SLL SHIFT LEFT S I N G L E  L O G I C A L  
___________ S ___________

SLR S LTB TRACT I ,OGIr ~\L  
‘ D 12 

___________

SF SUOT RACT DEC 1:E’~L __________ __________ _____________ ________ ____________

SPKA SET _ ps;_ KEY _ FRON _ A D D R E S S  
_________ _________ ___________ ________ ___________

SPM SET PROGRA M MASK 
_________ ~ 

j 
___________ 2 ___________

SPT s~:i Coo TOICO _________ _________ ___________ ________ __________

____________________ ___— _ _ _ _ _  _ _ _ _ _ _  
12

SRA S- I I FT P EG!LT s I ;LE 
_________ __________ ____________ 8 ___________

SRDA S G L F T  R I G U T  000NU ; ________ 16 ________

S D L  S FT IT D i l  LL LOG IC ~~. ________ ________ ——______ 16 ——_____

i IT I L t O C I i L 
_________ _________ ___________ 

s __________

SEP •~- i i - ND D I : ,  C I N A L
53K S I T  ,~L G L \ O U  KL1 

________ ______ _________ — _______ ________ __________

;age suhto~~~s 
M~4

:
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IBM S/370 CALCULATION SHEET
Test Progran; 

___________

June 30 ‘976 Prograi~ser:  
____________

Date : 
___________________

______________— 

~NO . TD€ S I
MONIC IN STRU CTION EXE CUTE D 

- N / I N S T  H SUBTOTA L R/INET R SUBTOTAL

SSM SET STY STEN MASK 1 1
ST STORE 

________ 
4 4

STAP STORE CPU ADDRESS 
________ 

, ________ —_______ ,_________________________

STC STORE CHA RA CTE R ________ ,~ 1 
_____________________ ___________

STCK STORE CLOCK 1
STCI( C STORE CLOCK COMPARATOR ________  ______________________ ___________

ST~ 4 STORE CHA RACTE RS UNDE R MASK 
________  ______________________ ___________

STCTL~ STORE CONTROL ________ ________ _____ —— - __________-

STD STORE (long) 
— ________ _ -,j 8 

___________

STE STORE (short) ________ ________ _____ --  ___________

STh STORE HALFWORD 
________ 

2 2 
___________STIDC STORE_ CHANNEL_ ID 

________ ________

STIDP STORE_ CPU _ ID 
________ ______ _______ __________

STM~~’ STORE M ULT I PLE 
-___________

STN SM STO RE_THEN_AND_SYSTEM_MASK 
________ _______ _______ ________

STOSM STORE_ THEN _OR_SYSTEM_MASK ________ ________ ______________________ ___________

STORE _ CPU_TD1ER ________ ________ ______________________ ___________

STPX STORE PRE F IX ________ ________ ____________ ________ ___________-

SU SUBTRACT UNNORNALIZE D ( shor t)  ________ ____________ ________ ___________

SUB SUB TRACT UNNOEMALIZE D (short) _~~~_.. - _______

SVC SUPERVISOR CALL ________ _______

~

,___________ 2U __________

SW SUBTRACT UNNO RNAL IZED (long)  ________ _______ ___________ _______— -__________

SWR SUBTRACT UNNOR MALIZED ( long) 
________ ________ ________ ___________

SXR SUB TRACT NORMALI~~ D (extended) _________ ________ _____________ _ , _  _________—

TCH TEST CHA NNE L ________ _______ I _____ _ __ - ,_  -— ____________

TIO •__TEXT_I/O ________ _______ ____________ ________ ___________

TEST UNDER MASK ________ 1 ____________ 3 ___________

TR W’ TRA NSLATE ________ _______ ________ ________ ___________

TRT~~ TRANSLATE_AND_TE ST ________ _____ _______ __________

TS TEST AND SET 4 1

UNPK UNPA CK ________ _______ _______ _______

URD W R I TE DIRECT 
____________ ________ _______ £ ___________

X EXCLUS I VE OR 
________ 

4 
_______ I 16 

___________

XC~~ EXCLUSIVE _ OR_ (character)  
_________ ________ _____________ _________ ____________

XI EXCLUSI VE OR ( immediate) 
________ 

2 I 3 
___________

XR EXCLUSIVE OR 0 12
ZAP ZERO AND ADD

Page Subtotals Cr5
:’ ~M~5 j

__________________________ 

0-11

____________________________________________ 
___________



F - -—-_- -“ —  —,‘--‘--- _________________________

June 30 , 1976 IBM S1’370 CALCU LATION HILL:
Test Program : ___________

Programmer: 
_____________

Date: 
__________________

MISCELLANEOUS H AND R TABLE

INSTRUCTION M
MNEMONIC WHAT TO COUNT COUNT MICO1JNT SUBTOTAL R/COUNT R SUB TOTALS

CLC Characters compared 2 22

CLCL Characters compared 2 28

114 Registers loaded 4

£TL Registers loaded 4 J 11

MVC Characters moved 
______ — 

2 20

MVCL Characters moved 
____________________

MVN chara cter s moved 3 22

MVZ characters moved 3

NC Length of character I 
3 22

____________ 

operand s 
-_____ ________ _________ -_________ __________

OC Length of character 3 22
operands

PACK length of second 3(L2) ;‘~,
operand (L2) 2+~~~- %

\ 30(1 + ~-~) \
[trunf~~ te~
) 

Ctruncia~~~~
)

STCTL registers stored 4 11

Registers stored 4 1,1

TR Characters translated 3 28 
—

lET Characters compared 2 20

XC Length of character 3 22
operands

Subtotals 
f 

)~( )~( ‘ I :  I(~
’
~ j R :
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July 7, 1976
- D.A. Lamb

Instructions for Completing the DEC PDP- 11
Calcula tion Sheet

To assist YOU in the computation of the S, M, and R measures for the DEC POP—
11, we have included here a se t of calculation sheets (8 page~ ~~d -~ Ipb~~aI supply of
work sheets. The work sheets are designed to be dir’-~ t 1 - - ~tt~ r ’~ -d t ;~ the l” ting of
your test program and have entries for each line of yo~ program. Use as many w ork
sheets as you have pages of code in your listing. The calculation sheets w H  be used
to enumerate S, M, and P measures via adoressing modes and instruct i on type.

- The princip le use of the work sheets wifi be to get accurate counts of
instruction executions. The calculatio n sheets will  be used to determine the final S, M,
and R measures. Later we w iil indicate how to obtain these measures from your work
sheets directl y, but this w ill be used primar ly as a check ~ fl veir calculations

I. You w~ll need to refer to most of the calcu latto ’- sheets ~t “ o samc t ’mc , so you
should work at a desk with enough space to spread out ~O ‘~‘ the sheeh a~ once.
You can lay aside the summary calcu lat ion sheet (page 1) since ,ou ,wI i ~ not need
it until the end. You will also need the CF~ ~est Data Spe u c a t ’ O r D  c june 16,
1976.

2. Attach the work sheets to your program. The work sheets have a line for each
line of your program , and a column for the ir is tr ’j et ion type (Mode~, the number of
times the program is executed IN). the s~orare measure (S). the memory transfer
measure (M), the register transfe r measure (P) and the produc ts NeM and NcR.

3. Go through your program to determine how ofte n each Inst ruc on .i.~ill be
executed , using the test data items marked w ith a plus (* )  in the ~~~c ;t: cati ons.
Fill in the N column of the wor k sheet with these numbers. Where there is more
than one set of test data for a particular program, determine the number of times
each instruc tion is executed for each set of data , add the results together , and
write the sum in the N column. If your program is simp!e 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 character ist ics (such as t h e  number of zeros in the matrix
f~ r the boolean matrix transpose program). Failing that , you may need ~o hand-
sirnula le the operation of your program on the test data.

4. Perform steps 5 to 11 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
wri tten.

5. work sheet: Determine the t ype of the instruction (d—double operand, s—sing le
operand, r=reg ister+oper and , f — fl oating point, rn— miscellaneous) and mark the
type in the Mode column of the work sheet.

6. calculation sheet: Find the S measure table on page 2. Add one to the count

0-13
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column of the instruction row. For each immediate or absolute operand (modes
2 and 3 using the PC) add one to the “c ount” column of the “immediate and
absolute ” row. For eac h indexe d and indexed deferred operand, add one to the
“indexed operands ” row.

7. 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.

8. calculat ion sheet: For each operand in the instruction, find the appropriate row in
the Address Mode table (pa~n 2). Note that there are separate entries for by te
and word instructions for modes 2 and 11 (autoincrement and autodecreme rit). Add
one to the “no. of times executed ” column of the row.

10. 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 s t eo  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 ~f the “no. of times executed ”
column of this row. For double operand instructions , add N to the “source mode >

0” entry if the addressing mode of the source operand is not reg ister mode (mode
0), and add N to the “dest mode > 0” entry if the addressing mode of the
destination operand is not reg s ter  mode. The sing le operand , register operand ,
and floating point inst ructio ns should be treated sim ilar l y. if the “R/JNST” and
“M/lNST” columns of this row are blank , mark the row (preferabl y in a colour that
s tands out), wr i te  zeros in these two columns , and on a separate sheet make note
of the fact that the instruction was missing.

10. work sheet: Add the number in the “R/ INST” column of the row found in ste p 9
and the number in the “P/kAOD E” column of the row found in step 8. Write this
sum in the P column of the work sheet.

11. work sheet: Add the number in the “M/INST” column of the row found in step 9
and the number in the “k~4/MQDE” column of the row found in step 8. Write this
sum in the M column of the work sheet.

When you have comp leted these calcula tions for the entire program, compute
the totals in the table s as outlined in steps 12 to 18.

12. ca lculation ~Neet : For each entry of the instruction tables (page 3 t irough 10),
multipl y the number in the “rio. of t imes executed ” column by the number ri the
“M/INST” column and w rite the product in the “M subtotal ” column. Multip ly the
number in the “no. of t ir ies executed ” column by the number in the “P/ INST”
column arid wr i te  the product in the “P subtotal ” column. Treat the “basic ” and
“mode > 0” entries for each instruction as separate entries for the purposes of
this calculation.

13. calc i .i latio n sheet: For each page of the instruction tables , calculate the subtota ls

0-14
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of the “number of times execute d ”, “M subtotal ”, and “R subtotal” columns, fill in
the subtotals a t the bottom of the page, and write these suotota ts in the space
provided on the Summary Calculation page (page 1).

14. calculation sheet: On the S Measure Table (page 2), add up the “S subtotal ”
column to give S1. Fill in the corresponding entry on the Summary Calculation
page. ’

15. calculation sheet; On the Address Mode Table , adrt u p  the r1IiJmr~ giving Cam,
M3~1, and Ram, and copy these to the summary page .

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

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

18. 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 P column and wr ite the
result in the NR column. Calculate the sum of the NM colum- ; this should be the
same as the final M measure. Simi larl y, the sum of the NP column should be the
same as the final R measure.

0-15
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PDP— 1 1 CALCULATION SHEET July 2 , 1976
S , M , AND R MEASURE S Test Program : 

_________________

SU~1MARY CALCULATIONS Progr aurin er:____________________

Date : 
__________________________

S MEASURE

Ins truction subtotal , S t

Constants and local variables : 
_________

Dynamic workspace (includes stack area) : 
__________

S I  
I

M MEASURE R MEASURE

Instruction subtotals , Md : __________ 
Ins truc t ion subt otals , Rd

M : 
_ _ _ _ _  

R _ _ _ _ _V r

H :  
_ _ _ _ _  

R _ _ _ _ _si si

M : 
_ _ _ _ _  

R _ _ _ _ _s2 s2

M : 
_ _ _ _ _  

R . _ _ _ _ _misc m].sc

H f1
: R f1 :

H f2 : R f2 : 
—

H f3 : R f3 :

Addressing mode sub total , Ham : Addressing node sub total , Ram:

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:

(1) Cf1 + Cf2 + Cf 3 + 2C
dO 

+ C
0 
+ C

1 + C 2 
— C

Page 1 of 10 Pages
D-16
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July 2 , .1976

ADDRESS MODE TABLE

NO , TD4ES H R
ADDRESSING MODE EXECU’IED MMOD~ Subtotal R/MODE SUBTOTAL

£

C :  0 
_ _ _ _

1 4

2 (byt e~~~~~~ I 6
mode)

2 (word 
7node)

3 - 2 9

4 (by te 6
mode)

4 (word 7
node)

— 

5 2 9 
—___

6 2 1

7 4 17

C :  M :  >Z~~ R :

$ M.asur.

~Item Co ta

Instruct ions 2

Immediate arid Absolute Operands 2
(* and~~~u) I

I --- -~~~~---

Indexed Operands 2
(modes 6 and 7)

-- 
- -

~~~~~ ~~~~~~~
_
~~~~

-
~~~~~~~~~

_
~ s

__ 
- -

- -~~~~~~~~
- — -
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Floating Point Instruction Table - Page 1

IMne- Instruction No. Times I M/IN ST~M Sub- R/INST [R Sub-
1

monic Executed I total total
—

~

: — t  4 -

ABSD Mak. sb,oiut. (doubis ) I basic - 2 11 -
2 0

ABSF U.k. Ab,oiui. (f i~ a Iu,~5) I basic 2 11  
0

ADDO Add (doubis ) basic 2 33
I 8 8 

—

_ _ _ _ _ _ _ _ _ _ _ _ _  -_ _ _  _ _

ADDF Add (fio.i ,,8 ) basic 2 - - 21
rnode >O — 

4 4

CFCC Copy fio .t.n1 co nd ,t, on codsi 2 11

CLRD Ci.., idoubis ) basic 2 1 7
mode >O 8 

- 
-8

CLRF Ci.., (f iost in i) - basic 2 1
• 

- mode>O 4 i -4 -

- 
4 _______ 

i

CMPD 
- 

Compa ~. (doubi.) basic - 2 1
mode>O 8 8

CMPF Compar. ( f ioat ~n~ ) - basic 2 17 
_______

mod e >O 4 - 4

DIVO D,v .ds (doubi .) basic : 2 33
mode>O 8 8

DIVF Duvud. (f ioatin ~ ) basic I 2 21 
_______

mode> O 4 4

LDCOF Load. conv.~rtin~ doubi. to fi osiun; 
- 

bas i c 2 2 1 
_______

mode>O 8 
~~ 

8

LDCFD Load, Conv.rtun* fio.t,n1 to doubi, basic 2 21
- mode>O I 4

LDCID Load. ~on~ .rtrn 5 ,kar t to doubi. - basic 
- - -  

2 
- 

27
mode >O 2 -2

LOCIF L oad, ~o,~v•r ti, 8 s ho r t  to fiostung basic - 2 23 
*

- mode > 2 - 2 .

LDCLO Load, con~’.rt’,8 10,8 to doubi. basic 
— - 2 27

mode > 0 — - 
4 

-

~~ -2 
- -

LDCLF Load, co0v ertffi $ 10,8 to f io. tun 1 basic 2 23

- —~~~~ 
- 

mode > O
~~< 

4 - 2
Page subtotals :~~t~’I~ri ti-i 8I,

_ - ‘ * _ , — 
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Floating Point Instruction Table - Page 2 
-

IMne- Instruction I No. Times MIINST!M Sub- h/INST IR Sub- 1
monic I Executed total I total

LDD • Load (doubt.) basic 2 25
mode > 0 8 L 8

LDEXP Load Expo n.n* basic 2 12
- mode>O 1

LOF Load (flo .ts, 8> - basic 2 17 
- -

mode>O 4

LDFPS Lo.d fioa t in~ statu s basic 2 13

mode>O 2 - — 2  
—

MOOD Muit iply and inta~ri~s (doubt. ) basic -
mo de>O

MOOF Multip ly m d  int .~ r iza (f loat un~) basic 
__________________________________________________________

mode>O

MULD - Mult ip ly (doubt. ) basic 2 41
mode >O , 8 - 8 

_•
~
_

MULE Multi ply (f lo .ti,8) basic I 2 21 
________

mode > 
___ - - ___

NEGO N.gat. (doubt. ) basic 
~1>’~Zi 2 

_______ 
i i  I

____ ____________________ 

mode>O>u( - 2 
_____ 

0 
_____

NEGF N.5a1. ((10.11,8) basic r 2 
_______ 

11 
________

mode>C) 2

SETO S.t doubt. mod. I 2 10

SETF S.f Fioatin ~ mod. - - 2 10

SETI S.t •ho ,* ints~ar moda I
- 2 —4

SETL - S.t io,8 int.~.r mod, -

STCDF Sto r., conv .rt i,8 doubt. to fi oal i ,8 basic 2 - 21
-

STCDI Sto r., convsrtin5 doubt. to nt.5., basic 2 - 19

- 

mode > 0 - 2 — 2 
—-

STCDL’ Sb , . , conv .,tu,8 doubt. to 0,8 basic - 2 19
m o d e > 0  4 ‘ — 2

STCFD Sto r., convict ” 1 fbo.t i,8 t. doubt. basic ! - 
2 21

mode>O 8 — 8  
——

iuc~J Page subtotals ‘(J~
4F2 ~~~~~~~~?_2 

—

~
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July 2 , 1976

Float ing Point Instruction Table - Page 3

Mne- Instruction I No. Times U/INST ‘U Sub- P/INST P Sub-
monuc 

~~- 
Executed total total 

-
~~

STCFI S lor . conv .rtu ng floati ng to unt.g. r basic 2 15
: mode>0 2 — 2

I STCFL Sto,., convict ing fioatrng t o iong basic ! : 2 
-~~ 17

L mcde >T 0 - - -- - 
- - 4

STD Sb ,. (doub t.) basic 2 25
• mod e>O - 8 -~~~~~~~

STEXP Store Eapon.nl basic 2 12
- mode > O  1 — 1

I STF Sb ,. (float ing) - basic 2 17
mod e> O - - -  

4 _ 4 •

STFPS Sb ,. f loating sla t ue basic ~~~~ 2 13

- - mode >O - -  ______ ____ ____

- •2 - 2
STST Sb , .  sl a lua .nd eacep li o n addr.se basic ~~~~~ 2 13

mode > ~~~~~ 4 
— -

~SUBD Subt,act (doubt.) basic 2 33 
______

I mode >~~~~( 8 8

ISUBF Subf act Wo~~ ng) 

— 

basjc >(2 ’ 21 
—

mode >~i”—><-~ 4 4 
—~~

TSTD lid (doubt.) basic 
“

~ ‘<~~~ 2 11 
—

~~~~~

mode > 0 2 - • 2 
—

TSTF lis t (floating) basic 2 11

-~~~~ - 

mode > 0~ - 2 2 
- -

Page subtotals 
>~~~~ i~~~~~~~~~~~~~~~~~~~ R3 >Z~~ F3 

-~~~~~

D-20
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July 2 , 1 976

Single Operand Instruction Table - Page 1 -

IMne- Instruction No. Times lM/INST
~
M Sub-JR/ INST P Sub-

mortic 
____________________ _________ 

Executed 
- 

total I total

ADC ~~~Add carry Lbasic 
— ? 13

• mode >O 4 ‘ 0

• ADCB Add carcy byt . basic I 2 l
• rn o de >O 2

: ASL Aribh. n.t ic Shift Lift • basic • 2 13 
_________

• 
- mod e> O 4 • 0

• ASLB A,ithni.tic Shift Lift 8y1. 
• 
basic 2 

• 11
• - 

—_ mode > 0 2 
- 

0 --
ASR A,it hmmt c Shift Rig ht basic 2 - 

13 
_______

mode >O - 4 0 — —- 1
I 

ASRB Ar ithm etic Shi ft Rig ht Syt. basic 2 11 I
• 

•
_ _ _ _ _ _ _ _ _ _ _ _  

mod e>O ’>~~~ 
2 - 0 - — -

n

CLR Ci..’ basic 

- —

~ U
mode> O 2 - 2

CLRB Ci..’ B~ t. basic • 2 I 10 
________

~~~de > 0 ~~~~~~~~~~ I — 1

COM Con,p i.m.n t basic j : -  2 13
___________________ 

~mode>0 , -
~~~~ 

4 o

COMB Comp i.m.nt By b. basic 2 11 
_______

Cmo
~~~

>0 , — 2 0

DEC , D.c,.m.n t basic 2 j  ~1
mocfe>0 i~~zT - 

4 
— 

i

DECB • Dac,so,ant Byt. 
• 

basic I 2 11 
_______

mode>0 2 I 0

INC 
• 

j ncr .m.nt basic 2 11 
________

• m ode>O 4 1

INCB • Incr.ni.nt By t . basic ~~~~ 2 - 11
• • mode >0 • 2 

- 
0

JMP Ju mp 2 13

JSP Ju mp to Subcoutun. • • - 26

NEG N.g.t . ,basic - 2 13 
_______

I mode >O 4 0

subtotals ~~
l
~~~~j Csi Cs anti ~~X(’ Mg1

0-21
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Single Operand Instruction Table - Page 2
I 1 T~~Mrte- Instruction No. Times U/INST IU Sub- P/INST I P Sub-monic - ~~x~cuted__ 

- - 
total  

- - 
total

• ‘ I • 
• — —

NEGB N.gat. Byta basic 2 11

— ~~~~~~~~~~~~~~~~i~~i T O
ROL Potit . Lift • basic ~ ‘~Z-~ 2 13

_ _ _ _ _ _ _ _ _— —  

mode >0 

~~~~~ 
. 

*

ROLB R01.l. Lab b Byt . basic 2 11
mode > O 2 0

POP Pobat , Righ t basic 2 13
mode > 0 4 0

RORB Rot ut. Rig ht Byt. basic 
- ~~~~~~ 2 ~~~ _ 11

mode>O 2 0

SBC Sub tr ac i carry basic ~~~~~~~~~ 2 13
mode> O ~~

— ..

SBCB Subtra ct car ’y by b. basic 
- ‘K~ 2 - 

:• ii 
- __________

mode>0 ~~~~~ 2 • ——-
SWAB Swap Byli , bas ic ~T~”~ZZI 2 14

-- 
mode > 0 4 o • -——

SXT Sign E,tend basic 2 I i i

__________________ 

[ m o d e > 0  ~~~~~~~ 2 -2

TST 
• 

T..t basic 
- 

‘

‘<,.,~ 2 11

-
~~~~ mode>O 

~~•~~~~
- 2 2

TSTB lus t Byb. 

i.

1
~~

•
~~~ ii:

• Page subtotals 
~~ 5r cc2 Cg.arnj *>e

_
~~~Mg2 

- 
~

“-

~:K:-: ~~~~~~~~
..
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Miscellaneous Instruction Table

I Mne- Instruction No. Times U/INST U Sub- R/INST P $ub
- monic Executed total total

BPT Breakpoint Trap 6 33

- Branches 2 14

EMT Emulator Trap 6 33

lOT I/O Trap 6 33

RTI Return from Interrupt 6 27

RTS Return from Subroutine 4 22

SOB Subtract One and Branch 2 17

‘ TRAP 6 33

0-23
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DOUBLE OP~~AND INSTRUCTION TABLE July 2 , 1976

(Alphabetized by Mnemonic)

NO TIMES
-_________________________________________________ EXECtJT~~ ______ ____________________— 

ADDRESS M/ ~t Sub — I R / R Sub—
MONIC 4 INS TRUCT ION BASIC MODE IN ST Total Inst 

- 
Total

ADD 

- ‘

add basic count ~~~~~~~~~ _____ i s
source mode ~

- 0 2 
_______ 2

_____________ ______________ 
des t .  mode -~~ 

I 4 0 -

BIC bit  clear basic coun t • 

~~~~
‘
~~ZJ2  

_____ 
15

source mode - o  - 2 
____  

2
______________ ______________ dest . mode • 0 - 4 

______ 
0

BICB bit clear byte basic count • 12 
______ 

I 12 I

sour ce mode :-— 0 - ‘ 1  
______ 

1
_____________ _____________ dest.  mode -> 0 • 2 

______ 0

BIS b i t  set (OR) basic count 
• 

15
source mode 0 

~~~~ 
2 2 -

dest.  mode 0 ~~~~ ‘-<_ - 4 • 0

BISB bit set (OR) basic count 
- 

2 12 I
byte source mode ~- 0 ‘>< 1 1

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  dest. mode~~- O  “~2~—c~ 2 • 0

BIT bit test (AND) basic count > 12  13
source made 0 ~~~~~~~~~~~ 12 2

_____________ _____________ dest. mode • - 0 12 2

BITB bit test (AND ) basic count ~~~~~~~
I 2 I

byte source mode - 0 • - 1  
• 1

F 
_____________ _____________ 

dest. mode ~
- 0 1 1

C~~ compare basic count 1 13
source mode ‘ 0 

~~~~~~~~~~~ 2 2
_____________ _____________ 

dest .  mode - ii 
~~~~~~~~~~~~~~ 

2 2

CO!’WB compare byte basic count ~~~ ._ I2 I
source mode • 0 ~~a-cZ 1 1

_____________ _____________ 
dest. mode - - 0 ‘

~~—c~~ 1 1 ______ -

MDV move basic Count • 13 
_________

2 i 2 — ____________

_______________ _______________ 
dest.  mode - - • 2 — 2 

_____________

MDVB move byte basic coun t 
________________ 11 ___________

_ _ _ __ _ _ _

~~

ur ce

~~~~

d

~~~~~

0

~~~~~~~~~~~ 

1 1 
_ _ _

SUB s btra ct basic count I I

Subtotals 
~d0 ~d.am )~~~

Md 
~~~~~~~~~ 

Rd

0-24 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——
-
— — •~~~~~~~. - -  —-— .-~~~~~~~ - — - —~~~~~~ ——~~~~~~~~~~~~ - • ~~~-- —



_
~

_
~~

_
TI

July 2 , 1 976
DOUBLE OPERAND INSTRUCT ION TABLE

(Alphabetized by Mnemonic)

NO TIME S

— EXECUTED I 
______ ______ ___________

MNE’ ADDRESSI Hf  M Sub-’ RI R Sub—
MONIC INSTRUCTION I BASIC MODE INST Total In-st Total

ASH shift arith— basic count 
~~~~~~~~ 2 

______ 
14 

___________

________________ metica lly address mode -~~ 0 “~~“—., .. • 2 ______ 2 j
• ASHC a rith shift  basic count 2 18

_______________ comb ined addr ess mode -‘ 0 • - 2 
______ 

2 
____________

DIV divide basi c count 2 • 19 
___________

_________________ _______________ address mode -- 0 >‘~~~ 2 • 2 ___________

MUL multiply ~~~jc count 
2 17 

___________

_________________ ______________ ~~4~ess mode - 0 ~~“~~J - 2 2 
____________

XOR lexclusive OR basic count Z 1 2 I 15
_________________________________ address uiode - 0 4 0

Subtotals C 
- 

/Mr ~~~~~~~~ 
- R r :
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July 7, 1976
D.A. Lamb

Instructions for Completing the Interdata 8/32
Calculation Sheet

To assist you in the com putation of the S, M, and P measures for the Interdata
8/32, we have included here a set of calculati on sheets (8 pages) and a liberal supp ly
of work sheets. The work sheets are designed to be d i rectl y attached to the listing of
your test program and have entries for each line of your program. Use as many wo rk
sheets as you ha’:e pages of code in your listtng. The calculation sheets wi ll be used
to enumerate S, M, and P measures via address ing modes and instruction type.

The principle use of the work sheets wilt be to get accurate counts of
,nstruction exec utions. The calculation sheets will be used to determine the final 5, M,
and P measures. Late r we will indicate how to obtain these measures from your work
sheets directl y, but this will be used primaril y as a check on your calculations.

1. You will need to refer to most of the calculation sheets at the same time , so you
should work at a desK w ith enough space to spread out alt of the sheets at once.
You can lay aside the summary calc ulation 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.

2. 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 N*R.

3. Go throug h your program to determine how often each instruction will be
execu ted , using the te~ t data ite ms marked wi th  a plus (4 ) in the specifi cations.
Fill in the N column of the work sheet with these numbers. Where there is more
than one set of test dat a for a particular program , determine the number of times
each instruction is executed for each set of data , add the results toget her , and
wri te the sum i~

-i 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 c haracteristics (such as the number of zeros in the matrix
for the boolean mat r ix  transpose program). Fatling that , you may need to hand-
simula te the operation of your program on the lest data.

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

5. w~~k shee t: Determine the type of the instruction (PR, SF, RX 1, RX2 , RX3, Ru , or
P12) anti mark the type in the Mode column of the work sheet.

6. 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. stat ic

D-2 6
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- D.A. Lamb

occurr ences” 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. 1

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

8. calculat ion sheet: For each effective address calculation in the instruction, find the
appr opriate row in the Address Calculation table (page 2). RR and SF instructions
are inc luded even though they in reality have no address calcula tion. The
addressing modes which involve index or base registers have separate rows
depending on whether the reg ister involved is register zero or not. Add one to
the  “no. of times executed” column of the row.

9. 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 (preferabl y in a colour that
stands out), wri te zeros in these two columns, and on a separate sheet make note
of the fact that the instruction was missing.

10. -work sheet: Add the number in the “R/IN$T” 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.

11. work sheet: Add the number in the “M/INST” column of the row found in step 9
and the numbe r in the “M/INST” column of the row found in step 6. Write this
sum in the M column of the work sheet.

12a. calculation sheet: If the entry in the Instruction Table (found in step 9) has an
asterisk (t ), 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), calcula t e t he
appr opriate “what to count” number , multiply by the entry in the N column of the
work sheet , and add this number to the “count ” column of the table. -

12b. work sheet: Multiply the “w hat 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 U
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 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 “U 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 subtot al” column.

14. calculation sheet: For each page of the Instruction table, calculate the subtotals of

D-27
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the “number of times executed” , “M subtotal”, and “P subtotal” columns , fill in the
subtotals at the bottom of the page (CpJ, M~ 1, Pp 1 for instruction page 1, and so
on), and write these subtotals in the space provided on the Summary Calculation
page (page 1).

• 15. calculation sheet: On the Instruction Format Table (page 2), add up the “S
subtotals ”, “number of times executed ”, and “U subtotal” columns to give S

~’ 
C1,

and U1. Fil l in the corresponding entries on the Summary Calculation page.

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

17. ca lculation sheet: Add up the entries on the summary page to give t he S, M, and P
• measures.

18. calculation sheet: Perform the consistency checks given on the summary page.
You should get C 1 equal to Cp1 + ... + Cp7, and Ceac equal to CRR,SF +

CRXI ,RX2,RI1 + CRX3,P!2.

19. work sheet: Multipl y the N column of the work sheet by the U column and w ri te
the result in the NM column. Multiply the N column by the P column and write the
result in the NP column. Calculate the sum of the NM column; this should be the
same as the final U measure. Similarly, the sum of the NR column should be the
same as the final P measure.

0- 28
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_________________________ 6 July 1 976
Interdat. 8/32 Calculation Sh..t Test program:

________________

S. U, and R M.asur.s Programmer:

Summary Calculation, Date:________________________

S Measure

Instruction Subtotal, S1:

Constants and Local Variables —

Temporary Workspace: 
________

S L I

U MeasUre . P Measure

Instruction Format Subtotal, U1: Instruction Format Subtotal, P1:

Instruction Page Subtotal, Up1: Instruction Page Subtotal, Pp1: _________

P42: — Rp2:

P43: Rp3:

P44: Rp4:

Up5: Rp5:

P46: - Rpg:

• Up7: Rp7:

• Miscellaneous Subtotal, P4~: Miscellaneous Subtotal, Rm:

— 
U [ Address Calculation Subtotal, Rex :

R [ .  I
Consistency Checks ~~ Calculatioits

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

(1)Cp 1 + C p2 + C p3 + C p4 + C p5 + C p$ 4 C p7”C 1
(2) CRR CRX 1 + C~~3 - C,~

D-29
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6 July 1976

Addr.ss Calculation Tebi. — Int.rdata 8/32

Instruction Type of Address No. Times P/ INST R
Format Calculation Executed subtotal

PR 8

SF 8

RX1 X2—O 21

RX1 X2,’0 24 
—________

RX2 X2—O 24

RX2 X2,’0 33

RX3 FX 1—O ,SX1— O 27

RX3 FX 1—O,SX1,’O 
_________ 

30 
_________

RX3 FX1,’O,SXl-O - 30 
_________

RX3 FX1,’O,SX 1j ’O 
__________ 

39 
- __________

P11 X2—O 19 
__________

Rh X2~O 23 -:

P12 X2—0 26

R12 X2i~O 30

Address Calculation Subtotal C5,~ ~eac

Instruction Format Table 
- 

..

Instruction Format No. Static S/INST S No. Times U/INST U
• Occurences 

— 
subtotals Executed subtotals

RP, SF 2 C~~ : 2

RXL , RX2 , Pit 4 C~~1: 4

PX3,PI2 
________ 

6 
_______ 

C~~~ : 6 
_______

~~~~nstruction Format Subtotal U1
D- 30
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6 July 1 976

Instruction Table - Page 1

Une- Instruction No. Times M/INS~ U P/INST R
monic Executed subtotal 

— 
sub total

A Add 4 16

ABL Add to Bottom ot Last 16 38

AE Add fio. ti ,,1 
~~~~~ 

4 16

AER Add fiostin1 point R.1,ut.r 0 12

41.4 Acid i4uif word 2 12

Al4I Acid l4.if word Imn*dmt~ 0 10

AHU Add H&* word t. M.m.r y 4 8

Al Add Imm.d,st. 0 12

AIS Add l,mo.d,st. Short 0 7

AL Autoload

AM Add to M.mory 8 12

AR Add rs~ iut. r 0 12

ATL Add to Top *f Liii 16 38

BAL Br.nch and Link 0 3

BALR Branch and Link Rqiu t. r 0 20

BOCS Branch to Cuntroi Sto r.

BFBS Branch on Fit. . Condition Bsckw .,d Short 0 1

BFC Br.nch on F.I,. Condition 0’ — 1

BFCR Brunch on Eu.. Condition R.5iit,r 0 6

BFFS Brunch en Fs is . Condit ion Forw ard Short 0 1

BTBS Branch en Try . Condition Backward Short .0 1

BTC Brunch on Try . Cond ition 0 — 1

81CR Brunch on T ry . Condition R,1 11,, 0 6

BTFS Brunch on Try . Condition Forw ard Short 
- 

1

BXH Bru nch on Indau H1h 0 17

Page subtotals Cp1 ~~~~~Mp1 )*( Pp1

D- 31
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6 July 1976

Instruction Table - Page 2

Mne- Instruction No. Times U/INST U P/INST P
monic Executed 

— 
subtotal 

— 
subtotal

BXLE Branch on India Low or Equ,i 0 17

C Comp.r. 4 12

CBT Compi .m.nt Bit 4 20

CE Compar. Floating Point 4 12

CER Compar. Floatir ,g Paint R.g..i,r 0 8

CH Compare Haif word 2 8

CHI Compare l4alf word In,m.d.t. 0 6

CHVR Convert to Half word Valu. P.gi,Iar

CI Camp.,. Imm.diai. r — —

~~~

—-— —i-.—

CL Comper. Log ic al 4 12

CLB Covnp ars log ica l By te - 1 3

CLH Compar. Log,cai Hi,lf wor d 2 8

CLHI Compar. Logical Haif word Imm.diat. 0 6

CLI Compar. Log ical lmmidmf. 0 8

CLR Comara Log icai P.g:u ter 0 8

CR Comar. P.g,uter 0 8

CRCI2 Cyciic P.dundancy Ch.ck modui o 12

CRC 16 Cyclic P.dundancy Chick module IS

0 O,vid. 4 24

DE Divid. Floatin g Point 4 1 6

DEP O,vid. Floa tin g Point P.giatar 0 1 2

DH Divid. Half word 2 16

DHR Divid. Half word P.g’at.r 0 14

DR O vid. Q.gis t ir 0 20

ECS Enti r Control Sto r.

Page subtotals Cp2 >‘< P4~ 
Rp~

0- 32

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



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

a

- 6 July 1 976

Instruction Table - Page 3

Mne- Instruction No. Times U/INS U R/INST P
monic Executed 

— 
subtotal subtotal

EPSR E,ichar,g. Program Status Rogi.t.r 0 16

EXBR tochings Byta Rogi.t.r 0 4

EXHR ticcksng. Heif word Rog,at.r 0 8

FLR Float R.1iut .r 0 16

FXR Fl. Rogiat .r Q 8

Lo.d 4 4

LA Load Addr.a, 0 7

LB Load Byt. 1 1

LBP Load Byt. Rsg i.t. r 0 2

LCS Load Compl.m.nt Short 0 5

LE Load Flo.ting Point 4 4

LER Load Floating Point R.gi.ter 0 8

LH Load Half word 2 4

LHI Load Half word Imm.dmf. 0 8

L~~ Load Half word Logical 2 4

LI Load Iawo.diat. 0 8

LIS Load Imm.diata Short 0 5

LU * Load Multipis

LME Load Floating Point Multip i.

LPSW Load Program Stat ua Word 8 
I 8

LPSWR Load Program Status Word P.giat .r 0 16

LR Load R.g,at.r 0 8

U Multip ly 4 20

ME Multiply Floati ng Point 4 16

UER Multiply Floati ng Point Regiata r 0 1 2

Page subtotals Cp3 ) < ~ >< Rp3

0- 33
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6 July 1976

Instruction Table - Page 4

Mne- Instruction No. Times lU/ INST U R/INST P
monic Executed j subtotal subtotal

MH Multiply Half word 2 10

MHR Multiply Haif word R.giat.r 0 12

MR Multip ly Regiat.r 0 16

N AND 4 16

NH AND Haif word 2 12

NH! AND Haif word Immed j ets 0 10

NI AND Immadtst. 0 12

NP__JAND_
Regi atar 0 12

O OR 
• 

4 16

OC Output Command 1 4

OCR Output Command P.gi.ler 0 3

OH OR Half word 
j __________ 

2’ 12

0141 OR Half w o rd Immediate I 0 10

Oh OR Imm.d,,ta 0 12

OR OR Regi ster 0 12

RB Read Block

RBL Ramov. from Bottom of List 16 38

RBR Read Block Reg i.ter

R8T Ru st Bit 4 20

RD Piad Data

ROCS Read Control Store

RDR P..d Data P.g,.tar

RH Read Half word

RHR Read Hilt word Pagiuler

Page subtotals 
— 

Cp4 ~~~~~Mp4 
—

0- 34
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6 July 19 76
Instruction Table - Page 5

Mne- Instruction No. Times U/INST U P/INST R
rnonic Executed subtotal subtotal

RRL 0 8

RTL Remov, from Top of .iat 16 38

S Subtract 4 16

SBT Set Bit 4 20

SCP Simul ate Channel Progr am

SE Subtract Floating Point 4 16

SER Subtract Floating Poin t R.gi.te r 0 12

SH Subt ract Half word 2 12

5141 Subtract Half word Imm.diat . 0 10

SI Subtrect Immadiat. 0 12

SINT Simulate Intarru pt

SIS Subtract Immidi ate Short 0 7

SLA Shift Lef t  Ar i thm eti c 0 8

SLHA Sh:f t Left Half word Ar ith m et ic 0 4

SLHL Stiift Lilt 1-talt word Logi cal 0 4

SLI4LS Shift left Hait word log ical Short 0 6

SLL Shift Li ft logi c ul 0 8

SLLS Shift L.ft Logical Short 0 10

SR Subt iect Peg i,t .r Q 12

SPA Shift Rig ht Ar ithm.t ic 0 8

Si~HA Shift Rig ht Halfwo rd *rithm .lic 0 4

SRHL Shift Rig ht Half word Logical ‘ 
- 0 4

SRHLS Shif t Rig h t Half word Lo g ic a l Short 0 - 6

SRL Shift Rig ht Logical 0 8

SRLS Shift Right log ical Short 0 10

Page subtotals 
— 

Cp5 > ( 
U~5 Rp5

0- 35
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6 Ju ly 197C

Instruction Table - Page 6
_____- 

Instruction No. Times U/INST1 U P/INST1 P
mOnic Executed subtotal 

— 
subtotal

5$ Sun.. Status 1 4

SSR Suns. Status R.g iat.r 0 3

ST Stor. 4 4

STB Star. Byte 1 1

STBR Star. Byte Register 0 2

STE Star. Floating Point 4 4

STH Stor , Half word 2 2

STU * Store Multipl e

STME Store Mult i pi. Floating Point

SVC Supervisor Cail

TBT Teat Bit 2 8

TI-lI Teet Half word Immediat,

TI Tail lmmadiaf .

TLATE Transla t e (branch) 2 10

TLATE Translate (no bran c h) 2 15

TS Teat end S.f 2 5

WB Write Block

WBR W r it a Block Reg ister

WD Write Data

W!~CS W ’ -tii i~ ~n4 .& ~~~~

WDR Writ. Oat. Rigi st i r 0 3

WH Writ. Plait word 2 6

WHR Write Half word Reg i,ta r 
- 0 4

X Eac iua ivp OR 4 16

XII Eicciu.iv. OR Half word 2 12

Page subtota ls 
- 

Cp6 
~~~~

-( Up5

0- 36 
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6 Jul y 1976

Instruction Table - Page 7

Mne- 
— 

Instruction No. Timesj iM/INST M P/INST R
monic Executed subtotal 

______ 

subto~~j
XH! Eaclusi v u OR Half word Immediate 0 10

Xl Exclua.ve OR Immed iate 0 12

XP txciu.iv . OR Reguil er • 0 1 2

Page subtotals !C pl EI.~*z~Mp7 
______ 

7

Miscellaneous M and R Table

Mne- What to Count count U/Count U P/count P
monic 

________________ ______ ________ 
subtotal 

________ 
subtotal

LU registers loaded 4 - 11

STM reg ister stored 4 11

LME registers b ade 4 
— 

11 
________

STME registers  store 4 11

Miscellaneous Subtotals Mm Rm 
—

0-37
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APPENDIX E - S, M, and R MEASURES FOR EACH TEST PROGRAM

INDIVIDUAL R MEASURES

Test Program Caxputer Architectine
IBM S/370 PDP—l1 I.nterdata 8/32

A. Priority I/O Kernel 94713] 10814] 166112]
21146112] 106112] 166117]
3052114] 106114] 214114]

B. FIFO I/O Kernel 222212] 109612] 69812]
4583113] 810[3] 937(41
2226[17] 1419113] 482113]

C, I/I Device Handler 178911) 148011] 190211]
1729117] 11416117] 1391[17]

D. Large FIT 629014(11] 70512(11] 60446(11]
62904{9]* 70512[9]* 500145191*

E. Character Search 560311] 4348(1] 5885(1]
5549 114] 14326111] 313913]

- 10239111] 3091(17] 5767111]

F. Bit Test, Set, Reset 1674[9] 83213]
1542112] 91719] 88719]
1212[17] 801112] 1167112]

12811 hA

G. Runge—Kutta m t .  81+5966[2] 724372[2] b~ t ü ~~ [2]
1203952(17] 665529(3] 6960U9[4]

1012727(17] 7778~6[11]A874923[17]

H. Linked List Insertion 950(4] 1025[13] 834(3]
1741(13] 1087114] 1049(13]
1137114] 1210117] 9651114]

I. Quicksort 7618(5] 74278(5] 13315(5]
754016] 15205(6] 960916]

J. ASCII to float—Pt . 1330(4] 172615] 2100(3]
2578(5] 1512(7] 227015]
2226(7] 1716[17] 1897(17]

K. Boolean Matrix 5576(3] 3180(14] 221616]
566116] 3905(6] 31514(8]
5277(8] 1444518] 3945[17]

L. Virtual Merrory Exchange 1931(3] 2616(4] 2539(7]
19314(7] 291117] 14573(8]
2529(8] 14226(8] 2643(17]

~6-I

~ 
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2ND 2VIDUAL ~ i-U~A~ ~2

Test Progr~in CaroputiUr uix~ hitecture

IBM 7/370 fTP-il Inter~~~ta 8/32

A. Priority I/O Kernel 212 [31 28 [LL 
- 

28 [12]
3514 [12] 214 [12] 32 [114]
522 [114] 214 [14] 28 [17]

B. FIFO I/O Kernel ‘42)4 [2] 208 [21 192 [2]
920 [13] 188 [3] 226 [4]
43’4 [17] 296 [13] - 

11’4 [13]

0. 2/ 0  ~~vic-~ Handler 328 [1] 30~ [1] 1426 [1]
30)4 [17] 290 [17] 279 [17]

D. r~~ F~~ 10810 [11] 1147146 111] 10886 [11]
10810 [9]~ 1147146 [9]~ 8560 [g] C

8560 [17]A

-~~~~ ~raot~.r Sea~~h 9~~ 11] 730 11] 958 [1]
9140 [4] 770 [11] 10)4’4 13]
172)4 [11] 520 [17] 1021 [11]

F. CI— Test,Set,Reset 378 [9] 162 [3] 222 [14]
358 [12] 178 [9] 176 [9]
22 8 [17] 152 [12] 296 [lilA

27 6 [12]

fto~~- — I ut~a Int. I~ 19714 [2] 102662 [2] 100062 LI
22 275 6  [17] 9)4960 [3] 1000)42 [L ~]

176960 [17] 117984 [lilA
138)41)4 [171

~~~~-~1 List insertion 228 [4] 2014 [13] 2214 [3]
?7L 4 [13] 218 [114] 260 [13]
26U 1114] 2140 [17] 238 [i]

I. Oui~*oort 102’4 [5] 114960 [5] 2968 [5]
1008 [6] 3755 [6] 1732 [El

T to i~~oat-~ t .  3111 [U ]  292 [5] 383 LI
1437 [51 275 [7] U23 [5]
‘433 [7] 283 [17] 3314 [7]

~~~l~-~n :-:atr~x 832 [31 582 [4] 38)4 [6]
979 161 776 [6] 566 [2]
896 18] 932 [8] 6140 [17]

Virtual Memory
Exchange 532 [3] 5~41 [14] 721 [7]

532 [7] 566 [7] 1058 [9]
6145 [81 9145 [8] 720 [17]

E-2 -
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~
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INDIVIDUAL S ~~ASURF$~
Test Progrern 0~ rputer Architectt.~ e

IBM S/370 FDP—i1 n erE~~-t ~/?2

A. Priority I/O Kernel 216 [3] ‘48 [14] 26 [1211
286 [12] 32 [121 28 [114]
7142 [114] 32 [114] 25 [171

B. FIFO I/O Kernel 372 [2) 133 12] l~4~ [2]
1465 [13] 124 [3] l’i 2  [ 4]
308 [1w] ‘4~ I~3] ~ c [13)

C. I/O Device Handler 192 [1] 132 [1] 176 [1]
252 [17] 216 [17] 2141 [17)

D. Large ITT 454 111] 766 [11] 550 [11]
14514 [9j ~’: 766 [9]* 1402 19]

1402 [17]A

E. Character Search 10’4 [1] 88 11] 120 [1]
92 [‘4] 136 [il l ~44 [3]
1514 [11] 90 [17] 168 [11]

F. Bit Test,Set,Reset 1414 [9] 68 [3] 02 [4]
122 [12] 78 [9] go [9]
116 [17] 86 [12] 98 [lilA

98 [12]

G. Runge-Kutta m t. 202 [2] 184 [2] 166 [12]
238 [17] 172 [3] 12 - L~~~]2L1 8 [17] 232 [11]A

i~ O [17]

H. Linked List Insertion l’4’4 [4] 162 [13] l~8 [3)228 [13] 182 [14] 198 [13]
176 [14] 194 [17] 164 114)

I. Quicksort 340 [6] 940 [6] 1426 [6]
407 [5] 1534 [5] 524 [53

J. ASCII to Float—Pt . 256 [4] 164 [5] 20E [3]
‘441 [5] 208 [7] 238 [5]
241 [7~ 172 [17] 204 [7]

K. Boolean Matrix 2214 13] 1714 114] 156 [17]
267 [6] 232 [6] 130 [61
284 [8] 284 [8] 180 [8]

L. Virtual Memory
Exchange 292 [3] 25’4 [‘4] 328 [17]

- 382 [7] 250 [7] 310 [7]
414 [8] 378 [8] 334 [81

E-3 HISA -FM-2191..7’1

- - - 
~~
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