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A model cf high-performance ccmFuters is derived from 

instructio.T! tFminq formulas, with ccapcnsaticn for pipolioe 

and cacbc mEmr;ry sffects. The medal is used to predict t h e 

Ferformanc6z cf the 3BY 370/158 and the AEdahl 470 V/6 on 

specific programs, and th $2 rt?sults are verified kY 

compnrXson with actual p?rfcrnance. 3atn col31ect3d sbctui. 

program behavior is cornhilled with the ~erformaxe analysis 

to highlight scme of thtl FrCkleBlS uith hiqh-FFrfcrmance 
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-0ns of the maost important tasks for a ccnputsr d&sigr,%r 

is the evaluation of a ccmputer architectura and i%s 

implementatian. As two specific instances cf that task, we 

CQGSider (11 a comparisan Of the performance cf the IBti 

370/168 node1 1 and thr AZIYAfiL 4fC v/6, which are two 

machines with the same architecture hut different 

implementations, and (23 an analysis of sclfe cf the 

Fropertias of the SEE 370 instruc'ica set. 

The basic goal is to apporzicn thr: time spent by an 

fi-rxecutinq pragram among the various system camponents such 

as the CZiCh e memory, the instruction Fipelins acd ths 

individual. instructians, SC that ~escurce utilization and 

system bottlenecks will appear, This is achieved by using 

models 02 the CFU of each EaChir.E which aLso provide 

estimates of the -total CPU timer. The +ota1 time iS 

important insofar as it is used to verify the acci;racy cf 

the model, since the Fredicted tines are ccmpared to ?he 

actual performance of the machines, 

T.he decision: to make imyiefflentation deFERdEnt mEasur4s 

of CPU performance for two menibers cf a specific 

architecture family has several. advantages: (7) Scme of the 

traditionally difficult problems encconeered whet comparing 
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tuo diffexgnt architectures ars cot. present, since many 

con~founding factors relating tc p.2rformancu l=,valuation have 

the sa;ne effect on both machinr,s. (2) The succ’-ss cf CR@ of 

the 2evals of a ccmplex system can oftEn ks E2asureLI by the 

chasacterhstics of the levels helow, Pfrfcrmancs evaluation 

which is clcse to the implementaticn level cf a conputer 

gives valuable design informaticc at the architrcture level, 

13) The spwd of co2lection arid the pr~cisicn of the results 

are greatly enhanced by having tcols that ax4 taiicred for a 

specific instruction set. (4) Practical. and useful results 

can be obtained quickly, paving thtit. way for more g+neral 

studies. 

I"oint CT view h&3 traditicnally received .a gf3at i52al of 

attention I The system softwar after! requires careful. and 

tender tuning, and boStleoecks WhiCb can have dramatic 

affects on performance must be identified and remcved. An 

abundant literature addresses these ~rctlems and provides 

techniques fcr nzlluticn [AGATf:], 

COlY%, but EOSt of the existing literaturc3 is ncr. written 

for his viewpoint. Cne 62xplanaticn fcr this Fh~RCitleROll iS 

the lack of feedback; users seldom mEplain akcut hardwar? 

design becansf they feel that their CcEFlaints will have 

little effect. ‘Ike result is a scarcity of inforBaticn for 
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use by the designer. nest of the studies ClCS?St to this 

work desl with the coilecticn of data cn instruction 

frequencies. The I!.iost frequent otjfctiver invclve (1) CI 
benchmark studies, (2) ComputeS design, (3) langUage design, 

and (4) gsneral programE+r curiosity. 

Semi-;! studies leave all interpretation itc the reader, 

and become a useful source cf Frimary data [GIE, CCN]. The 

stardiss most applicalc3.e to the ccrcputsr dezicn.zr*s Fcir,t of 

vielr cften provide instructicn frequencies, registar 

utilization, cgcode pairs, and static vs dyRaIC!iC fr~CjW3FlCy 

comparisons, but little tirring or Ferfsfmancs irfornation 

[LON, FLY, OJIN, HEN, AGkj3, ANA, FCSlflak 1. The 

language-crient9d studios have Fsovided similar iaformatioc 

for specific languages, studying the match Izetwaer, the 

language and the Boachine code tc which they must L-e 

?zransfatad [ ALE72, HEN, &LE-?5 ]* 

. 

When their interest is cnly in Ferfcrmanca evaluation, 

US"fS have generally been advised to use benchmark runs 

instead of instruction mixes leased cnly cn instruction 

fWplWlCi%?S* [ WRS,St41]. The use of tirring information with 

thesa icstructions lQiX~?S is made difficult ty th.5 lack cf 

Fublisbed inforEaticn from the ganufactcrers, in particular 

for the high-performance machines, {AEdahl. is an exception 

in this regard {AP!C]), This has fcrced users tc produce 

their OWE doculnents ELI?, EIVIS]. ?hs manufacturers 

thentselves must have studied these CjXleStiGnS, and SCIRG? 
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expurgated papers reveal. glimpses of large-scale efforts and 

sophisticated too 1% but offer little results [VAN, HUG, 

iylori ]*, 

T h"3 pn.-eViDUS studies have shcwn that very few 

instructions (often four or five) represent, 50X of those 

executed, and a fen fitore (often 20 tc 30) represent 90%* 

IhiS would sgem to justify th2 idea that a faw instructions 

rilf acc:aur,t for mcst of a pxogIaa.'s tehaviour arid one can 

neglect iastructions whose frequencies are telcar a certain 

threshold. [Jnfortunately th.is applies only to a specific 

program, No trend has been shcwn ic the inpcrrance of 

instructions, bEcause the instructions which roake 3J P the 

50x, 90% and loo% groups of a proqram arE d;3p&I!dent on the 

FroqramV the Frcqfarnm~2r, and. the language tIEed* Tile only 

instructions which St?f?IIl universally imFcrtaf,t are the 

branchee, which most: often acccuct for abcut 15-30% of the 

instruction counts, .but which still show wids variaticr;, 

The difficulfty with the frequency analysis approach is 

that fsr psrforwance evaluation the 6?3signer ne45 as 

information akont the instructions whick account fcr most Df 

the e.xecu+icn time, AtteraFtinq tc derive perfcrmancs 

coucfusions frcm an instructicn frequency list yields peer 

results b2causG some inStlZUCtiCAS CalI hundreds of times 

SlOWer than others l ?c clctain acceptaklz Performance 

results the designer reeds to consider EackiEc I'fi-pendent 

variables because they arB required for Frccis5 evaluation, 

-- 
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2.0 The Instructioc Tia;ing Zcdel 

2*-l The r?thodologp 

The models of the CPus used here are based OR the 

instruGtion timing forEulaE available frclF the 

lRnufacturers* documsnfs UhiCb describe their CGmpUt6?TS 

fAPID,IEt? 3. Ihesa documents sorcetimzs sacrlfica details for 

ease of exposition (which is net to say that they are easy 

to read!) and represent only the best efforts of an sagineer 

to describe this existing machine. (In deriving tf?~ iik0a6 1 

for the Amdahl machine we were quite fortunate to gt=t .s~Rie 

help from the designers,) 

_ The programs to be nteasurfd were traced in user s tat.9, 

and all the information requirad to ccmpute the instsuceion 

execution time from the formulas was ccllecceed, !A rsccra 

WEiS mad-; of COUnCS of occurrences, values of instruction 

variables used in the formulasI and inforaaticn abcut aemory 

performance, Typical variabl.95 de$xnd or, tte specific 

instruction but may also deEend on the il?F~~lll+~LtCitiO~ 

details. FOE exaar]Fle, t.h f cumher cf bgts?s moved is 

implementation independent, tut measures cf pipeline 

in%erlocks and timing d-slays are not, scme variables depend 

02 instruction environment and thsrafcre raqui~3 informatioc 

about instruction pair and triple distributions, 
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Two priaary constraints caused lis to trace only 

E§*??Z-S%atG instructions. (1) Tracing system scftware, with 

the attendant psfformancs degradation of at leais-:: 50 tc 1, 

would- modify opera%ing system kehavior in ti&izg dependent 

I/O S8ctiCnS* 3y tl-acing only in ussr ll!C,'lG, which is 

kasicaffy not spefd dependent, we eliminate a source of 

error which vculd necessitate a ccmglicated interpretation 

of the results. (2) Tracing the cperatinq system intrcduces 

a larqs EilatkSf cf problems invclving the rEcording of the 

trace data. Gns standard scluticL is tha USC of SaiEFhS 

rather than ccmplete tCdCBS, tut th,Gr, the verification of 

the predicted CFU time is pearly imgcssible, 

Since the timing formulas tic not include the Gffects of 

cache meaeory nisses, the cache EE~OL~ is sZmulat~d for each 

machine l The cachE penalty i s added to the instruction 

exacution time tc oktain the exf.Ected progran: execution 

time, %c; Verify the i'oodel the expected time is ccmpared to 

the operating system accounting tim6 corrected t.G CCE’F~nSate 

for the differencss between the measurement Eethcds, 

IBtl* hGwgvEr:, the Fip+liKlE sffects SeEKI to have -h&en 

averaged into the -fort?ufas in a way which was not clearly 

indicated. This was a Fotential EQP~CE cf difficulty, but 

the effort required to oktail! this infcrmation frcm the 
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logic diagrams and microcod? listings was Frchihitive, ar.d 

unjustiEiad when an error of a HEW percfnt is accs~tzkle. 

Jhe techniques used here are milch HIore ccmFlsx than 

lxznchmarking, kut not as costly as tcta.1 hardware 

simulation. The tools are general el;cugE so thtty can he -- 

and have been -- used for ctker studifs, The itzFortance, 

however, lies in the ability to chacge ,the ECtilFl variab?lEs 

to reffPct propcsed changes tc the existing hardware and to 

accurately predict the performance effects of those changes. 
I 

2.2 Choice cf Factors 

The development of the CFU trodel has been greatly 

influenced k:y the idea of an evclvirg eystam of tools -- 

develoF@snt ‘cq’ successive refineEen%, A crude model and 

simple toc1s were first assfmtled and by successive 

itaration new to~is~ nzzw msasurem~nts, and a mere refined 

model were designed. WE thirk this ar;Frcach reduced the 

l?umber of false starts and the elapsed tim5 of the whole 

stndy by allowing us +1c ccncentrate quickly an the mst 

important factors, 

Tha CPU model usnd is a.n intermediatE one b~tweer! fufl 

simulation at the hardware rcl,gister lS?Vi?l and a 

machine-indepEndent repfesentaticn cf perfcrmance. - The 

decision to include so 5e factcrs and exclude ethers was 

based on our estimatlcn, often suEported l;y Experinentaticn, 

of the effect of those factors cn t.he final -Essults. Some 
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cf the justification frsr the decisions are Fh3s2n%:Ed k.51ow. 

The accuracy of the modfl is sur,pcrted by the EatCh 

l1etue21-1 the Frogram execution time as pretlictG4 Izy thy model 

and the s3lIIE.e time measured by the c~eraticq system during 

actual runs* Performance evaluaticn by benchmarking is 

rap52atable cnly within 2-3% because of the large number of 

uncantrcllable variables, and this thEreforE defines -th?? 

.requirFd precision of ths model, 

An exaainaticn of previously publisk~d instruction 

frequencies might SllggeSt that the IllOre frequent. 

instructiors are thOSe uhcse duration is constant and 

thsrefore do got heavily depend cn execution variables like 

the length of operands. If this were true, then +llcse 

variables could Ize set to prcgram-independent values without 

introducing a significant ~rrcr in tbs result. 20 +~ct this -.s- I 

hypothesis, the Frogram which cc~putes executicr, times Was 

given three sets of executicn variables nith which to 

predict program running time, Cne was a ~rCgX?iftiEtGr’S beSt 

guess cf tte true -ValUeS, and the ether tuc were the 

smallest and largest zxtrsmes which could rEalistically be 

eXpeCted* The results shcued that an instructic~ cculd jump 

from 4% to 50% of the total time deFendicg on the value of 

its variaIz:les with all others remairing thE came. This is 

an unacceptable errctr, especially since errors in the 

variables for many instructions could ccmbine tc form large 

systematic errors, plost of tbs variables which aff5ct 



from related measurements, 

Jhe predicted executicn time is ccmFos6d of t?lF: 

aggregate instruction timing results and a Fenalty for cacke 

eemry misses, 'Ihe aggregate instruction timing results 

have already taken into account the izstructicn ccunts and 

tasic SKSCUtiQl? speed, as well as the pipeline interlocks. 

9h% cachs miss penalty depends cn the reference pattern cf 

the program, the cache organizaticn, acd the data flow 

pattern within: the machire, The twc machines differ rather 

markedly in thCSe respects: the 370/168 OS8S aligced 

doubleword [&-byte) accesses and an associative set size of 

8, uhi1.e the 470 accesses unaligned fullwords (4-bytes), 

USC?S a sat size of 2, but has the salfe total amcunt cf data 

(16K byt"3s) 1 There are also rather significant differences 

in the amount and type of in, ctructicn laokaEaad ~~rf~fm@d. 

To accurately measurr", the cache FEnalty, the -trac% analysis 

Frogram has a detailed sinulaticn of tbk cache acd 

instruction fetch mechanism cf Lath machines, 

Although cache memory miss ratios are known to he low 

[HEB], it is easily shown that the ccntritution of the time 

penalty for +,hd roissds is tot large to Le neglected. Xf the 

giss ratio is 53, with a 480 nsfc Ffnalty fcr a miss, 2 

UEJatQ3ZY requests per instruction, and an average icstruction 

execution tiaf of 300 nsec {reasonable values for thE 

370/168) then the time fcr the cache trisses rE,cresents 16% 



of the execution time. 

TWO other cache organization feateres must be 

constiered in the cache penalty ccrrfcticn. Par IF??!, stores 

always access train memory ("sto~e-throUghJq) which may cause 

extra delays. For Amdahl, there is an Extra Fenafty when a 

+-byte access crosses a cacie line kcutdary. These and the 

Oth@r cache COrrt2CtiOnS are not attributed f.c the 

instructions which caused them, kut ratter accumulated 

separately. 

The executicn tilne reported by the operating system 

includes all user-state and SOllie sup?rvi.sor-state 

inslructiord [ BEN ] * whereas the trace ~rograw mEasuzei?S ccly 

user-state instructions. The tine attzitatcd to these 

supervisor-state instructions executed ifi the .prccsssing of 

Fser-initiated supervisor calls (SVCs) a!USt be Euttractea 

from till; reprted CPU time, !feasurements Yi;re made of the 

charged time for ~13.1 the relevenc, SYCs as tte FrcgraEs were 

traced. The correcticn is very significant for almost all 

Frograms, since koth the nuatker ar.d ccst cf the SYCS are 

high. For +he IhB, for exa@Els, tkf time charged varies 

from 107 usec for an I/Q operaticn tc 26 Bsic for c;Fscing a 

fils. 

Afth;ough -the SVC time ccrrr?cticn could have been 

Eeasured for the original $encEmark Fzcgrams., they were 

SOine~hEkt modified in view Of the sukstantial ccrrecticn 

required (as much as 20%). +iherever Fossitle, the ounbef cf 



II/O operations was reduced by increasing the file blccking 

factors, but WG did not etherwise alter the cFeraticr, of the 

jFrog@ms. Despite this effcrt, the svc timE correction 

remained the factor which intrcduced the largest Cfror in 

the measurt5rests, We alEo added a FCFTBRE numerical 

analysis program from which the I/C Fart: W@KE excised, so 

that few supervisor services were reqaestr;d, 

Since supervisor-state and usEr-state irstructions 

share the same cache, there will ke scme di.sElacement of the 

tjser's i3wrking set** frcm the cache -in I~SFCCE~ to an SVC, 

uhich will manifest itself as a lower tEan ncrnal hit ratio 

whs2n the user's program is rrsuard, An urpublished tote by 

Rossman suggested that this would have a signiflcart effect 

[POS]. xc3 verify this WI% simulatczd the cackE.actlvity for 

cne job uith a large number cf SVCs first assuifing a lOC$ 

cache flush for each SVC, a*nd tken again wikh cc flush; the 

number of CaCtii= misses char;ged by a factcr of IO. 

Eeasuwments ShU%TFd that the actual fracticn cf the cache 

diSF-laC@d by an SBC variss frcn 0.16 tc 1.0, and that almost 

all non-trivial requests completely replace the cache. 

Intarr~~pts which occur during the execution cf thig 

program dc not account fcr a significant increase in 

accounted tirre [since the user-s tate CFU tlner is disabled 

during interrupt processing) but therm could be an effect 

dua to ~aCbe disFlaCem+?nt caused kg the intc,rrupt rcutine. 

On a heavily loaded machine interrupt rates as hig.h as 4000 



per miI?uta are CummoB, r3FrasQnting 16.4 ms cf Extra tia~ 

f1.71 for IElf!) tc COffkFl~t2l~ Kffill tka CZiCECS for Gi3Ch 

gTeco@ of CFO tiae, Since most cf those intilrrcpts are due 

$0 other jobs, this -effect was reduced tc a nE:gllglkle level 

by running thf jcb on an otherwise idle system, so that only 

the few interrupts caused by the kenchaark job itself could 

cause interference, This is urlik,e the SVC correcticn, for 

which nc change in the number of cache flushes is Fcssilzle 

simply by coatrclling the envircnment of the benchmark run. 

similar calculations .for the effect cf channel 113 transfers 

to memory shcw that they haYE even i-cc lccc effect on CFU 

Ferformance. This is true both for iBP, where the charnels 

transfer directly to main lllf3lDCTf and ir.wal.i.date 

corresponding CiJCE6? entriss, asld for Amdah~l, whera the 

_ channels transfer into the CaChee 

2.3 C;vertri+zw of the Measurement Ercgrams 

an interpretive tracn FKCt;KC3Kl (IFACE) g=lnerates a 

record for each user-state instructicn of the measured 

program. T h e record contains the instruction type, memory 

addresses referenced, and the ether requirea infcrmaticn. 

These reccrds are processed by a trace analysis FrOgfai?I 

(A?S?ALY5IS) which generates instructicn ccants, variatle 

valms, and mfiBory accBss statistics such as cache memory 

miss COUAts, which are stored in a suEmary file. In OKdEIz 

tc avaid saTin massive amcants cf intErmfdiate tri3Cf 

information (25 megabytes per traced s~ccnd), the 'IBACE and 



, 

The summary file is converted into a ccur.t file by an 

intermediate program lCCNYERT). Ihe count fils contains a3.f 

the information required to ccm~nte this timicg formulas for 
I. / both machines CGTidEn5ed intc abctlt 500 numbers, An 

inStSUCti.UR statistics program (IMSIAT) USES tte conct file 

and files of encoded instructicn tiiEing fcrmulas tc produce 

thrp': final timing and performance infcrmaticn, 

We devised sEveral iest Frcgrams for VCKi fyirig the 

fcrmulac and understanding the measurement factors. A 

general instruction timing program (XTlflT5) ~23s de.signEd fcr 

precise maasurements of instructicn times, cache memory miss 

penalties, SVC tili!eS, sod the effects of SYCs cn cache 

lwmosy contents. 

2.4 The Instruction liming Fcraulas 

an instruction nay have EEV%KCBl tin icg fcrmulas 

associated with it, correspcnding tc different mcdes af 

eX@CUtiGn* Each individual timing fCKUiUl?l may depend 

linearly on the variables (the most ccmmcn cask) or have a 

more complicated dependence, In generals thrclc- i)'FeS Cf 



limar formulas are encountered. 

Some tiEin formulas reduce to a cccstant, and oftsn .- 
Aly 

4 
cne formula is asfcclated uith an instructicn, 

Examples of this case3 are UtC?st rtgister-tc-register 

arithmetic or lcgical, instrncticns. 

ACI) PEGISTEB IEM ,C8G usec 

Ifif; Amdahl .C65 usec 

Hany formulas have a S.irnF29 finfar dependency cn 

execution varizkles. An t?XaRtFle is a Load NUltiFlE lL?l 

instruction which can be ExpresSEd as 

where F is the number of registers loaded. 

Some formulas may involve variables uklch ar% ccncE:rned 

uith the genera3 environment cf the icstruction. These are 

c.ften measures of the effect cf FiFelice interference which 

causes a delay in the exectlticr cf ap, irstructiou. Examples 

are the Amdahl varfakles Sl and EkC, s 1 acccunte for SCUl@ 

ca59s of pipsline interlocks, and ranges frca! 0 to ,065 ussc 

depending CA the '*number of execution cycles attributable to 

the three wcrds of the instructicn stream fcllcwing the 

instruction cf interest** [AMI:], I:IJC, which is either 0 or 

.0325 usec, compensates for the ccc~rr~nce cf a dcufileuord 

result instruction before the subject instruction, b@CFiUSC? 
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the machine is fundamentally sicgle wGrd criected. 

- 

When several fOrEtUlaS are aszcciatfd ritt one 

iXSt?XlCtiUn, Gach formla aprlifs crlg to a Epecific casc3 of 

its exscution. For examFle, tke Move Character icstructicn 

execution formulas depend in ieFcrtant ways GII tte degree of 

cverlap of ths two cpzrands,. The diff;Erant CZiS@S involve 

not Olllf different CQk?ffiCieEtS* rat cften different 

variables. 

and uhere R = numkez cf tytes moved 
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For all the individual linear forlleufas, VG ce+d ozly 

accumlate the counts and avcraqc variak3.E valce~ fcr each 

cf the tiaing fcrmula cases, 
4 

Unfortunately, soae fcrnulas are not linear in their 

variables, TyFical examglf,s axe ihe decimal arithmetic 

instructions, whers the duraticn deFerids cn tks product cf 

the lengths cr the averaga va3u3 cf tte digits used, FOX 

these we CCi~pUke the appropriate Frcducts cf variables at 

the tiae the prcgram is analyzed, and avEraqe these values 

for ust? by the: ether prcgrams in an equiual@ct linear form, 

These cases cf non-linear fcrrrulas i?ZE sufficiently 

infraquent to justify this sFfcia1 trfatme~t, kut-the effect 

cn timing valuss is too important to igccrf th3110* A si.EFler 

approacl~ would asme that the frcduct cf the averages is a 

sufficisn+. estirtlate of the avcragfz prcZuct, kUt t hxz 

potential errcr is great. 

‘fha fcrmulas are encoded as a string cf records, each 

corresponding tc the ccefficiert cf a term in a sutcasq of r3. 

timing formula for a particular instructicn; tkere are a 

total of 3200 variable names and cceffici~~t Vi3lUG5, A 

nunbering arrd nming EChE!BE was devis;?d that allows 

variables which are common tc many formulas to JCE FroFagatgd 

to all appropriate places, as well as giving individual 

identities tc variables which are mcrci specific. 

I 3.0 Verffication of the aodel. 



3.1 Measurement of Cache Hiss Fenalty 

-. 

Although cache miss penalty infcrraticn is availablE 

fro& thn manufacturers, it klas difficult tc intzrpret 

precisely what the effect cr, icstructicn time is. Since 

measurements are not difficult azd tte correctinn coul3 be 

significant, the values were verified experimentally. To 

datermine the cost cf a cache 1js8, a -test FrogralT 5imFl.y 

fills the cache with known data. A sfccrd 100~ is then 

timei2, in which either the same data is relcadfd, or TSBW 

data displaces the old. The difference in time bet:-wean the 

two versions cf the second lco~, divi&d hy th? numker of 

cache misses caused by the 1ccF which disFlacF_s tEs data, 

provides the cache miss time, ?te value fcuad for IEM iS 

490 nse36, which is not inccnsistent with infsrmaticn from 

the hardware manuals, Far AEdahl, cacke ieisStS (3re fcund tc 

cast 650 nse?c, which also agrees with informaticn frcm the 

designers, 

Once the cache miss penalty is e:tablisIEd, the effect 

of a supervisor request on tEe user Eata in the cache can ka 

measured easily. In a similar fashicn tte cache is filled 

wikh kncwn data, the svc is iSsued, and the cache is 

reffl_lad ,with the same data, Ths second lucp is timEd, and 

- compared to -the identical lock vEen tte SVC is 3ot Fresent. 

The tima difference divided by th f cache Biss penalty gives 

the number of cache lines that were di,sFlacer? 3~11; the svc. 

iote tkat the SeCOnd lOOF must fill the cache ir. the 

/ 
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opposite order frcm the first lcc_F, ctkizrW'=a AL" the L F rj 

If?pl3C@E%3Xlt. algcritbm WQUld catl~f tte crigi2al data to be 

removed instead of the data addfd by the SVC. Table 3 shows 

the f-Zac+' .biOn of Cache disFl3CeHert fCX scme cf the more 

common supsrvisor requests. 

One of the most interesting differences of 

implementaticn tetween the two n?achinoE is the effect of 

data stores on t?zf cache, The IEE al;Froach is tc always 

store data diffctPy into nain memory, arid tc apdats the 

cache only if the line already exists. The Bmdahl. aachine 

updates the cache line if tke data is ~rfsent without 

storing into main memory. If the data is not in the cache, 

ihe line will be r2atl frog Isf2K!OZy* If ttla rrFface%lent 

algorithm must remu~e a line which was mcdified in the 

cache, the memory is updated at the tiire tke line is 

replaced. The IElr? method, callEd "sfcre-thfcughlq, has oftEn 

heen criticized Icecanse it requires a EairJ memory access for 

all SiO3ZC?S [SAP]* Although the stcre can Frocfea i n 

FElEifl2~ wit'h subsequent iastauctions, any subsequent main 

memory accesses must be suspertdsd until the ~smory keccmes 

available, Since the tinning foLmufas do not explicitly 

account fur this effect, it is imFcrtant tc determine its 

magnitude l 

There are three factcrs which ccaEine tc sinizize the 

Fossible deliterious effects cf the star+-thraugh pclicy 
. 

used by II??* The first is that the memcry is organizes with 
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four-way interleaving of ad jacsnt dCUklE%Crd5, SC 1 that 

The second is eLmFly that fased CT; the CFCCd& pair 

i - 'distkution we have accumulated, ccaEecutivs inrtructions 

which store data intc lnemory are relatively irfrequent. The 

third is that even for Fairs cf SUCh instructionE, ttere 

appears tc ks a leveJ_ cf buffering fcr data that must be 

written to main m~!mory~ at least fcr the case vhan that data 

is also in the cache. A Fenalty appears only far the ‘tllirn 

cansecutive store, and tbEn is 360 nsec. The full urite 

cycle time Fenalty of 640 ns~c ccccrs cz:ly fCf the fourth 

and SUbSr;qU%nt store. These factcrs arg sufficient tc 

justify not including a difficul t-tc-comFute correce.on far 

I store-thraugh writes. 

1 
. 3.2 SVC Tirc~ Measurement 

uas measured in crdor tc be akle tc ccrrect the time given 

by the operatkg system, The tine charged fcr each SVC is 

cften largat! and varies frcm Ercgrarr tc Fscgxam even for the 

same SVC type. To accouilt for those variaticns ws measur%a 

the time charsed tc the us2r fcr Each SVC as th-3 benchmark 

programs were being traced. Thf SVC CotreCticn GGmFutfd by 

summing the measured SVC times is therefore quite accurate 

for th2 168 because it was tEe nachine used for the 

tracings, ??cr the 470, the ti@ing grcqram ITIME was used 

to give estimates of the average svc costs. This latter 
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method does&nnct take into acccunt the variaticn frcm Frogram 

tc prngram and the SVC corrections are rcuch 1~s~ liccurate 

,tila?l for the 168. Table I shous the tim;e charged for SC me 

impo%ant SVCc averaged over all ~rcgrams. 

Tt is intaresting that tk< tiane charged for suF43rvisor 

services is often ccrr;paratle tc what erculd be required if 

there uere no operating SystEm. fcr f/3 o&erations, 

Frevious measurenten,t have 5hCWE that *.I! e hardware I/O 

instructions ISlC, TIO, etc.) are incrsdikfy ex~efisivo; 100 

usec is not ususual [JAY 1, Thiz is tc TV ccreFarrd with, for 

instance, the measured chargt ef 1C7 UEEC fcr the request to 

the operating system for an l/C cEera%icn. liote -that both 

cf thesa are more than two crder-c of nagEitude larger than, 

for example, the 0.61 usec n%Gdfd fcr a dcutle precision 

floating pciat multi~Iicaticn. It vccld seem that 

improveBents in the arithmetic units cf computers have not 

teen acccmpanifd hy SiEil?K improvfmEnts in t ke r/n 

interface desl;ite ths existencs cf I/C chafinfl. 

3.3 The Eenchtnark Jobs 

for on@ 3ZIWSY2) they were all Frcducticr, jots uritren- for 

F Ur FOS@S other than performaac$ evaluaticn.. To avoid 

kissing the results with artifacts frcm speci fit lanquages 

cr prograw5, we ~cr~osefy these the three mcst us:zd language 

compilers and programs ccmFiled ty then, 
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(2) FORTGO is the executicc cf the FCSf!rFAB Frogram 

ccmpiled ky PCSTC, It is a numerical. analysis grogram which 

sulves partial differential eguaticrs, 

(4) PLlGC is the executicn cf a El/I prcgram which 

accumulates and FrilltS accounting zuormarir,s frcE ccmputer 

use informaticn. 

(5) CODCIC is a comFilaticn ky the fBlYl Ah'51 Standard 

(6) COECLGO is the executicn of a COECL prcgraa which 

reformats and prints computer 3.3~~2 acccuntisg Infcrmaticn, 

(7) iTNSIL2 is the execution cf a FCB?BAW cukroutine 

which selves kifge-oraer simultaneous equaticnc, No 3/3 is 

done * 

TabIs 2 sumwarizas scme charact$ristlcs cf the 

benchmark joks. 

Veri%ication kasically ccnsists cf ccmparicg the timt3 

Freaictfd by CEf model fcs Each tEcchmask jok with the 

coraactc3d seal exacution time, Ihf time prftlictcd for each 
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benchmas’k, Tgr@d, consists of the fcllcwinq tffw: 

Tins, th% total time psrdicted fscm the tinting 

forro&s, which dms not include the cache miss penalty. 

~ Fenalty, The number of cache Gissss includes the effect of 

SYC axecution on the cache contents. 

TCfOSS, the time psnaltp, fcr Bmrjahl crly, paid whe.:n 

references tc the cache CSOES a linf kcundary. The penalty 

is two cycles [*Of55 usec) for rEads and three cycles [.r7975 

wsec) for writes, and is comFutfd using numbare pravided by 

the cache simulator. Birtuillly all the penalty arises ircm 

instruction fetch, since BCl?E cf the Frograms access 

unaligned data. Thars is nc equivalent FE llalty f OK 3 E w 

because it.s larger instsucticc tuffer Frsfgtches Encugh so 

that twc success.ive doublsucrds can te accessed uithou% 

introducing an additicgal delay, 

The correctEd tine for the actual axecaticn, Trnn, 

consists of the fcllowing teras: 

Tam, the time as given ty -the stacdard IRE accounting 

routines, 

-Tsvc 1 the time attritutgd tc %he 11seer for ths 

execution of all the aupfrvircr calf- -* I li hich must he 

subtracted frcm Tact, 



. - 

Tall@ 3 ~rcoides the values for each cf these tines for 

Each of the benchmarks. For T~rad ar;d IKUR, the relative 

+rc&tags of Each of thair C~BlFGnE~tE iS giver. T hn 

absclute eEz:cr, Trun-Tpred, and %Ee Ferc*nt i?zror, 

{Trun-Tpred) /Irun, appears cn %!-I@ iasi. licfs. The 

PerificatioR EKGCGSs FGiR%S tc large diSCrEFdnCi:?S ketweeri 

saw execution spEe!d (Tins) and tk~ sgced as perceived by the 

user (Tact) * 

The results for TEH are generally fxtre:Otly gccd; fur 

all .except uc8 ptcqram the differences tetueer. the Fredictsd 

and actual sunning tinee arc less than 2%. ‘fkts agreement fcr 

Amdahl is rtot %s gocd, but WE attribute mcst cf the errcs tc 

the Crude lretfiod for neasurinq the, svc tine ccrrection, A 

factor cf two ia the the SVC correcticn, which II certainly 

conceivable uhen an OPEN as 81~asurrd cn the “168 can vary 

from 6 to 33 msec, could easily accaant for all the the 

,+zrrm, 

4.0 Analysis of Results 

y-1 Cpccde Cist.sibuticEs 

It has been observed irany titpes that very few oFcodes 

account for most of a pzogsax8’s executicn, The CDPOIC 

Fscgsanl, for example, US2S EY of t k e available 183 

instructions, but 48 represent 99.C8wI of all instructicns 

executsdl and 26 repreSent 4ic;*Zf!%* TaklE 4 gives the 

-23- 



cpcodes which account for at 'feast 50% of all. instructfcns 

fraqw3ncies of exscution, the talzlc gives tte fraction cf 
4 

axscut,ion time attfibutakle to Each of th? instructions 

listed. Rote that it is ccmmcr. fcr an infstructicn to havs a 

ratio of 2 to 5 in executisn tiff;e Fercentagf versus 

(flvcl instructicn in the COEClC job reFresef,ts 3.92% ef all 

instructions eXWXlt?Sd, hut accounts fcr 14,97% cf TEB 

exscuticn Zime, and 16.47% of the Amdahl executicn time. In 

contrast, the "load" (X) instructicn in the COECLGO job 

execution time. 

The mcst ccmmooly executEd inEtructicns are cften Ilot 

the OlXt?S which account fcr IlGSt. of the- axscutioc time, 

Table 5 shows th2 instruction5 which, for each of the 

Frog-rams, ?ZfSFreSent at least r-ox cf the execution time, 

scme of the ITLtore? exotic and many cf the variatle-length 

instructions of the 370 architecture now demcnstcatE their 

inf luenca; Dioida Cscimal_ {DP) accounts for 18.E5% cf the 

Amdahl time for CCBCLGC, and TrZinsl?lt+Z and lest [TRT) 

accounts for 5.381 of %he IBB tinr fcr FLlC. Tke Farti$UlaE 

strengths and weaknesses of the imF2emectaticns are 

apparent; the Amdahf implemectaticn cf CB sufffrs in 

comparison tc IEH (PCfiTGO), whereas IEM fareE father poorly 

CR STH l Curtain dips in Ferformance are clearly evident, 
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and two such Examples appear in CCBCLC, The Execute IEXI 

instruction, which the hmdahl designers expected act to ha 

impctiant, is a particularly ctvictis grcblem, and has been 

notea before [ME]. The Exclusive Or Character (WC) 

instruction, which accounts fcr E..31% of thy! fxecuticn time, 

is almcst always a case of overlaE discussed in section 4,71 

which II?3 optimized but ABdahl did rot. 

4.2 Instruction Length 

The 370 architecture has three instructicn lengths: 2, 

4, and 6 bytes, which loosely ccrrespcnd to register to 

register, register to mamory, and menory -tc memory 

instructions. Table 5 gives tl?e fracticn cf each tyFt? 

encountered and the average instruction Iength, Tff average 

instruction length does not vary considerably frca Frogram 

+o progrss; the range is 2.92 to 4.49. with mOSt prcgrallis 

around 3.6 bytes, The crly excfFtions are tte COEOL 

programs, fcr which S-byte stcrage to storage instructions 

predominate, ssLd the LXNSP2 program, for which 2-byte 

rsgister to register lnstructicns predcainate, althcugh the 

avaraye does Eot.vary consideratly, the propcrtioa of rimbyte 

instructions varies from YOX tc E?X, and sinilarly a-kyte 

instructions Vary from 15x to 60%. Tte high fraction c.f 

Z-bTte instructicns for LIPISYZ. rfsul-ts from the fact that 

most of the instructions executed axe Fart of a short (26 

tyke) inner loop tha t was highly oFtinizEd by the compiler. 



Q.3 Branch SFcode Analysis 

For EUOSt Frograms stndiEd, tracch instructicns 

raprasfant a considerable fracticn of all instuctions 

executed pKsually 15% to 3CT) d In fiti of %Ee s-c?VBfl 

Frograms traced, at leas-f, CCB of the tranch instructions 

~usually the simple condiZioLal tranc% EC) apFEar2 ir. the 

50% group. 

Zn Table 7, the column marked 3% ~cunt' indicates tf.e 

fraction of all instructicns executed ttat were Fotential 

branch instructions. The cclumn EarlrEd 'X ~3JCC"CC 8 "* - c which 

fCllO%S, shows the fraction cf these Fotectial firacchfs that 

Y%?Z@ succ~~~ful* -.%a- In the 370 architectur; there are two 

classes of b~3nCh~S: unccfdiricnal tKaEChES, and 

conditional kranches whose SUCCESS dfspcaz . cn values at 

execution %ime, Each class contains tcth succG?Ssful ar,d 

unsuccessful branches. The cr.?y crusual subclass is the 

unconditionally tlE5UCCSSSfUl traf.ch, which is a no-cp 

instruction. The second Fart cf 'iahle 7 sho%;s the fracticn 

cf hranchez in Each cf these fccr subclasses as a fraction 

cf all potential bracches encounterEd* 

3ranch instructions can crfate difficulties for 

gipelined inFlew2ntaticns cf ccmFuter architectures,- The 

instruction fstch mechanism is cften a stage in ihe Fipeline 

vhfch is independent of tile instructicn de-coder - I and 

therefore dcfs not recogni.zGz branch instructicns. A naive 

implementaticn results in a large nunber cf unnecessary 
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instruction fetChESi fcllcving a tranch inEtrccticn, since 

the recogniticn of the need to fetch icstuctions frcm *I!+? 

kranch target ccIf8s too late. 

TO address this pLCbl-tlU thf 368 has a rather 

sophisticated wchanism ky which koth tl-a instructions 

follorning the Fotential Branch aca the instructicns at the 

tranch target are fetchAd intc twc separate Sets of 

instruction Izuffers. AlthcugA tkf fractiac of success fcr 

potential branches s63em.s tc te a fairly cccnsistc.nt 60080%, 

-table 8 demonstrates that it deEends keavily on the 

par%icular type of firanch instructica. The designers of tEe 

168 accounted for this fact ky having the inatructicn fetch 

mechanism use tts specific cpccda of the Lrafich tc rs%imate 

the likelihncd cf success. 

In Con%KaSt, the 470 simply treats kraach instructiocs 

as if they had memory operands, and uses tte ocraal memory 

cperand fetch mechanism to fatch tke first tvc wcrds at the 

branch targnt location. Pipeline ccmFlfxity is mir.imi.zed by 

having the executicn unit determire the results required fcr 

conditicnal branches as early as FCSSikfE. This is 

consistent with th2 very successful phifoEoFhy cf the Bmdahl 

designlElrs to keeG thE pipeline as siEFlE as Fcscible. Since 

w2 ganerally find that tranch instructicns ra~ffsent a 

smaller percentage of tke executicr. time Zcr the 470 than 

the 168, it aFgears as though the d5cisian to usf a simpler 

@clchanirra stas a ip2a one, 
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4.4 Branch and Execution Cista~cds 

dne of the cormcn criticistes of the 37C architecture 

invcl-sea %hE? atsence cf Frcgrar-ccurter-relative branch 

instructions. ?able 9 is a typical kranch distance 

distribution which supports this attack, sirace SS-ES% cf thr-; 

branch distances are wi%hin icrre tgtes cf th6 program 

counter. Tkf displacessnt cf 12 kits used in RX branch 

instructions CCD1 d therGfor42 have been IiSEd fcr SlOSt 

kranches so that base registers wculd IavG keen unnecessary 

fcr raost ~rograsa references. The fact ttat: 5c-60% cf the 

kranch distances are within 128 tyt2s of the Frogram counter 

indicates that even an e-bit disrlacemrn t ccu1a kE used to 

considerable advantage, 

Although 45-49s of the lcrqer kranch Cliftartces are 

within 32K kytes, there are still a Eutstartial nuabGr of 

longer branches (88 kytes ani: atcvef rEpresenting calls to 

supervisor routines far from the user’s grcgra& area. 

Eost programs show a few incscrtart EEaks in tie trar,ch 

distance distri'kutian corrss~crdicg tc the in~crtallt program 

100ps. Mote that the asyi8Ustry around the Frograg ccunter 

is aot sufficient to justify ether that a zyareatrlc signed 

displacement for relative branch instructicns. 

Table 7C ShOWS informaticc related to ax4icution 

distances, wfiich is defined to te the nunbsr of trytes cf 
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instructions exfcuted ketween IUCCeSS fU1 krarch 

instructions, The fast cclusrn gives the equivalent distance 

in number of instructions, oktair;ed ty dividing tk~ averaye 

exQcGio3 distanca by the average instructicn length for 

that program. it would seem tc te a rgasclnatle estimate of 

the true average numker of instructions b&%%Erss. s?~cc5?ssful 

Fcr mcst programs, the average tSX6CU,iCr. distar,ce is 

surprisinqly small @.tsss thar, 2; bytes, which is the cache 

line size) but the standard deviaticn is large. There are 

eaten isclated pfakS fpr SelatiYffy large execution 

distances {see Table 11) + irJi%h the excfpticn of -tke EL160 

Froqfab which has the highest averag-f execution distance, 

77% to EfjX of execution distances ar lees tt?a3 22 tytes. 

CistancGs less than 36 bytes acccunt for 4C-69% cf the 

execution distances, This tcl_nds tc jcstify tSa chcice of 32 

bytes for the linesize cf ihe cache cn ttoth aachines, a t. 

least as fal as instructicn f&tch is ccncerned, Ihis is 

also consistent with cider designs fOK inrtructicn fetch 

tUffE?rS * such as t.he KEB 36Cj91 which Eas a 64 byte 

instructicn stack. 

The measurement of oFcode Fair frEquancies ccnfirms 

the that, overall frequency of an CFccds is not icdepsndsnt 

of the surrounding instructicns. Fair cccuzrances are also 

iBporta.nt in perfcr@ance ar.alysis t&cause cf pl.peliEe 

I 
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store- through * Tatle 12 gives thr five alost frequent cpcode 

FairLfor each program, It is net ~nccz~lcrr fcr the measured 

frequency of those pairs ta te 4 to 9 times greater than the 

product of the individual cpcode frequeccies. 

An exzmination cf the frequent c~ccde Fai'K+ ,fai.ls to 

disccaver any pair which QCCU~S frequently encuqh tc suggest 

creating additicnal instructions to replace it, Mar,? of the 

instruction pairs which do occur frequently axe "LhcEe thitt 

when ccmkined nculd say-7 ccly co8 crccde fielCI since the 

ether instructi.on fields vould still te required. Examples 

of this na%ure are test or ccarare instructlcns fcllcn~d ty 

conditional kranches {TM/EC, C/EC) I Paoy ether frequent 

pairs are artifacts of f,.k 8 FKCg?ZaE structure; a siraFPe 

example is thf pair which cczEists cf a locp branch and iti3 

target instructicn. Alexander jhIE75 j Icenticns the 

load-branch pair as an extremly frequent cne for the KFL 

compiler {L-EC is 12.4% cf tte ccunt) , RF find no Fairs 

sith such high frequencies, and ir: Far+_icut,ar find the 

Icad-branch combination to he significant cnly ic twc of the 

SC?V=2n. prcgratas, Prequerit Fairs often result fECEi 

pculiarities of software conventicns; the sukrontine-call 

iT3StrUCtiQR (BALR) is often fcllcwfd by tEe uncccdFtional 

branch [BC) tGcause the first lretructicn in almost all 

subroutines is a branch arcund ttc name cf tte Frogram. Fur 

the POETGO program, %hs extra tranctes (which ccuLd be 

-- 

I 
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easily eliminated by putting tk% rame kefnre the first 

instructicn cf the subrcutine) cost C.7C3( cf the sxEcation 

time of the entim prograrr. Many cf ZkE FICCjI2ll!S have ii 

si.ntiGr extra cost of tetveen C.fX and 1.0% due tc ths same 

convsntion. 

The distinction ketwsen the distrlfuticn of ios%ruction 

Fairs executed aad the static distikuticr cf instruction 

pairs in thf psograra text shcald te carefully sade. Cur 

rosuf%s da not contradict findings fased cn Etatic aEalpsi.5 

[FQS7la, fiEH] that certain Fairs cf instructicns might be 

frequant Enough to justify reglacEBect ky a single 

instructfon tc improve code density, 

4.6 Begisters and Address Calculaticn 

The 370 architecture expresses addresses as the sum of 

a 2U bit base value in a register with a 9% kit di.Eplacem+znt 

in the instruction, Scae instructicns alZzw az additional 

i4 bit quantity in another register tc ke used as an index, 

I n all eases Specification cf register 0 for tte kaso OL 

index indicates that a value of ze10 Is tc be used in lieu 

CT the cuntents of th e register. The hardware dces net 

distinguish 'fiftuesn registers which ccctain addrfEses and 

;63giS%erS which contain index valwec, SO the interpretation 

af statistics akcut kasn and index resictex utilizaticn are 

diffPcult tc relata to the &ICgIEtm csganizaticn. 

Nevertheless infcrmation about the cccurrence of ZEIC. in the- 

register fields can be easily irtgryreted. Taklc 13 shous 



that it is very infrequent fcr instructions t/) specify the 

use of kcth index and base registers. Except for the 

progscam LIWSY2, which is kncwr tc have mar;y array 

references, eo1v to 553 cf the indexed instructiczs do not 

use both kase and Index registers, A rforqanizaticn of the 

370 addressing modes could Frcfitatly icclude a ncn-icdexed 

ncde in which tll45 SFacE saved is usea fez a lcnger 

dfsplacement. 

The distribution of register utillzaticn for address 

calculation shops that no mere than 3 registers acccunt for 

most of the use. The ctfers a ,I e usea fcr addrezs 

calculation less frequently, CI arf us6a for program 

accumulators. 

4.7 OFerana Lengths 

The TBACE Frogram accumulate+ the distribution cf the 

lengths of all the operands fcr instructions fcr which the 

cparand lengths are not imFliEd ky the oFccdG* ThESf? 

opsrand lrngths are fitht3r fixga and aEfined in cthar fields 

cf the instructions (like th*! nilmber of registers specified 

in the Load ??ulti~le instructictf, cr are Zata dcpnd!Ent 

{like the nnxcf.ter c-f tytes whick trust te referenced tefore an 

inequality is detected ifi a Ccnpars Character instsuction), 

'Shes~ variables are required tc calcu1at.s the iristruction 

slaecutian times. 

P5E: the Forposes cf exFositicrz we have divided the 
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Table 3 (continued) 

.11--1-- -I---- e----m --CM-- 
T r 11 n I.940 97.9.F l,fS’j 5E.17 1.165 
----___--_-_Y_-PI_.~__I-_,_._YP-___C-_-_U-----.. .1m.m-w-e- 

Trun-T ~rq- d -.c:!o .G41 
3 error - la25 2.47 
--------------I---I-_________^_________y-~----~-~-~- 

COBZLGC --_ - -pi: -a.-- “.-- *qa~;~hl -.“.- _ 3AyI,: 
Tirre 7 1;180 IF iUE/hsd 

----1-.~1_,-__-_----_-____w___________3 -m.-.,.e.mw--I-.,Q- 

TiE5 4 .251 57.1: 2,451 5'; .67 7.351 
B*Tmiss ,123 i,E7 ,c75 2.43 1,693 
TCTGSS .C36 1.40 

----- -----_ ------ -w-m- 
Tpred 4.418 :cc*f?c 2,soi lCC.00 7.724 
-uI1-.-----^----Y-I.-Ip-Y---.-------~*-----~~--~~-----~.~~~ 
Tf3CC 4*E2 If?O,?C i*52 lCC,CO 1,651 
-?svc .42E f?,F!R .2HS 9.50 l,4Yl 

FC‘qrr L IL A... ---- IEF s,“--.m --- Lncshl --- 9hT’LTC 

'lime y Fiae 3 IEF/Axd 
.~-_---------------_-____l_l________oI___~-~~~-~--,--~ 

Tins 3.711 94.74 1,EE6 77.62 1,SCE 
?*Tmiss .2c 6 5.26 ,a55 lE.72 ,115;: 
Tcrcsc l C89 3.55 

1--w-- ---w- --w--v -we--. 

Tpred 3.517 lCC.~O 2,430 lCC.CC 1.E12 
_--)_---------c-I---____________I_______~"-------~~ 
Tact 4.64 lQG.00 3.10 lCC.f-!Q 1.497 
-Ts flc ,652 14.05 ,LZO 1T.E7 1.t; 

Q-m- --- -M--w ---I_ 
Trun 3.4EE 85.45 2.c-7c E6.13 1.494 
----------I-~---------~------~--"------- 
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Table 3 (continued) 

---e..+..- -.--L-M --e-w- -1-1-m 
TprFqd 7,452 1CCtGr) 4.324 1oc.cs 1.322 
I.--_-I----L----.-----___^___I__w_____c___------~~~~-- 

Tact 8.76 100.00 u c3 lCC,CC 1,655 
-Tsvo .J94 9.73 'xl8 'i.f?7 2*C'-ih 

Cl3ECI.C Tncf b /. Xcf Inst X cl Ex~cut;kcr. ?inz 
Earn? CCJur?.t IE1W A 11 d a h I 

-------.---Y-I----Y---~--.----------- 
1 EC 22.32 18,F-l 13.E.3 
7 12 J. 70 2.c; c .m 
3 f 6.27 ;,i33 

f;;? ?7 

4 T? 4 .e7 ?.EC l.fS 
5 CL?. 4.14 1.37 l.LiO 
6 Y B ',' 5.92 14.37 lE.47 
7 r;CR 3.21 ;.f!ri 2.c4 

--.--- w--c -a--- 
Tctals 51.91 44.15 YC,4C 

---.-----------------____________I_ 
7 L l4.05 c.54 E.64 
3 4. AF 12.CF 2.54 5.70 
3 LE 11.32 5.17 5.26 
4 21-5 10.54 9,&C 5.33 
5 ‘: ? 7.31 7.27 3,4C .J 

VW- ---- --- 
‘IotaIs 55.58 c 3L*-L E’ ;t,E7 
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Table 4 (continued) 

---- w---w a---- 

‘Ictals 5F.86 47.1; li; .4ii 

Inst T%cf Ins+ z of Exfcufricn Tine 
NEIE-’ CCUn+ I E !? knda’nl 

I_I-I----------L-I---------------- 
1 T.E 17.56 E FC lC.11 
2 AT ‘If, 30 &11 7.33 
3 EC 12.46 i1.51: 72.35 
4 SF 7.28 :,tli: 4.10 

-w--- --a- ----- 
‘7 c ? a 1 s 50.80 :3,c4 zz.‘cr4 

*--------------------_L_CI_____ 
7 F 15.5.5 1.t5 1.57 
2 BF 10.72 fC IIc lr,.f3 
7 -. 2PP 2.55 l&Z lC.7t-l 
4 EC5 c .92 i.23 1.75 
5 zvr 7.31 E.4E E.i?T 

m--m- m..--- . m---w 
1ricals 52.44 43.Ei ‘J3.49 

------~---RI---I-----I-I------.- 
1 1. 25.47 15 .LL -- 16 .L/I -- 
3 & i?c I 3.01 lR.7E 14.E'; 
3 ST Ii, 16 7 :,47 'i.eo 

---- 
Tctals 52.64 

--m-w 

47.45 

-m--w 

3E.u-7 

I--m..- 

Fl.iC 

- 50 - 



--I- I-- e..---- -e-w 
TCtalS 55.52 52.35 57.34 EZ.35 
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Table 5 (continued) 

C13BOLGC +.---a.- T,EC --mm.-- 
$iIlS% s$TXSC 

-c1 Nams Time Ccunt 

-I------a..---LI---- 
1 CP 18,65 1.47 
2 ZAP 16,cl3 a.se 
3 A" 15.45 IO.72 

w--d- --I- 
Totals 50.14 14,r)o 

Totals 6i.YE 5Ti.37 

------------w---1- 
1 EC 24.73 24.4G 

-I-- e--d 

Totals 54.99 34.35 
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++**** TAELE 11 

EX-ECUTIOR DISTANCES 

LENG'IB CCQNT cur! % 
IN EY‘IES 

0 
i 
4 
6 

lo” 
12 
::: 
18 
20 
22 
24 
26 
28 
30 
72 
34 
36 
30 
uo 

I 42 
u 44 
cn 46 
I 

zt 
E2 
54 
56 
50 
60 
62 
64 
66 
te 
70 
7i 
74 
76 
70 
I20 
e2 
Err 
eE 
etl 
90 
9.2 
94 
96 
SR 

100 . 

0 
0 

12R30 
61386 
24800 
le364 
44346 
2E190 
12370 
55437 
12826 
12717 

E272 
2931 

15868 
5056 

119 
1926 
3552 

2 
1574 
2806 

1 
eo49 

100 
5601 

0 
228 

0 
2885 
1355 

0 
57 

7375 
57 

0 
120 

400037 EXPCUTICA CECUEICES, AVG. LENGT% 33.964 BYTES, STD. DEV. 48.068 

( 7.556 INSTBUCTICUS OF AVERAGE LENGTB 4.495 BYTES) 

0.0 1c 1 
0.0 I I 
3.21% ~**++*+***++S********* 

le.sf% J*****+**++L*************************~**************************************************************** 
24.75% ~*+***++*+**+**************+** 
29.34% I*********++***+*************** 
40.43% (***++**++***++*++*+**+*+********************#***********#*****~*********** 
46.47% ~*+++*t3*+1***************************#**** 
5O.C7% ~**+***L+******t+*+*** 
cj*g2x ~*****++****+**4*+******~**********+*+**++*****#***L*************************************** 
67.13% ~+#+######++######++## 
7c.3 1% I****++**+******+*+*** 
72. jex I*+*++*+*+***** 
73.11% I***+* 
77.08% I******++*****+************ 
78.34% (********* 
7e.373 I* 
78.05x I**** 
79.74% I****** 
79.74% I* 
80.13% I*+* 
80.85% I+*+** 
80.85% I* 
82.87% I**++**+****+*+ 
Ez.esx I* 
84.29% I*+****+*** 
&4.29X I 
e4.m I* 
E4.35% 1 
85.07% I+**++ 
e5.411 I*** 
e9.411 I 
05.42% I* 
et. 2x I+***** 
E6.2@% I* 
E6.28X I 
e6.3ix I* 

0 96.31% 
0 86.31% 
0 e6.31% 

155 E6.35% 
0 86.35% 
0 E6.35% 
0 E6.35X 

11097 89.12% 

* 

****+++**+**+**s*** 
1732 89.41% I** 

0 09.41% I 
5683 gl.fjfjX I**+*++++#+*+**+++ 
1239 9i.19% I*+* 

0 92.19% I 
1832 92.65% I*+* 
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Table 72 (continued) 

a 
2 
2 
E 
5 

FL 1c 

--**---- 
2.57 
5.54 
2 ; I: 
.i l I 

1.2E 
-;, 34 

+**+** TAELE 73 
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EYl'ES 

1 

4 
5 
t 
7 
E 
5 

10 
11 
12 
13 
14 
15 
16 
17 
lf? 
19 
2c 
21 
22 
23 
24 
25 
26 
27 
2e 
29 
30 
3i 
33 
43 
46 
48 
54 
55 
7c 
75 
80 
81 
89 
9c 

120 
13i 

Tclal: 
AV6: lO.Cfi2 

24263 
2809 

557 
12871 

898 
64 
10 
34 

4 
3 
3 
2 
1 

10 
5 
5 
2 
1 
1 

11 
8 
9 
2 
9 

14 
1 
2 
9 
1 
2 
6 
8 
2 
1 
3 
1 

447 
7 

495 
1367 

872 
2 

14 
21 

942 
46199. 

PEXERT 

52.518 
6.C80 
2.071 

i7.860 
1.944 
0.139 
0.022 
O.C74 
0.009 
O.OC6 
0.006 
0.004 
o.ooi 
0.022 
o.c11 
0.011 
0.004 
0.002 
0.002 
O.C24 
0.017 
0.019 
0.004 
O.Cl9 
0.030 
o.ooi 
o.co4 
0.019 
0.002 
0.004 
O.Cl3 
0.017 
0.004 
0.002 
O.CO6 
0.002 

I****+**~*~Slt++*$*l+t**********~****~*******~*~****** 
I****** 
I++ 
I****+*+$+*++*~+*~+*++**++*$ 
I** 
I* 
1* 
I* 
I+ 
I* 
I+ 
I* 
I* 
1+ 
I* 
I* 
I* 
11 
I* 
I* 
I+ 
I* 
t* 
I* 

;I: 

;r 
i* 
I* 
I* 

1: 
I* 
I+ 
I* 

0.568 I* 
O.Cl5 I* 
1.c71 I** 
2.559 I*** 
7.ee7 I** 
0.004 I* 
O.C?O I* 
0.045 I+ 
2.c39 I** 
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