
, l .**,.,rf\ .,»«-

63*5 
Engineering Mote -440 

Digital Computer Laboratory 
Massachusetts Ins t i tu t e of Technology 

Cambridge o?, Massachusetts 

> 

SUbJECTi 

To: 

From: 

Date: 

Abstract: 

WW I Operating Speed 

Mathematics and Applications Group, Systems Group, Block Diagram Group. 

R. P. Mayer 

December 21, 1951 

Drawing SA-50304 (attached) shows much information which 
should help programmers calculate the speed of their 
programs, and which should be helpful to programmers and 
systems engineers in showing where to concentrate efforts 
to increase over-all computer speed. The drawing will be, 
brought up to date from time to time, and the latest issue 
should always be used. This note explains how to use 
the information on tho attached issue. 

INTRODUCTION 

Sections I, II, and III give a detailed account of VWI 
operating speedo Some suggestions for using this information begin 
on page 6 <• In many cases theso suggestions will tell you all you 
need to know. 

Section I. Equations and Symbols (See Section I of SA-C0304, attached) 

The two equations at the top of the section make use of tho 
letter symtols defined in the remainder of the section. 

The first equation shows the precise time required for any 
order, from time pulse 3 to time pulse 3 (or, speaking very generally, 
for any full time-pulse cycle, even with any future cor.ditions), with 
the two following minor exceptions: (l) Restorer pulses ("RPF") arc 
not now synchronous and so can te handled only on an "average" basis; 
the actual RP time can be somewhat moro or less than this average 
figure, depending on a number of factors (such as tnc contents of jhe 
frequency divider at the start of an ES operation, the length of and 
spacing between, ES operations, etc), (2), 10 times are uncertain 
because of continuing modifications in the equipment, operating drift 
in the equipment, tmd the initial condition of, and previous orders 
given to, the equipment. 
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The second equation shows the precise time required for i ny 
program, with the above-mentioned minor exceptions. Orders whicl tre 
"Op:ated in a cycle mist be counted as many timc3 as they arc performed; 
orders which are nob performed (due to a _cg_ which is inserted to handle 
an unlikely situation) must not be counted; if one or another set of 
orders is to be performed (based on op) then the longer time, the 
shorter time, or soma median value based on the probability of performing 
one of the sets, but not the sum of the orders performed in both sets, 
should be used; orders which do not originally exist but are later 
generated and performed must be counted. In short, count the orderr; 
/hich will actually be performed in the average (or maxinum, or minimum) 
run through the program, regardless of the orders existing in storageo 
This equation can also be used for finding average order time in a 
program by simply dividing the total time by N. Actually, "d" is 
the only AE (Arithmetic Element) time that is not a function of the 
individual order being performed, so that "Dd" is the only correctly 
defined AE time. Each of the others (such as tin) should actually be the 
sum of the individual processes performed, or f 5^ m-V 

The letter symbols, in general, should be self-explanatory,, 
The sketch showing restorer pulses represents LFCP (Low Frequency C?.cck 
Pulses)by long upward marks, HFCP (High FCP) by short upward marks 
,!half" of which exactly coincida with LFCP, RP (Restorer Pulses) by 
long downward marks, LFCP missed (during the RP wait) by high dots, and 
HFCP missed (during the RP wait) by low dots. It is assumed that the 
LFCP occur at 1 mc and the HFCP at 2 mc. "TRP" is the time for HP, 
or the number of LFCP missed. If no restorers occur at all, RPF=3.» 
ES RP (the RP which occur at the start of each LS procerus) are not 
included in "RPF" but are treated separately, under ES. Each order group 
(p, A, T, H, — F, as defined in the chart in section II) groups 
together those orders whose times are defined alike ("T" and "0" could 
be grouped together at present, but not if selective write is not usedc) 

The number of LFCP used in performing an AE operation (or 
ES or 10) equals the number of LFCP not used as time pulses, and .< o 
equals the amount of time that must be added to the order time. 
"Multiply" has 15 "shifts" plus as many "adds" as there are "ones" 
(of positive magnitude) in AC at the time mr or mh is ordered. This is 
done at 2 mc, and the rounding off roquirecfis discussed in connection 
with the "shift" time* "Divido" is performed by pulses from the 
divide pulse distributor which has, at present, a count cycle of o LFCP. 
The si pulse occurs on one of these counts and adds to the step counter, 
which allows 17 shifts. The si does not occur at the end of tho count 
cycle so the lost si Btops the "divide" before the cyclo is completed* 
Thus only 17-1 full count cycles occur. The list, partial cycle uses 
2 LFCP which must be included in the "divide" time., "Shift" (right or 
left) has as many "shifts" as the address of tho order specifics 
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(modulo 31). This is done at 2 mc, but the operation io not completed 
until the next LFCP occurs. If 0 or 1 Bhift is ordered, then no LFCP 
are lost due to the shift (the 1 HFCP used for the shift appears 
between the two LFCP). If 2 or 3 shifts are ordered, thon one LFC? 
is lost, etc So the time lost duo to the shift is half the number of 
shifts, rounded off low. "Scale factor" has as mny shifts (at 1 mc) 
as there are zeros (of positive magnitude) preceding the nost significant 
"one" (which may be in AC or BR), not counting the AC sign (which 
always has a pouitive magnitude of zero). But these shifts are preceded 
by a sensing pulse, which may be taken into consideration by including 
the AC sign digit in counting the zeros. If there is no "one", the 
process is terminated when the atop counter overflows, rrhich occurs 
after 33 shiftSc. Tnakiag 33 +• 1 s*u»in̂  »34. 

The selective write system of operating ES affects time only 
in that an ordinary "ES Read" ia added preceding every "ES Write,," 
The equation for any program is written so that an ES Read 5s included 
on all orders containing an ES Write if and only if selective write is 
used, with the oxception that group "0" includes the ES Road regardless 
of whether selective write is used. The read (or write) process time 
can be found by adding up the ESC ReBot times from "Read" (or "Write") 
to "F" (found on the latest drawings for ESC) as shown• The read 
process thus includes the rewrite. But the write process does not 
include the previous read, which is handled separately by use of "SW", 
the selective write factoro 

The 10 times are, at this time, so much subject to change 
that it is hardly v/orth-while discussing them. It might be pointed 
out that a program, or section of a program, with any present 10 
orders (tacMing 'scope display orders) will sometimes be 00 short, 
compared to the 10 time, that it io not necessary to consider the other 
order tiitse at ali,0i' *** any groat detail0 

Section II. Individual Order Times (See Section II of SA-50304, attached). 
l l ^ M HIM • m • l l l l I I I I I II II • I I I • I II 

The numerical values tabulatod in the left half of the section 
result from using the equations (in Section I), with the assumptions 
shown in the remainder of this section. The symbols used are the same 
as in Section I except that ESR is written "R" when it obviously refers 
to ES rather than an order group. 

The assumptions were chosen to represent conditions usually 
found in WWI these days, with the following exceptions 1 10 time iB 
not included but should be handled separately (see discussion of 
Section I); no extra HG time is assumed although it may occasionally be 
U8ed, in which case such time should be multiplied by (NR+BW) and 
added to the order tirao; likely AE times have been assumed, but if 
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information about the AE time for the specific order is available it 
can be inserted es shown in the column labolled "composition" (ro'"e: 
"d" time can be assumed not to vary with tho order). Restorers (5/l6) 
are assumed (RPF = lG/ll), except that two columns are labelled "Ho R.Pc" 
for convenience in investigating possibl3 future operation of WWI with
out restorer trait periods. (Note -chat all columns assume 5UB of ES RP 
whenever ESR or W occurs). The order might be stored in ES or To, and 
its address may refer to ES or TS; the four possibilities thus prosentec! 
are tabulated La four columns, "TS Only" through "ES Only." For 
"ES Only" the ES procasses involved are tabulated under "ES Used," 
(tho first R is for tho order, and the remainder is for the address) 
and the total ES time3 for any of the above four cases is listed under 
"ES Times A3Bumed«" 

Section IIIo Average Order Times in Programs (Soe Section III of SA-50304,attached) 

Tho numerical values tabulated in the small black box in 
the upper right-hand corner of this section result from using the equa
tions (in Section I), with the assumptions of section II and with 
assumed programs as shown in the upper left-hand corner of this soctiono 
The graphs at the bottom of the page show the same results, with and 
without RP times, and for a wide range of ES times. Note, in particular 
that NO IN-OUT ORDERS ARE INCLUDED in this section. 

The values for assumed programs tabulated in "Percentages of 
orders used in programs" wore obtained by counting orders performed 
(as discussed under Section I) in the following actual programs: 
(l) Selected urograms written by the Application Study Group (C^62 to 
C-104), (2) Rll55 (L-l), (3) E-161 by Orden, (4) R-156 by Adams, 
(5) a program written by John Dodd. (See E~267, "Time Saved by Simul
taneous Operation of AE and ES.") Each of the last four programs consist 
of two distinct partn, and all the programs listed as "program (l)n 

are grouped together as one "part." Percentages were found for the 
orders in each part separately. The maximum (and minimum) percentages 
found, regardless of which part they occurred in, are tabulated under 
"Hax" (and "Min**). Tho values tabulated under "Mod" are approximate 
weighted median values between max. and mine These three columns are, 
of course, not ormalized to 100/S. From these values several kinds 
of programs wero assumed: an average slow program was assumed to have 
a minimum use (see "min" column) of P, A, and S orders (which are fast 
orders — see "ES Only" in Section II), a median use of M orders (which 
is medium speed), and a maximum use of other orders (which are slow)0 
These values are tabulated under "Slow Ave." after having been normalized. 
An average fast program was assumed in Just the reverse way and is 
similarly tabulated under "Fast Ave.". A medium speed program is assumed 
to have a median use of all orders, so the column "Medium" ia merely a 
normalized version of "Med." The "illustrative Sample Prô rami' show 
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possible sequences of orders which fit thes« throe assumed sp^ods 
fai'-ly closely. The rSlow Limit" (or "Fast Limit"} is the Blorost 
{•• fastest) tho computer can be .-nude to operate under the giv n 

options (no in-out, etc), and will never be reached (for •• 
&pp eciable length of time) in a program without a conscious off* - bo 
do nothing but reach it* This is because the slow limit results from 
continually repeating the order sf WHEB AC PLUS BR EQUALS ZERO,, which 
mak3s very little arithmetic or logical sense, while the fast limit 
results from continually repeating SJD or _cp, which also rmkea very 
little sense., If only test storage i3 used, the Blow limit resultn from 
repeating order ̂ v (which makoK very little sense), whi?.« the fast 
limit results from using orders from only groups P, A, '.?, and 0 (which 
are all the orders considered which do not use AE) and oan easily to 
reached in useful programs,. 

These tabulated values for assumed programs wero thon 
inserted in the equation for Average Order time (Section I), and the 
results are tabulated in the black box0 The most important figure is 
the average order time for a medium speed (or "average") program whioh 
exists entirely in ES, This figure is emphasized by being plaoeo in 
a special black box. 

Values for the graphs at the bottom of the page were cal
culated in the same way, except that no RP were included (see below)f 

and ES Read and Write times were made variable0 It is assumed that 
test storage is not used, but if only TS is used, then this is equiva~ 
lent to an ESR and V? of zero, which oan be found on the graph,. The 
equation for average order tine can ba rewritten as: 

Avec Tiro = IL+Kg (ESR) + Kg (W) 

where each K is a function of the number of various kindn of orders in 
the program, and replaces a nuicbejr._of symbols in the original equation 
in Section I, (For example, K^ =(_N» •+ (A•+0•+1A-D•) + (SW)(T''+F'+H' )J , ) 
Each X can be found by inserting tho various assumptions in the original 
equation. The graphs can then be drawn. Then if RP are assumed the 
ESR and H time must be changed, bub also the value of E, changes by an 
amount equal to 

*4 = h <RPF) h -«/».—i) --^(sS^) 
so that the above equation oan bo rewritten as 

(Ave Time with RP) = (Ave Time) + K.o 

Since K. is also r. function of the number of various kinds of orders, 
K for each assumed program is listed under each graph as a value to 
add to the value obtained from tho graph. 

» 
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The graph for t h e medium Bpeed program i s not shown in 
Soct ion H I * but i s shown s e p a r a t e l y on SA-482G4-G (a t t ached)c 
"?his graph i s cons t ruc ted in the same way as the o t h e r s , exoept t ia t 
ii, i s not merely s t a t e d but i s used t o provide an a d d i t i o n a l nciij so 
t h a t t imes wi th and wi thout RP can be read d i r e c t l y (but d i f fer* . :^ 
va lues of ESR and W must be used wi th and without ESRP)v 

Al l of t h e above graphs are combined on SA-48265-G ( a t t a c h e d ) , 
but RP a r e assumed and ES times a re assumod (but wi th v a r i a b l e KG t ime) 
as in Sec t ion I I . These curves thus p resen t the same information as the 
black box in Sec t ion I I I except t h a t a wide range of ex t r a HG time i s 
ahdwn. Note t h a t 

(Avo„ order t ime) = (Ave, order t ime wi th NO HG)+K (HO) i-K (HG) 

which can be r e w r i t t e n as 

Time = K _ + ( I 0 + I J (HG) 
o d o 

or as 

Time = KC+MHG) 
o o 

where K5 i s tho va lue found under " a l l fc£" i n the black box of Sec t ion I I I , 
and K can be found e a s i l y • The curves oaii then be drawn, p l ac ing 
"0" HG away from t h o v o r t i c a l oxiB by ESR .Tor convenionce, and showing 
the "All TSn va lues a l s o (which a re NOT an ex tens ion of t h e simple 
equat ion above)<, 

Suggest ions for us ing t h i s information (SA--50304, a t t a c h e d ) * 

1 . General 

A. Consult tho l a t e s t i s s u e of t h e drawing (not a t t a chod )^ 

B. Tho average o v e r - a l l speed of W7H i s g iven in t h e s p e c i a l 
b lack box of s e c t i o n I I I , but t h i s doos not inc lude In-Out order t imes 

C. Seo s e c t i o n I for I - 0 t imes • 

D. For some programs, the I - 0 time alone determines tho speedo 

E. For many programs, average o v e r - a l l speed plus I - 0 -;imo i s 
s u f f i c i e n t l y a c c u r a t e . 
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P Sooo programs, or sections of pruj^ains (e»g. those tsioweon 
1-0 orders) , make l i t t l e or no use of 1-0 o r i e r s . They cur. be 
analyzed as follows: 

2 . If the program time is not c r i t i c a l the black box figures 
of Section I I I should be suf f ic ien t , and indicute the range of peeds 
to be expected* (Also,see Homograph below.) 

p . If the program time is somewhat c r i t i c a l , or rathar c r i t i 
cal in a very long program, the values of Section II should bs 
sufficient—possibly modified by information about shi f t -order addrass-
e s . (Also, see Nomograph below.) 

C. If the program t:rae is quite c r i t i c a l , esprc ia l ly i f i t is 
shor t , the values of Section II should be modified by the *>, d, s, 
and f" timos found in Section I and applied as shown in secbicn II under 

composition." (Remember that RP time can increase or decrease the 
order time, and is correct only on the average). (Also, see Nomograph 
below.) 

G . If HG time is to be added, add i t to every u3e of ES 
(see Section II under "ES used"), or see SA-48265-GV (attached)., 

H. if any changes in timing or organization of WWI occur, refer 
to Seotion I> 

\J. Drast ic , or unforeseen, changes in WWI may require complete 
revis ion of a l l sections« 

Programmers 

In addition to finding the time required for a pa r t i cu la r 
program (see "Suggestions, 1. General"), a programmer can t e l l 
(usually from Section I I ) which orders ho should use to provide the 
fas tes t program when several programming p o s s i b i l i t i e s exist. . From 
Section I I I he can get a feel for the range in average speed poss ib le 
between "careless" programming and "eff ioient" programming ( t o t a l speed 
is more important than average speod,but with a fixed amount of 
storage the two may be closely r e l a t e d ) . Ho oar. also get a feel for 
the number of dv orders , e tc* , he is l ike ly t o have iu an average 
program, 

3; Systems Engineers 

In addition t o estimating tho times required for performing 
cer ta in kinds of programs (see "Suggestions, 1» General") , the system 
engineer can estimate (usually from Section I I I ) the over-a l l saving 
in operating speod tha t wi l l r e su l t from making any timiag change in 
any order , and thus can determine how much effor t should be spent in 
making such a change (for instance, i t would probably net be worth while 
to change dv)„ Ho can alBO t o l l what savings wouM r e s u l t from reducing 
RP timo, ES"~time, e t c Section I I I (Bormalizod t ab le ) indicates 
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the duty f ac to r* of the d i f f e r e n t groups of orde3-p and so can be used 
to find duty f a c t o r s fo r some of the component* in WWI, an thus 
i n d i c a t e th;; p r o b a b i l i t y of c e r t a i n f a i l u r e s occurr ing o r 
de t ec t ed between periodo of t^Gt ing , e t c , 

Nomograph ($A•• 50530* a t t a c h e d ) 

Thi3 nomograph p r e s e n t s some of the information of 
Sect ion I I in a form convenient for f i nd ing t o t a l program timn or 
average order t ime. Also, t he AK times a r e presented in f u l l find not 
merely assumed. The nomograph can be used by talcing a s t r l o of pacer 
and marking off , end- to-end, the v e r t i c a l d i s t a n c e s taken i r o n the 
nomograph for t h e number of o r d e r s of each grouu. The t o t a l length 
thus marked off can then oe Dlaced aga ins t t h e sca le to f ind t o t a l 
o r average t ime- A t o t a l of 100£ must be marked off to f ind ->verage 
o rde r t ime, but any number of o rde r s may be .-narked o l f to find t o t a l 
program time The "number of o rde r s " s c a l e and the " t o t a l t i n e " s t a l e 
may be m u l t i p l i e d by any convenient power of t ea to handle longer c r 
s h o r t e r programs. 

Signed: g y g flui^ 

H. P. Kayer 

Approved • 

H, fl Eve re t t 

Drawings Attachad: 

SA-50304 
SA-48264-G 
SA-48265-G 
S A - 5 0 5 3 0 
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