June 30, 1970 S. P. FRANKEL 3,518,629
RECIRCULATING MEMORY TIMING
Filed Feb. 6, 1964 36 Sheets-Sheet 1

/M:ZIZ (220 204 9/4 00 220, P
| loc| 2 11117081 91| =] lee|
b gz2|| 06| |l RES * 134 Acc 5
728 | gear #% 7 ﬂd
™ Q=L & | |#éa =
elleda) e 4 o L] [ | [
730 | 5fore - |
Q-2 KQ
MEM )| " s26 || _ 220 ~oJ, 1 2 5 Yaiid
132 1 /4 s
Xch. 778 /
M wrem||P8 K 0 ° ( X L)c(c
200 202 122 h
IAVENTOR :
" Shan/ b4 PLranks/

,% KA o /z%«f%

Aforneys



June 30, 1970 S. P. FRANKEL 3,518,629

RECIRCULATING MEMORY TIMING

Filed Feb. 6, 1964 %35 Sheets-Sheet 2
N
b
]
W
N
Ry
£
rﬁh‘J—*—
|
-
i {
P
o
o 21
» <
IR N~
»
N N LNty [ow )
XX/ N W 1 N 3 N
V \0 ? L is& N 1—J‘c_k____l——-—‘——q
T e s
, 0?9 N | W
‘}( "}( :} N ®
- < Nk
B Fe 3.,: NI PN
l'd W S
SIS Fy :‘: G PR
- Y.L
.3 e v I jT-———oQ'
" N L
.
N
hn T ¥
Y NN

3& S o
R N . INVENTOR-
»—-LI T——o% .6‘44/..0,4 R Lrante/

&;f&% ? HL.fnt orh

ﬂﬁ‘wdeyf




June 30, 1870

Filcd Feh. 6, 1964

S. P. FRANKEL

3,518,629

RECIRCULATING MIMORY TIMING

30 Sheets-Sheet §

¥4 23 XL 25 a6 a7
fl] A A ﬁL\ ﬁl\ A A A
] l T I 1 l
| ] | >
o o [/ Zz
w 4 /4
ac = 4 ¥ W
ail = 4 ¥ W
az = U Vv W -
as = & v w
ad = & ¥V W
as = U ¥ w
aé = vy
az7 =4 v W
%.6
to XS 22 £3 P2 4 L5 V7 £2

S —

1 1 ]
[ ] ] L |
o
Y X
0 = X ¥ Z
L = X ¥ F
22 =X Y £
23 = x v Z ‘
£ = x Y Z
is -x Yz |
26 = x Yy £ INVENTOR-.
27 = x v Z 5&’”/4/ Prrante/

? ?ﬂéa /é«h&g

Agrmeys



3,518,629

36 Sheets-Sheet 4

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

1964

June 30, 1970

L7 927 5F BF EZ 27 77 oz
(F* ) ZM = Opp '

INVENTOR

52»w€y;?/ﬁv”é€/

LEXFO+ L8P O
Zisoigspepspriip-0op | L || FNNN A /7 L

Fopr2z9: 629
Spvs LY
5997+ 599

- an D DU = D = N
| A AR
F79vs 94 g

0497« 0% rod £of zof
¥ {14 259
PI5ve PSP
E257= £5F
2457+ 25/ vpp
o257 059 ]
7 S S = = =

5#pv- 5P ! £7
720 77 @ m% ﬂ
M.“\‘- M\‘ \M»\ [

F7Pv e 1P

9757~ 964 i —1 = »v
lix2 A AN
ZFEv= ZEf 1

b

OFEV- OEP o i a4 £5P P i

G720+ 528 am il

2AI? < 224 ﬁ il Fm% @ z 2 2 7
ZF27 = 22f 1 f

FPCO=72f Y= 95¥ szf 274 £sp sy f fln_m\

opzv=ozf — 90
pFov= oy 0 % Z

707 = €08

2807 208 "y sy s9¢ P2l b 14 oof

FROV - 1of
Q‘QV n““\ k\

Q
.
3
A Y

-
__@:J
__@:_]

L]
‘_@:_Y

§
§
§
g
8

€,

Filed Feb.

Aorneys

oot 1,

7o



3,518,629

S. P. FRANKEL
REGIRCULATING MEMORY TIMING

June 30, 1970

36 Sheets~Sheet §

1964

Filed Febh. &,

744 rrp org
{ t $ ~
7 o
2 b.\\%. —
QQ\ L subis Lo Swbss (o
Fep R likial zw| |Fyou-ert| | XSS
7 ¢ Fig/, 1 I oz )
o2p w 22 £z 2 PO 20 Zo S0, 70
Jbop iyl e N S wopsodyd (v ZEF o Sowonpy| | g Prwonpy
0Zp 57 ] s¢ 7 2P0 |+ 22¢ cw 25| \bureans
L 790, § I y A7
%z 2 sZ F 3 T P oF 73 ] 7T
Z5 Lkt 2300, | | 5575, [ L
sy 27 7R | | S |
Lu\\ 2% 1 ¥ I 254/
LE [ Ao Ao ¥ E3 r 73 J73 or
g 7470 | § ey | | Lafider | | 278 [~V 7 *o2g o *opoq
21 W 2y H Y4 Erw - ew s285 G| | pemps By \Frdfrenu
= -, 7 | M I 2&p f f / f
3 I3 oF )
oEp h\b\hﬂﬁl o Herag 7 ey S | w2t £0¢ rop osp oop
2=p W |8y o) |/ L B
*
F2p
£op Qﬂ.\ oo
F72 » 7 £ ) a o?
\\E\\\\. o
np 2@ ozp \h\\.ﬂ.\&. Q.\\
2 : <4 A ; . 74 e
2. £ y £ . P’ 4 53
7 \tsw\:e [Barinieg ” rr /. A >
A e 798l |z nw.\w Vi 273
£Z ¥ ey ¥ i prp
99 22 %2 > o 95 o905 5% 55
i o PP
O sowenpe 75 Y9 B8 a0, -y Mh.\
we| \iozs ea| ¥ 7 7 Loy 7 5°Y d ki
N i ¥ org
X o 52 > Fd £5 )3 o8
\N\\\Eg maf,0 00 A,
o phoyp e 8448, a 74P
; €ra 5w £y | /B g% 24
Z &2 f74 o v
o4 7
z2re

}
20

§i

ot

P lrranite/
/ﬁ‘vr/r L2’%)

INVENTOR -

5/‘4”/.;?

7

K Aot 4



rZzaox _),} R\ a5t Stafe

7o
PA

dse

June 30, 1970

Filed Feb. ¢, 1964

rT, 5T Hus

oo 70

1

AAS - Sublract. 7

s T =got &5t s /o

K, T2 For Subl.,

T =0 for I

T ralXZKCIZE3 My

reverse 7 for négative

(%) ard (P)

ele O nr KPCI3

E =Ly~ & 1y KPCIF

Er L~ Eirr KPCIE
dor Gy = aﬂ'eé ;S

S. P. FRANKEL 3,518,629

RECIRCULATING MEMORY TIMING

33 Sheets-Sheet 6

F %9

A S 1////7:/ Lourime

_ s E=qoxy £PCIL L2 (A+SE)

1.2 ance-P phase
ol i forst cycle } s~

af KPCr3
SN-a0F £PCO LHE6 | 40000 ot rt FiiYeyc)

Pol—~005 wih £ M0 vr £ KPCTZ
Sfor ,oar/r’/re D# M ur FPEO; Secremens
Gp 1 KPCL3-28 By 1057)

) Tl MM iy FPCL-17
rX <@ DF F RPCL3 elng sir KPCI3

SWalVXZ £PCOD ECESEL)LE SV~ UVIE 4PCOLE ETEEIES

BOL = J11 for #n@garive 2, = ]
1 4 K(II‘ZA_E /”0{” 7 p‘é ) 1
As. ¥ frst Jda phasre A5 s
elrdmie v £ ELCIS , econd P phare
placing Du in 55 /o g, p%0 1y KPCLI
Ine. Do i firsl cycle rastoring /zg//f ar 2
Gorsarier Ou ¢ Lo | skeddprepcsaty, Iues | 7o 4o position
KIS ond g affer | rFePo(resets Fafter
gldy M e FPCIIZ | D reaches zero F;
E5 Ted 1ir KPCLE affer ence D=0y FeI fo appears)
drr Gy becomes positive e exit before [sd of P

Fo5+FOL wih F Ldos éxs/ //ﬂ# =J

As.7  od K Fo P phase
Add Some digifsof K 7o
difs of P aligmed

rZ=a/xX P F—1

A5. &  Complement-Pobase

complement PiF T=2,
beginning wh L. 5. &

/f’,;o'f :fdoi;’ J’;, b pre 054 a/Fer @ S @Cond comp/omsntation
sE-KPC1z /ifmp/uren/a‘///‘a:) SF= ,;p{;- 12
vy T ONE War #eeTe Y.
pag CHI7 Y S VR EXEKPCIZ ok
Vel L
& Jragsato reach 456
MIE 73
i #z5
INVENTOR .
gz "/’/r-j/ P Lrambs/

ﬁ oo # K

/ﬁ’a/we/.r



June 30, 1970

S. P. FRANKEL

REGCIRCULATING MEMORY TIMING

3,518,629

35 Sheets—Sheet 7

Filed Feb. ¢, 1964
Multiply 1 M2 A3 Advance-F_ |
Fio i PCOIL Fo T o3 b Pzt it sxzaoz ) FxO s I5F Cyc/e, s~
cloar digrfs oFF SE= rovarse J for neg. | KPCOLE L6 ar KPCr3
ebd wn KPCZ3 ‘0!V!f(/4:f~7 Qas wall @5 K, B | §03—=8071f| ¢’/=d 17 £PCI3
240y + Oy Op n KPCTE o Gpe-ly-t-4r5=E | Lm0 oHermize asin P05
7 AF rF; exif fo #o7
Yor Dppos, fo #r3 o X208
Joz dog Fregetive | £623 ) | fop exiff =0
{ s ¥e 2QXZE KPCLIM Lty L) [ sive yw 2 kPOt with Fr=
L ea/7/v MmMral ﬁ/’»d’% /a3:'/3.7,€1 £Fon SWelVXELFCOLE
KPCLT U for cloaré Mylt, | n8galive Gy (E=0)
ar L2 for Accum Molt: row Da<lpr 200, )
A %
ResF Srarte A j; ;/4::// //ﬁfé;r; :X-///;z_ifs M. G second Jap phase
/P o, 70u - .
T=0 and .y;a d{ v JLL | DosOgerr 0) ”"”’/‘”‘"’,’ /_a'”@”/ b
Trncromaently #ls, 7 / x| Sp position.
E5 Tedal £PC/F rF PG resefs F
when G, becomes O, before £ed of A1
Tremrgdiate gar’ i
doo #r3 g1z ertared fromfo7

FE2IN P A

lo J43 1f Gy =-2& ‘

SUIWEIRPCOLI TE

£GES (E& + ELEZED) Mf% e w4 y M}f Com,a/;neﬂ/—ﬂ
oA s Frome he | rk=al Y E | L7t} affer one
Z’e{fz _r.r;{:;/ eafr KLPCXF T, Y cycle . PG resers
has baer ;u_/;;f T fo permif exis
fo yero(moduls 6€) of K73
T adsare éxst fo
e #32

sV=aw £2

M 10 first Jdo phase M9 Jap bofaddend =0 [z Add Fo P phose
z//e/a‘y?_r P ty ope (may roﬂ;/rin/e ;arn/_ D2 Fpodd alt
ace, s 7C. ropaG RIS DI J7 O )
Vof Dp. tacond,Fiomal / s From af P32/ ?f;/x !‘:fdf' (0 ;‘Z}ég{e
ox/kat kD I3 F. | SEaIXY | sfrprd, rF = CIE | GyeaIXE Pyl 7
krcrz i3t | wepers | SuLuhen S Lecomes
AN Geir G umeron | V25T G
433 432 #30
SK=dgdo FRPCIILL, (Voo o) FXadYEP
M. 11 Second Jp MZIZ A1 mrelfiplr€r
phase rZsaky e Compleres e/ Lyealis digif =& elxd
complotes detayr| Crlas 7 elog | wPLs, (613) | 57 af P ho 830 o
> ppiiviviied IR I moer o :z,',"f’gz, bk PEIZ), | smmediately oy 702
imcreared rfo-& &PC. ErI=Lin A As
i retfursmed #s KOCILL. it whevr g7¢ % S5
Ao & &£ hold's 13, or 177 sl = VWLLCTP
s372 #16 £Pere. y7x73
WS PS5 2 sz
INVENTOL
}/—/' 2 &, 20 5‘4/7/7 Prrante!
, . B Ao 4/
Mu/Frply Koutine ?‘ '
7

Arformeys



June 30, 1970

Filed Feb. €,

S. P. FRANKEL

RECIRCULATING MEMORY TIMING

1964

36

3,518,629

Sheets—Sheet 8

4o Lest
x:/-mr(oc 8, )P0l 1FZ

D 2"4’,4;141”4? a D/i//'./e Zz. sy-aZXZ [ p s Comolemenrt @
M bs CHLELF inkPEO T MO 11 KPCO 140 | *ECT3T, | subtract @ from O
/ecrﬂ”e}/ Gy, afso | rd-vWED fp J o ” ”6’.700; gr A /fy Som3), resul/?
AR KPCTEy | Dy=-lgll ‘=6 | yacxr | 7 Q.
¢ {;, ”e - ;3 L=(e# M) KPCI3T, Y'Y~ 4
el=d 1 A t KPCIZAE D ExrF | 1
Jéo g20 %/ ﬂ/ﬁrﬂ =0 mﬂ d22
sKra2YENPCOLLE1/G vE)r T
L FXeaG Y E L a0
D3 1 Advarnce & 22
A’ } /}{f;’ < gc:; 2! iﬁéﬁ?‘g A adiance - &_
Vs e % 0*20 g ﬁ?fﬁ‘-‘,‘;"";/ d
SFekPLIDtGEONTZ2 | wih Z-0) e ow peiztd
déd e~ P
ca6XY ¥PC EmglXyk
;.‘E:‘_ fcd?};{/ “0 - SEm@lXYy KPCIIR
270 st/-viwds| 22 Jué/nvc/ 4 . 28
entered wiih J, (Pc‘/zta/m’/ Bom £ phate e z/;;{f Sacomd Plo phase
- b4 Dnie2 rrFz P—A/*ﬂ/ﬂ KPCO-42| KPC I3 /o o o
L A ik ] i
ow /’d 0
aVer//an or Q) Q- /f//ew
PES o7 arg;é/;w
dés gz5 = G = L1(01#03) P35
rXna 2Y ERPCL3L2(CGHEL)
/{;’f;, < §ZLf Poecomer K~ Pdlp FK LB (b))
241 decg phass 0.6 Aot K Fo P B, 7 forsF Bdp ph
- d = Lo 25E
comombnl @ oee | LT | 500 el uz | SEE | Dulay pend 5
Piitly” s | €3 s ESSpy | r IR Blockscarry | 3,68)E5 | ome ,o/ac‘e
whan furrar/mr. /”7””/’ :::ar au;e lea;e_r Contimue | Tireremernt
Y% L il "’ 27O
eLd,Mi0 i PG /V) overdrawn. Exif fo //w.rw? Gé D
ﬁg, prekup) P for Dp<t2
der »7 d2r P62 for 4- 21z r e
m/- (;V{/KPKIZ./ 01#05{/
g3 prormal burims Exrf via #74,
/’} Q ¥ de jero A Zf.r/are -7
FeaZX),
2.42 213 2y .
2 2 T oy | e =7
:car/ J SNzaP¥YZ | e'=MK mr P exs /f L
I < _ 2 _KPCJI a,,,’,” A’_ﬂc‘ﬂ-ff ”arn:’jo 4
M= in KPCLF D) | #zim & Tt i v
AP 0-11, ,odr/rr//f gﬂﬁz’:fl)
“exi? () =0
g7 I75 P ds
INVEN TOR
SHhan/e /p ,"fdmé e/

F%

, 44 Dwide Loutine

% j /I%/‘/fd’%f



June 30, 1970

Filed Feb. &, 1964

A7
ds

| S)easnE kP2

overdrafr b

propagralte carry in P
* Ay 55 #

7g%56

Resfore-# Z .  gaa
Aw arF Sp, check for

sT=PG b4, /ﬂjdﬂ?)/ﬁ!-ﬂﬁ)

S. P. FRANKEL 3,518,629

RECIRCULATING MEMORY TIMING

36 Sheets-Sheet 0

lﬁﬁ. 12 Restore-P Routine

Ro.F correc/ overflow
1n Sp f presensy
et 8'ed v P

rX=as )/_Z__pﬁl rFE A8 1w Ply.

4.5 second Pdo phase

record JSp i KPCI3 Mo
ex/¥.

SXeaSyERPCIIN + immediarte exi’
P KACIILT, Ffejrﬁ)efq‘ phases if entered a

Tremedrarte exsr for 770
overflow, orherwiie at
nex’t PC ?z -

g52

SEaSXrPCLLYOImAEIOZ)AG ) F
D52 w53 wiHh K2

B forsh Jdo phare
o JA
g Z

KPP/ (30 positoor corract)

Js52

0.6 complement-F phase
exit immadiate If T=O

affer one cyc/e 17 which
P15 complemented/ans

/ WV £7(PrH)

pxea EYERPCIZT | bufnormaliable s

O orwise Farmrsrmale

Shiftomg whe rr Sp 15 197
E 2 KPcr3

#53  rH =P

From@o3 sU=VWEIKPCOLITE EC ES(E+ELEZE3)

Ko, 7 _
Setocrs t/nﬂarmd/;{ e

2 Fo
of P ri =£PCL3

Jo becomres normal) 1
/af:j ol enrtry. x4

P47 rT=PCH ; rHF

- sL=poMco-IL
¥ T=pNIKPCLL; exs/ afrar
one cycr/e wik I=2 4~

d 23 ﬂaﬂr/d//;/h; weeaed

.9 , . rE gy APCLET
P awarfrefease sigral let AYRPCLZL (%08 Normralize P
d<0 delay Pand inc. O by
S
= - el=tf, =& 117 PO -
Ll YW EO R COTL Tire <APCL72d s pl = KO T E
J
Rest Srtajfe EX/;/%/ "}Mgd&fj/y/gr/"/”
@ s =/ . =L
goo daz P70 mroved.

SNV ENTOL
é‘ﬂﬂ/€/¢ P ke

? %ﬁxﬁ,& y 7

/4/,4[4/’/73/—(



June 30, 1970 S. P. FRANKEL 3,518,628
RECIRCULATING MEMORY TIMING

Filed Feb. 8, 1964 33 Sheets-Sheet 10

%, 47 Transfer routine and Epler Digi routine

Trans/er £ 7z

LS 1y KPheP g KB (M2 M)
A fICAP+ CLF- Tk 1 (KPE 7

SU =YW LO ROEIFLL | oty »k2g) /My v P Tog » Tok)+
a/f/o// ) 2o ¥ /_[ 127.,,;’_:&«/: sf}g)g

14
s QA7 7 - »/’!f; “EPRIM A M)
Di=Ad sor V@rrous clock
Pt os osr Fransfer

410 P ; o/'/”d/f.
W= UV O £ PCIFELY,
" Foo = Fro on any Frans. Rey- W U LOkPCIFEL
o5/ Sfars .9
cloar sa/. rag. or
S FE=0) ru=¥WLEORCD-11,
SF =St St o Focima/ Koy

awas* é{} release
die £ TGondy CIFLH(KPE?s .. )

[ doo A0

/ i’f 00 - IQ/}‘ ;ﬂ/m/;:/c}r/':d/ /eg;:‘{
s w/a, ommr o, Ezaqdykprciz 7l
Pty g e rcir rECadareraz L —

1
Enter Digrt 7
Tnc (HLL fﬂ._ég f_l/_pi) C1F-1
ovas dec. point I8fF 1
selecled register f
oCCUpancy mamn/ened.
SF A3 o frx poir/

Lo&

La. &

il

SUTVW L (Gre + LT ) KPCL2

/ Dol —gLL S00n 1/ E#AO0 or rXrad VE LPCIZE —
Sfor ronzaro ryd ,ée,a,- -

7. Zra cord digr? count ¢a. 7
2 Sk, ' ‘
qo & ; ;;;ar afFer sEQfNYELCLIZLL //,’f ; de’?/ﬂ/// ot %e/
overflowy A yy FCI3-L.
MEs snr /9//’(0-1}/?/(/#7_{/ or Z:”f%;?;g#z’”— 5z
s im HOCOLI(T. 12#%/_1/5 rz /’o‘;ae—;fr// esrcape
44 da5 From P41

JAVENTOR
5/4///6/ 2 Franks/

? %&4& /éﬂ%

/ﬂ“d/’/fef S



June 30, 1970

S. P. FRANKEL 3,518,629

REGIRCULATING MEMORY TIMING

Filed Febh. 6, 1964 36 Sheets—-Sheet 11
cr-zf €042 co-1v
3 4
Fl o 45 4 : r7-14
co o I3e 7
) co 11 cfz2 13 i cr s
Z3 o A ?4\ (}\ ) 2
il il i il 8
* n
o b 4
79 710" ?rs1” °raZ
CO « 79 TLOT4L 742 12279 740 741742 CL22 = 747 742 ALY E0E0-21
O = 797400724+ TIZ |C13+79 10 TH17IZ Cr3-2 * 7HL TH2 (79 720) |€0-122 C120 COIL
\ CZ1:=79 740 711 712 (LL s TIOTIL 722 CO-11 = C12-2F
. . £
277 ‘125 - + — ~
l1=r7 I8
L2717 18
, o £3=7778
FZ 2 2 & o4 22 3 L& 7778
d 7 4 j 4 7l F1° 1576
4 4 @ @A (A 2= 7516
T - 731576
i Zigg
21 = 7
o1 oz E‘ 1 5 7 £7,=76 154
75 76 77 78
i%b J
i
A)— J\
] pumy/ 4 =7
A
o 1 o 1 o X o Z o z o I o I 0 z
r7 78 P 79 I 710 771 712 4
# % o N c c 5 ¢ [ c c
] T1 T ] 7 L7
e ‘ | !
76 (Clock Input) H}
*!7’=73,=*77-KI5 |
XT8 =77, #78=77 )
cP 1778, F g 1E
&g = PI7TE
79 = ?, sT9 = THOTIITL2
e70Cg 79
71l =g TITLO
cT12+ iy TITLOTLY »
. INVENTOR
cK = CgIITIOTHTIZ Sanley R Fronke!
RN ¢ A2

7

Ao eyt



3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

June 30, 1970

36 Sheets-Sheet 12

1964

Filed Feb. 6,

(47O ¥20/2) b (/7eur 722/2)
2~ PTR
P g o
2 2 1 | 2 4 » ¥ 2 2
Lo, 1,54, s P4, S EL, |, 24, g oL, x\um
“Z
oI 1_ |
v N N ¢
ru [ g

//Var/ra.;q_r

&/ﬂu -M/
23

Sy N
NN
I
DY
P
5&/

DLOLGU = 42TN

d. — -
D 5 s s €L 2sFL 0Ty = O Byqous

SUBLELZLEL = G
S 2L FI U
Orze=-4

DILZLIXH = Z¢

GIHBIEL =
GLEEL=DLP
BLEL=G L7

EL = FTL2

(104y puosny )F-gl2
FLa =Z2L2

(PLI2L547

PLrEL+ZL) FLOL = FLI¥
FTOL = FL*
ﬁxntﬁvsmkgu&hv>ﬂn 042



June 30, 1970 S P. FRANKEL 3,518,629

RECIRCULATING MEMORY TIMING

Filed Feb. ¢, 1964 36 Sheets-Sheet 13
P =PlCortwkcsZ)
0
KC12 Plo-It
— j kperzts, Pé <PLrsrkerd)
0
kPCL3 A
KPC12 4 lerr?
(’%
co
RN |
w:tzz KPCI3 | KPCHE KPS St

HPCIZ | KPOI| KPCI3 | KPCIE KPCO

- i

KPCIZ | KPCO-II| KPCL3 _A_f/’c‘/-ﬂ KPCrL| kPO

7k

f ) A
crz coyt €13 er-11 crt o
vid £ 7 kP

-1
D

I3

b &

@ 7] (A 4,1
ﬁl

l__‘ I/—/ﬁ, 78

[y m=—

INVENTOR
iwaﬁyu?/?wﬂ%v/

% St 4 o,

Aorsn eys



3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

June 30, 1970

36 Sheets—-Sheet 14

Filed Feb. &, 1984

P = ﬂQN\ .\\thﬂQk
I5[1(0L6 + OLFL) S %+
00 70 #LZIN, W LOWT =, T

2L OL FU
Ju Ty OSP+LSIN #2440 =00

24

INVENTO R,
/ﬂﬁanqiyf

5Zzﬁﬁig‘é’/hzaév/

§ 4o

(18 2T B U T4 G T+
8dy 97 swanfen 5P <40
Fu Tgasn TEXTT=Fx -
_ O+ )90 5%

(F v 2y b75) 059 +7JH =57
[0+ ) 9L 54

(F Y0274 255) 059+ =5 2 \&

oL Z% 77+ (PT-EIO+

SIOFINZNT) = WP 7

7o rdye 455

G
§&\Iﬁ:MHmPJtcd¥
ww &

(1502 +ZIIFIN Y # 2L} E 4 = A

£v

%,

(FF-0243F2F3)
(+7)

N

(der y242) %5

—

x|

4
%
\a
o\
N W
X
o\




June 30, 1970 S. P. FRANKEL
RECIRCULATING MEMORY TIMING

Filed Feb. 6, 1964

S0/s cone Rubber
£ e/ ers

3,518,629

33 Sheets-Sheet 1%

I ﬁ?'. 23
Jo& .
o
345_‘ s o' & Ey 270
298, 200" (Write Amplifrer)
=
Da

INVEN TOR-

.6’4,,/?( P lanbe/

(Read Amplifrer)

% ? Lt f&ﬁ»«)

/}?‘arﬂe/f



3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TTMTNG

June 30, 1970

3¢ Sheets—Sheet 16

1964

e

Filed Feb.

(Z+A*e) F7BIIAN F¥ =S¥

(BI2

Xt OOIAPFY By

(A#A) P PFIIT FH =X
[(E 1) BI2TH # €1203] (F+X) F ¥ =2¥
MAOF * FAETH(EH) 07 T¥

4

o X

A o

z

X o

s M o

INVENTOL
AHorneyg s

5%%7/5% P franke/

ARl 4 2

7
/:2? oy

i OF

& y

ZX ELAY O

oo0x FdA

OF Ap

||
z

ov

Zxow

mﬁ

ZX0v 2)F0v

-
L4

T

s

P
7

BE-ETD

k4

—

A

Py

BL-EF D0 72X 07

'4

&

£F

¥

E‘-
A

e
gﬁ

N
X

EosY

e =

|

!



3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

June 30, 1970

36 Sheets-Sheet 17

1964

c

Filed Fzob.

(61974 4L 53)#H]EL = 4%
(CL+ET7-00 + D) FT+ LLPTD 97 = D ¥

-

INEENTOR
S ors ey’

ﬂdﬂ/%/? Eranie’

By b ¢

~

3

nh NQ\Q \\\E \Wo \WNQ nm.wn ww.mo nm.wa NNMQ wN%Q
o= m— ]
m.ﬁ\& o7 # _ .
@v @ 5 ﬁ 2
Zr-020X520 FIL® ELaNZP SFEIEIIIIF 32555
27
v = @ m @ idid
Q:wm P
-£7. o4
# .H.u %\ 45574854 3o €12 270
s@fmw\ 24
nv
BL-EIOF 70 oof
V2 4
)l
4_
. 1
) o (7
m\w.?&khm
4L +4L57
14
74




3,518,629

S. P. FRANKEL
RECTRCULATING MEMORY TIMING

June 30, 1970

36 Sheets-Sheet 13

Filed Feb. ¢, 1964

|

(T#Hn)
(7/

n#*2

7/

(29 5 % )

-

SNV ENTOR
A’:“brzf@z,‘

Jﬁ%nmﬁi;répfgzvméev/

% MR ¢t

7

(772744)5# #7)
e

!

k

3

(S#2H)

(TP PIW G lzmozorm) — (O#H)

(7

&

7

Ny

(PrH#3)
(2]

#2700 35 o Peo’le
&

27 7 2% 927

7

w#3) V (T*8 (25295
(##3) (o#3) (Fo#xrq) (202 38/
7/ 2/ A (z)

L,
9z % 4



June 30, 1970 S. P. FRANKEL 3,518,629
RECIRCULATING MEMORY TIMING

Filed Feb. 6, 1964 33 Sheets-Sheet 10

j//ﬁ,27
o Z j

7 e

V274
v vy
20—
Vo xrcr
E.
A ,
W !PO?Efﬁpmﬂ[ zr.]
g BE Nt | epers
crz #6402 | g 17
23— |
=
rlt < LO VWEPCIE + £O ¥ R COLY +# (TrrRe) £3E4
B < LIYW TEEEC £5 L3 (F1E2E3+EL) KPCO

FER[VW CIZ # YW TK PCIF » YW (1 @ ¢ L1 )KPCIZ] 4 VEOWKPCIFIZ
+VWEL, (K67 DD ESDIKPCIZ 4 B ECKPCO # LY (EE+EFER) KPcr3/

%‘ 28

X% 0
é@+L}) .
u
w _{/W
i 22

V(T #+Re) + LLEUW
SV = LZUW+ £0 KPCO TS yw i (D, +4,)

INVENTOR.
.{1‘4”/7 2 reamie/

7 7 769)6‘*\ _[' W\\
/%ﬁ%/wvfayf



June 30, 1970 S. P. FRANKEL 3,518,629

REGIRCULATING MEMORY TIMING

Filed Feb. &, 1964 35 Sheets-Sheet 0

Pﬁ. 29

P o (Tp 1R )+ EE UV KPCIZ6 UV (B 7 HKPCIZ +87 P+ EOKPCIS L L)
SW = B0 Ko W U KPEIZEE s UV ZRPCO L [E/ELEIERESX + X £6(Ed + £5))

+EZV [(DL # D3) U KPCIZlHES U (£3 4 E4L) kpcr32T), 4

Pl g. 37
/? aa
.

LaZ&%ﬁJ

INVENTOR
y’/dﬂ/c}/ P framke’

? Aot f/ﬁ«&{

Aformeys



3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

June 30, 1970

ol

%3 Sheets-Sheet

Filed Feb. 6, 1964

AV ENTOR

f/‘a”/;q P Franke/

7 =, _, % - ==
Jle422) P25 IT ] FREIITH S P+ 720505 72 (9753876327 F 740407427+
TTZ LI PP FR DDA EIITA FA 58+ FFId TEALDS L OITAH 97207 = X S
TED A EIIGH FAL T D+ FADT S OAZF E12T N [(27 + F3)EFEZ+ 571D 42/ FA2T #

EIITTFANT IO+ NP DO ETIIH TS OV ZFOIAEFA L OH( 7+ TT) > X~

AKarney s

1%

F7 27
N
5IEFEIETFT B

. M%H: EF27 Y
2, ; | ‘ W :
UQ # FA

s EFdN Eogrze 7Y

M‘“ | i 7 g4 M EFIIN o mj
020.7- FFoL? F3 . g z L \ux z
£ 2 N5 . =l 22 52
2v Y3 4 7 ZA 7 p Nuf - 2 ﬁ
Z

_ ot




3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

June 30, 1970

AR
N

35 Sheets~Shect

1964

€,

Filed Feb.

FF2TH (w5t f) 27 X 07
%4 [(2T#2K)+5 460 JF?TAXE P+ FFIIIINANG T+ €720 TANZ P #2120 A Fev-z5

ST (PRI 7029 T X # DAROP4EI0 Y FAR BV # SAKEDFTTKF D4 (Y # 7)) = 74

N W
WA
N
N N
R
//M//
R
S
mm AN
"
77
x
F4

p £a.
Y d CaFIK
iy |Ig 4
A
\ 2/ Hg—o| e 27
X id * [ <dmiI7~"72 #7 y
Nﬁhﬁ .WH % AX Fd4 \M\w £
- -, {xy — X-
w2dN 7 F7 AX 7
L I A
(7*Z)
Ir LT

N W)
W,




June 30, 1970

Filed Feb. 6, 1964

y 2L
r€
s

3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

38 Sheets~Sheet I3

»pj €

s€

0:,1

r2

0

2 pe

sap

22 925 poco.1r Peg 25

& = ELLEL+ EPLZ AEFES + ELEL
L = D11+ D202+ D3EF + 0404
ré=Ee76 ¢ sE =€ 76
pEL <rEL2) sEL=5ELZ; rE2-rELT p5E2=5EL3
rE3=rELd; sE3sELE ; rELarELL ) sEF=sELY
rO=0g76} sDO=0e76
FOL e rpt2; $DL=35DE2;r02=r083 5 sDZ2=5083
rO3=rDt ;s D3 5Dl ; r DF s r L2} 502 25087

cDL= Pap Plo L4 MG
) £y HU25*Peg) KPCOLIELC tBop Pl L MG DL
D2)KPCOLI LLCt Oep Pia LEMTLIOZ

cO2xflBaps J25k+Bcp
037 Jap D2+(925K+dop) D2/ Py +(925 02+ Veg
(02603)] KPCOI1) £XC

D25l Bap Dt (W25K +iap) (P20 DT PCy #/825 Dt r P,
* 047:(,5,; Py +P25 _/_z'; co-1p 21 cfazfget 4

INVENTO L
5‘&»/..;« L rrrrée/

] , ~ "
. stk Cba P £ a2
Syt

7



3,518,629

S. P. FRANKEL

RECIRCULATING MEMORY TIMING

June 30, 1970

3G Sheets-Sheet C4

Filed Feb. 6, 1964

~ o)
)
7 FP 7 o 57 LA & A m,u %m/
| ¢ MR
Zr-000 _ ” Mﬁ rﬂ
4 w ) w//w
| X JM
¥ Y
K VAN
_ s
o Brsimiiob] -
WLPEIEA
P - orl 5 6 M ZZ2102 2# W
4L 81 \\‘\\\ #7
H op (5i74i)s ZDd =
5 - s 2 dop o |7 #2 Crm)

—s

JO57 o7 o A WO # AL+ (6L #L S PTF
(BLVGDEF P (6148277 * [Prero+ro (8L 2L TP
(W# 8 OLPASEPH U P A FIFH (TSP (K8 ) PP
Q\.\xn\\%m.\x\m;\..w\b\hx\\\\\x\u\x\\\ =,

FF-000 SO+ SFPS +ZF+FF

74

- \ 3
L F=OCS - m.\.uw L 724

bl



3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

June 30, 1970

36 Sheets-Sheet %

1964

Filed Feb. 6,

(4L A PreEFIS ST EPP?
BIOFF(2727+F757) 0 0ZP =SIF
(7 B+ 25y e 57000 0 )OS P < PTF
(38 +25+875) 255 T 008 <77
\*mu<mwtwm¥xm@¥%ﬂﬁi‘wauxvamav
(280 + 7 G577 (r%+ B2 jgfosp+
(3 2t ) asp ¢
(35 1im G5y 2700 27€725 7775 )o0p = FTF
R EFOST T 0PN
BE (9281350204 PPP=EF
TF-025 FEPtH-0205 SEP =LY
IE-0207 O riFIIOT S ZXOP = IF
PI-ZFITT C9P+
Br-ETI0Y ZNOD+ 4] <5 F
VoS 25P < B
270207 52+ TId TP < £
77 bop -2p
Voo PP rar0o37 520 < FF

N -
SRR
0% 8
NN SR
I[N N
x4 24 g by /m/
30y + bry ﬁm
58 +2owrbyy - ﬁm7
580350857 _ ibys yanrbiF )
T 2 £523F7  grajy
ﬂn\Q k\\ 252 14 - QQ\ l\
. Al |1 |F %| |87 92|\ %
, 3 2
‘ o
PE1
f
GFF P 7 S FF 7
7 (% (2 ()
H-02d
’ P /AN ENOT
A ez ZXO¥ 24 2ro0
9 110207 | gis| 37 250 Ty, by T
f oy A\l | M l«.\w..t 2warsep| 7 vy v\ Dp| sl 77 ’
\&J
ﬂ\ ,/s.\ o N ,/ﬂ\
a7 /74 174 77 £ bl Vo4 . :
% b w & w $ETIL



3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

June 30, 1970

Y

35 Sheets-Sheet

1964

C,

Filed Feb.

fJ
I3 R »
R X N
NN
S e
NN X
Y AN
o
ZILE Y T (52 PY A (GIALSH = 9T NS
(PF-EF2 775 OOR)S7 = 995 N &
. _ (PA-EFIFIS OOP) DL + 57 BIITHF) = 97+ )
T ITION DTS EEP+ 5 + I Bt TF EYFIIEIOTN T OPP =572 4%? ‘
AR G BLILEFIWOOP=535 h
BIEFOTHFY+2FETI00P+ TLPP +EIW+25P= 57+
2y
PLELIFIS00p o[ 27 Tremdy  F¥ £
3 84 X 7 i -= oop
(E7#d) (5374 &P 7 ax
F 2 4 #~ - oL W G0 @9
(Tl [ enal oot || YAl A
, il
| ! i1 4
L WIH 5 S$¥ : T||.Qh\
0 17 o
B L 2
— _ s 2 )
\\\S\t\wun\&%\ P 27 , QS\\\L\ 7°92/54—, 7 , &
99 Gd



June 30, 1970 S. P. FRANKEL 3,518,629

RECIRCULATING MEMORY TIMING

Filed Feb. €, 1964 13 Sheets-Sheet 7

F% .37
/j 7 g
P2 —

7€ €
0 el
JJJ
&0
A 7] 4
(e# H) r'4 M 1 e9
(e i id)
e { 2 39 -2
Joo
t J‘/ F 4
af €2 o [————‘.’;:ﬁz
H) - ~ ¢f) Se/ K&
g4 P #2857 o7
plo2rJ&Y
D (D

: 5

k13 A1

14
#75

14 P s \#%
Jog P25 Kot HPELZ

(3¢
20 451 452 . T det
_ o

aOXZ PCO-12

gf = #25P+ §24 P

¢2 = #36xPC1-11+IIOKPCIZ

ed< AL EPCL3

5= e5-2+d34 + (062 »#52) PG

05-2+ P [HFPCL-12+ (k¢ F) KPCIL]

87 2 @OXNZFPCOF+f75 KP + P41 PCO-1L

@9 g3 f75P+09-2; €9-2 = Boo el rSelGrtol Pr S/ Q)

e0-gl v e2rA2vredresS rePra9

e’ s fe(e#H) raZ(ehH)+» R (4 # HAL) IMVENTOR.
pedd (VrY)reSd re7MieOe] Stanley R Franke/

rEe =43
sEe »e'76 ? ,iew‘nf'/é.«%
Aformeys



June 30, 1970 S. P. FRANKEL 3,518,629

RECIRCULATING MEMORY TIMING

Filed Feb. 6, 1964 36 Sheets-Sheet T3

Fl ¢.30

aoxzkrcraig 5 7
4
bz ||#oo |gor )5 Mf"
£
@t J/“{ ¢l «Pci2 y

FF 2 J25sf43 085202 0N (W4 (€9-D)HPFZCLZ+J6& KPCO-21 7 PE@a3EralXzrt Lyw)
SEf56 +a OXEKPL/3-1d » Bedp X KPC/3 B 62T (D1#03) K PCL2F 28+ PF2CO1+FO0 Sped
PPOLCII + X3 ELRPCIZ + LV WEPCIZ

*
174
T P20 ¢ J45 + BL3 KPCLE + P75 K + P41 e KPCTY |
57 J61 + G5 +PJAIK +B7EMEP CO-T
e, déo
+PE3 M PCO-11 l
c13 | kpPcr3
#(BEOKPCIZ +aOXZFKPCA3AIne T10)EL 710 ok
w1 =Znc MIMGOXEKPCLI -1+ PEILPCLL+ B0 KPc121) @ ONEKPCII-24
INVENTOR_
ig?ﬂﬁ?VA?/;Zvnéf/

% ? P o £ P
,4/6‘0;'»75;}‘



June 30, 1970

S. P. FRANKEL 3,518,629

RECIRCULATING MEMORY TIMING

Filed Feb. 6, 1964

Fﬁ, L0

36 Sheets-Sheet o0

Zrrec

N (Emitier Follower)

%,42

% 5
/ r 5
(@
76 s,
Iz | (01403
7 425 77
T8 M

r G = 2501 #D3) L1+ PTETP (M7 E)

SC=MT7 P,

N

Se/ Q. —
Jof P ——
Se/ K ——n—

So/ KR

4
o

g3

r¥=5e/lP #Se/Q

SK 2Jo/ K+ S KQ K, B43

\ rg cSe K rSe) Pr &y 4 &3
S Se/ Q rSe/ KQ

INVENTOR.
5/44/7 P framke/

% ?ﬁ&»@. f,éf%

//ar//e/.r



3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

June 30, 1970

33 Sheets-Sheet 30

Filed Feb. 6, 1964

OEWAZEW # TTH A OT TP 1 FT-02 7 "0 020 + EF2TN A EXO T+ W+ IWT S+ FPH = oW

0I5 200 =27/

7020 (784 A ZH PPO TN

_ ZTI2FA ZOP = OFW

DT ZSP+IT2IH S 0P = LW

Tr-00 BB+ IA FU OSP # I-020.7 0P + HFD (J+.7) ZXOP=IN

(Z2-52 S0 WO 142530 40f L€ £y 2.4001003) + EFIT Y FRLP +TFIT NS ZXOV+ Z-58 =5H
2707 B2 =5

POW+ LEIFN + STFV A (HEE)OFN + FFEW A VOV # bor 57 ET I, W

HW-0347699 ZX0? El2L ZX0
_ _ P d _UQJV _ _ _
74 > 20 29 1131 a9 7 2725
7> 254 : 2P 4
- 4 7 .
; 74 & b4
@59 d
y 7] Q y

o W P

‘ 7

5 (H#3) F7 V4 Y 7

4

T F S %

.n@.nxs
raeys

o
#.

IANVENTOR

5/4/7/%« L2 Srarnkse/
77

F

ZF0



June 30, 1970 S. P. FRANKEL 3,518,629
RECIRCULATING MEMORY TIMING
Filed Feb. 6, 1964 : 356 Sheets-Sheet 31

1%

177%-43 c :—-_Z'G/(bcé Inou?)

&KPcoLr

o
#25  cp-r1 Cr#

; 77
’y 4
cr3-I4
M. P
o3
oz (A
T 03 i
X PCo-If g
£ _?F_ X
4 kPC12

K e Bap Pl (MILU LS (D2OVMG 4 AFE) +B25 KPCQ ALY # Deg K PM(CO-214C1277)
+ P65 + P24 CO #Pcp Pla M+ PHI PLISIIMT7 rB25KP(CLE+ CO-LI) He L&
+ P25 KP Cco-71 L& D2 M

XC =By Pla ¥ (do F)EF+0203) +J25 KPCe (o) M J25£ P11 % Peg KPCLE b #2%)
tlep PG LE + 43 pCIILEM TT (B2r+f248) PCIZLE +P 00

INVENT O
Shamioy P frarke/

é Kot 4 Pt
Arorneys



3,518,629

S. P. FRANKEL
RECIRCULATING MEMORY TIMING

June 30, 1970

Pl
“

36 Sheets-Sheet 3

1964

G,

Filed Feb.

(ZGPOER) 57 FFFI57 EQE P +PIIT Y 2209 #0275 59Z0P+(o 8 F2H +I5P = H*
y ) BIEPP A G GZP (T8 PTFF*
[(P+REZEII+ (FF-02 #ETIN)FF 757 Bipro A/ TPPPE7FFILNSZP A FIIF 020 TG2P =4 £
Yrrz#+ I (0P + E5P) H/ BIOT A 200 +OEPS+(2IOX) TP PP+ 250+ IEPTFF = -

IANVENTOR.

552»%%7/?/?w”ée/
Aorneys

’”‘\1/1420é§§

o2
% J4 272
\2_J #%
V4 Y é/
3 20 %7 5
»Z. f3 - 7
pe y 24 V22 & 252
\&/ 7
"
%oop

o, oy

FE-I2dT BFIHA 0207

G

J _ 52 (778

\u\
9cp|  zop| ¥ spp 4
-3 2 %7 5 \2./ + 77
Z¥F|\ P x|\ P d me
95P \E \Z/ 7/
‘IlllL\ N #
2./ 2/

X

2

| i
(1L 120/ AL l.w* P &
PE



June 30, 1970 S. P. FRANKEL 3,518,629

RECIRGULATING MEMORY TIMING

Filed Feb. &, 1964 36 Sheets—Sheet 33
/ ﬁ;' 45 0 5 IV\—76(Clh ck Input)
r ¢ S
l
(o) [0
goo
(A (A
422 Kcr2. 43 dop £
iz 133 4 ¢

#20 a0XZ o3 bOVHY

rJ efoo s $22 CIZ
s Txdoz KSEISE GPTE L4 (D1 P3 + DL D203

¢ T * dop A5t 4 wd KPCIZLI(003 80 VW HKCI2LI (B20r204E)
}7}%‘47 -6v -2y
IN23AE
7 ¥ % - 2 2K
/ % &2k %3
Jok § 15k § 120K ;ank 18k -:-Eozl’y/ £y )
£ P cza—] w ‘”% * f

crd 42y T A324

Dy ~ZK@LPS 0.5C L3 + yg BO.75CH
5”3 ‘/:/75 COL2(TETTTETT) B(T5+CLFLL+TETT *.ré‘f?)@F'f/] 42

™~

INVENTOZ
5/&/7/?/ P Fromke/

% H oo f
'  AHormeys



3,518,629

S. P. FRANKEL
REGIRCULATING MEMORY TIMING

June 30, 1970

36 Sheets-Sheet 34

1964

Filed Feb. &,

§ ww
R
97 51 ¢/ i X
252 N fm N
) hzﬂvﬂv Wnﬁ ,y
/4 N .&w
44 2/ N
i mb 7 rE W
EXg@iL FIOBF@%g @ F %7 - g H 4 R m
77 [(r) Ol 21 + €722 67210 %, 3 A
(2295127 0.2)8 (4L PPOHEFEFIHF0Y ILGLY) 7 T w3 _Jwaum‘w%
[REQT760)8 OETP O202 O Fg) \mx\.. - 2%, V9% e ¥é9 ek
(B2 @RUP BT P QELE DFILF @ OUEBEY2r00 = F X7 R
—LrPTIBE
< f=74 :\m.q
&) \&/
Braro gL IF 2rL FEL OFL £7 2a Y174
P4
- é 3
¥ yoor yoor, ¥yoor| Yzes o $os Yoor Fo0z| xoow
_ M -~ i AZEF
e .W\.w&&.
N»N\ | W L NQNW L = P
? —W—zra>
x L
74 7/ 2 2

-

Y )

=



June 30, 1970 S. P. FRANKEL 3,518,629

RECIRCULATING MEMORY TTMING
Filed Feb. ¢, 1964 33 Shects—Sheet 395
lﬁ’ ‘4 4_9 fa/a/a
T2 Cr3-I¥ 78
)
co-r? 0

(H6#22)
cré c13

AP

; 77 édﬁ 7 27
727\ L3 21| “or] 76 Sz
21 76- 53 _gf o2
Iz 0
0275 103

= 0103F24020375(D1+76) +01 D277 # DIDZTETT

A=DIP2TE + D276 + DIL2TS
S<utt e AM T4 T7E 14010203424 D176 77+ DID2DIT7F 4

+D2DITE TF(D2+75)+ 02774 2(D1+D3)
Supp = (K6 # D2)Ctd + 7PCLIA(KP +T8) CIIAE 4 Sy # TECOTL (KPP #TI2 + T 7)
+J78 co-11

S;p =(F2+F3+ D1GL) 12

INVENTOR
5/‘4/1/7 P Franies/

A’#a/w?zf



June 30, 1970 S. P. FRANKEL 3,518,629
RECIRCULATING MEMORY TIMING
Filed Feb. 6, 1964 36 Sheets—Sheet 3¢

IW. 50

«» oooo 000000000000

# oooo 2345671880 |2

© oooo 12345671800 I

@ oooo 123456180012

@ oooo 2345071890 12
jiDDDDIEH%SbWBqDIE__

38,51 (Zock Generator) _Z/_"ﬁl 52  [Flip-Flop)
False 0otpst) (Frae owiool)
Ttz /!
0 7 | o

%

*yl SsH
IAVENTOR

Shan/ey P Framnke/
,%4 ,z;J&Aﬁ

Afforneys



United States Patent O

3,518,629
Patented June 30, 1970

r
1CC

1

3,518,629
RECIRCULATING MEMORY TIMING

Stanley P. Frankel, Los Angeles, Calif., assignor to Com-

putron Corporation, Oakland, Calif., a corporation of

California

Filed Feb. 6, 1964, Ser. No. 342,881
Int. Cl. G11¢ 21/00, 21/02

US, CL 340-—172.5 12 Claims

ABSTRACT OF THE DISCLOSURE

A delay line memory is disclosed in which temperature
compensation is made unnecessary by provision of an
inter-controlled counter-multivibrator combination for
operating the delay line. The multivibrator is meta-
stable—that is, conditionally monostable, its astability
being dependent upon detection of the first pulse to
emerge from the delay line.

The first pulse, though a marker pulse, is indistinguish-
able from the data pulses except that at the time of its
arrival the counter is at a given count and the multi-
vibrator is in its stable state. To guard against blocked
operation caused by multivibrator entry into the stable
state before any data pulses are recorded in the memory,
an RC circuit is used to reestablish the astable or “free
running” condition, spontaneously, if this does not occur
within respective time limits.

BACKGROUND AND SUMMARY OF THE
INVENTION

This application relates to an electronic desk calcu-
lator. More specifically, the application relates to an
electronic binary-coded decimal digital desk calculator.

The desk calculators now or previously on the market
are of a mechanical construction and are designed to
perform a variety of functions, including those of addi-
tion, subtraction, multiplication and division. These
mechanical desk calculators usually operate on a digital
basis. Mechanical desk calculators have major disad-
vantages in that they are comparatively slow in their
operation and relatively inflexible in their application.
For example, some of the prior art desk calculators have
huge multi-keyed keyboards for inserting the numbers
which are used as part of the arithmetic computations.
Further, most of the prior art mechanical desk calcu-
lators only have a single entry register which limits the
flexibility of the arithmetic operations which may be per-
formed with the calculator. One object of the desk cal-
culator of the present invention is, therefore, to pro-
vide an electronic desk calculator which will have signifi-
cantly faster operation and greater flexibility than desk
calculators of the prior art.

Another object of the desk calculator of the present
invention is to use a cathode ray tube for simultaneously
displaying a plurality of decimal digits in a plurality of
register positions. The desk calculator has three registers,
Two of the registers hold twelve significant digits and
the third register holds twenty-four significant digits.
The two short registers are each displayed in a single line
on the face of the cathode ray tube and the long register
is split into halves with each half displayed in a single
line on the face of the cathode ray tube. There are,
therefore, four rows of digits displayed representing
three registers. To the left of each of the three registers
are four zeros which permanently appear on the face of
the cathode ray tube. The four permanent zeros are
used so that the maximum number of significant digits
can be entered into each register for numbers which are
smaller than 0.1 but equal to or larger than 0.00001. All
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of the digits which are inserted into the registers appear
on the cathode ray display.

Digits are inserted into any of the three registers of
the desk calculator by using a single ten-digit keyboard.
The particular register to which the digits and other
information are entered is chosen by the use of one of
a plurality of register selection keys. These keys allow
the entry of information to any one of the registers and
also allow, in one instance, the entry of information to
two registers at the same time. In addition to the above,
there is an automatic control which provides entry to a
particular one of the plurality of registers at all times.
The keyboard of the desk calculator also includes keys
which provide positive or negative signs. The sign infor-
mation can be entered into a register at any time during
the entry of the digits and can be changed at will. The
keyboard of the desk calculator also includes a decimal
point key., The decimal point in each register normally
appears to the left of the most significant digit position.
If non-zero digits are initially entered into a register,
the decimal point moves to the right until the decimal
point key is operated, At this time the decimal point is
fixed. If zeros are initially entered into a register, the
decimal point moves to the left until a non-zero digit
is entered.

The desk calculator can perform various arithmetic
computations which are controlled by individual keys on
the keyboard. The term “arithmetic” is used in this appli-
cation to include all the various computations which can
be performed by the desk calculator. These include add,
subtract, multiply, divide, accumulative multiply, and
accumulative divide. The desk calculator will perform
all of the above computations using positive and/or
negative numbers together with associated decimal
points.

Fach of the working registers described above has
associated with it a surrogate register to operate as a
memory. The information which is entered into the desk
calculator and which is operated upon in the desk calcu-
lator is part of the content of the working registers, but
it is also possible to store, recall and exchange informa-
tion between each working register and its complemen-
tary surrogate register. These functions are controlled
by store, recall and exchange keys on the keyboard of
the desk calculator. It is also possible to transfer infor-
mation from one working register to another working
register by the use of transfer keys which are located
on the keyboard of the desk calculator.

The information which is inserted into the desk calcu-
lator contjnuously circulates in the form of a train of
pulses. Fach pulse position may be occupied by a pulse or,
alternatively, may be unoccupied, and represents a single
bit of information. Four such bits make up a character.
Each four bits may represent either a decimal or a non-
decimal character. The pulses pass through a delay line
which operates as the memory. The length of the delay
line is longer than required by the total number of pulses
used in each cycle. The pulses are paced by a clock gen-
erator. In order to compensate for any timing errors in
the desk calculator, each cycle of circulation is initiated
by a marker pulse having the same characteristics as a bit
representing the binary value “1”. At the end of each
cycle, the clock generator enters a metastable state until
the appearance of the marker pulse.

Another obect of the desk calculator of the present
invention is to interleave the bits of information so as to
slowly present the successive bits of information as they
leave the delay line. It is also desirable to interleave the
decimal digits of the different registers to facilitate the
arithmetic computations performed by the desk calcu-
lator. One of the short registers is interleaved with the
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first half of the long register, and the other of the short
registers is interleaved with the second half of the long
register. The bits of information are arranged in groups
of least significant bits, next most significant bits, and so
on, to the most significant bits.

The desk calculator uses a floating decimal point sys-
tem. When all the necessary information has been inserted
into the registers, an arithmetic operation key is pressed.
During the arithmetic operation, the position of the deci-
mal point of the result is automatically computed. If, after
the arithmetic operation, the decimal point is off scale,
it is carried around to the other end of the register. If the
decimal point is off scale to the left, which indicates a
small number, a streak appears on the lefthand side of the
display. If the decimal point is off scale to the right,
which indicates a large number, a streak appears on the
righthand side of the display. The streaks can only operate
within a certain range and if the number is either extreme-
ly large or extremely small, both streaks appear.

The desk calculator uses six flip-flops to distinguish
various conditions of operation. These six flip-flops are
interrelated to give sixty-four possible states which are
called phases. The desk calculator uses a plurality of
routines wherein each routine is a linear progression of
states which are occupied in succession by the change of
one of the basic flip-flops for each step in the progression.
The routines also include branches or loops. The basic
routines are add-substract and accumulative multiply and
accumulative division which include multiply and division.
Within the basic routines are other activities which are
common to the basic routines. These activities include
delaying or advancing the information in a register so as
to align the digits of two registers. Other activities which
are basic to all the routines are sub-additions and sub-
tractions as part of all the arithmetic computation.

Another activity which is used in the divide routine is
the augmentation of a register. For example, as the divi-
sion progresses, the register which displays the quotient is
augmented each time a successful subtraction is made.
Also, during some of the basic routines it is sometimes
necessary to complement a number.

After any of the arithmetic operations, it may be neces-
sary to restore to a normal form the number which ap-
pears as the answer. This may means delaying or advanc-
ing the number to the proper position, recomplementing
if the number appears in the complemented form and other
normalizing activities. A clearer understanding of the desk
calculator will be had with reference to the following
figures wherein:

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a view of the outward configuration of the
desk calculator showing the keyboard, display and display
controls;

FIG. 2 is an expanded view of the keyboard of the desk
calculator;

FIG. 3 is a schematic drawing showing the production
of signals from the decimal digit and decimal point keys of
FIG. 2;

FIG. 4 is a schematic drawing showing the production
of signals from the non-decimal keys of FIG. 2;

FIG. 5 is a block diagram of the circuitry to produce
signals designated by the letter a;

FIG. 6 is a block diagram of the circuitry to produce
signals designated by the letter b;

FIG. 7 is a block diagram showing the interrelation-
ship of the a and b signal plus other signals to produce
the basic phases (¢) of the desk caleulator;

FIG. 8 is a block diagram of the desk calculator illus-
trating the interrelationship of all the phases;

FIG, 9 is a flow chart of the Add-Subtract routine;

FIG. 10 is a flow chart of the Multiply routine;

FIG. 11 is a flow chart of the Divide routine;

FIG. 12 is a flow chart of the Restore-P routine;
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FIG. 13 is a flow chart of the Transfer and Enter Digit
routines;

FIG. 14 is a block diagram of the K, P, and T7-T12
flip-flops which form part of the timing counter logic;

FIG. 15 is a block diagram of the character time logic
for producing the C signals;

FIG. 16 is a schematic diagram of the bit time logic
for producing the ¢ and quadrant signals;

FIG. 17 is a block diagram of the clock generator and
T0-Té flip-flops which form another part of the timing
counter logic to produce the nl-n5 and N127 signals
associated with timing the information circulating in the
Memory;

FIG. 18 is a schematic diagram of circuitry to produce
signals representative of significant periods of time within
each machine cycle;

FIG. 19 is a schematic diagram of Memory logic in-
cluding the delay line and flip-flops M, S, and Dy,;

FIG. 20 is a magnetostrictive delay line which may be
used with the Memory logic of FIG. 19;

FIG. 21 is an expanded view of the coupling unit used
with the delay line of FIG. 20;

FIG. 22 is an amplifier which may be used as the am-
plifier 250 shown in FIG. 19;

FIG. 23 is an amplifier which may be used as the am-
plifier 252 shown in FIG. 19;

FIGS. 24 and 25(«) to (e) are block diagrams of cir-
cuitry which produce miscellaneous controlling signals in-
cluding the #1-A7 signals;

FIGS. 26(a) to (m) are block diagrams of circuitry
which produce signals representative of the various in-
equalities used in the logic of the desk calculator;

FIGS. 27 to 32 are block diagrams of the phase chang-
ing flipflops U, V, W, X, Y and Z and the associated
controlling circuitry;

FIG. 33 is a block diagram of the E1-E4 and D1-D4
flip-flops and the associated control circuitry;

FIGS. 34 and 35(a) to (/) are block diagrams of the
circuitry used to produce the d’ signal:

FIG. 36 is a block diagram of the ES and E6 flip-flops
with their associated control circuitry;

FIG. 37 is a block diagram of the circuitry used to
produce the ¢' signal;

FIG. 38 is a block diagram of the F flip-flop and its
associated control circuitry;

FIG. 39 is a block diagram of the I flip-flop and its
associated control circuitry;

FIG. 40 is a block diagram of the circuitry used to
produce the Inc. signal;

FIG. 41 is a block diagram of the circuitry used to
produce the memory input signal M’;

FIG. 42 is a block diagram of the G flip-flop and its
associated control circuitry;

FIG. 43 is a block diagram of the C flip-flop and its
associated control circuitry;

FIG. 44 is a block diagram of the H flip-flop and its
associated control circuitry;

FIG. 45 is a block diagram of the I flip-flop and its
associated control circuitry;

FIG. 46 is a block diagram of the k and g flip-flops
and their associated control circuitry;

FIG. 47 is a diagram partly in block and partly in
schematic form of the vertical deflection circuit for the
cathode ray display unit of the desk calculator;

FIG. 48 is a diagram partly in block and partly in
schematic form of the horizontal deflection circuit for the
cathode ray display unit of the desk calculator;

FIG. 49 is a block diagram of the beam suppression
system for the cathode ray display unit of the desk cal-
culator;

FIGS. 50(a) to (f) is a series of typical displays show-
ing various decimal point indications;

FIG. 51 is a schematic diagram of a clock generator
which may be used for the clock generator of FIG, 17;
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FIG. 52 is a schematic diagram of a basic flip-flop hav-
ing set (s) and reset (r) inputs;

FIG. 53 is a schematic diagram of a flip-flop incorporat-
ing the basic flip-flop of FIG. 52 and additionally includ-
ing a complement (c¢) input; and

FIG. 54 is a schematic diagram of a flip-flop incor-
porating the basic flip-flop of FIG. 52 and additionally
including star (*) inputs.

DETAILED DESCRIPTION OF THE INVENTION

The outward configuration of the desk calculator is
shown in FIG. 1. The desk calculator includes a vertical
face 10 and a horizontal face 12. A cathode ray display
unit 14 is mounted to display information at the vertical
face 10. The cathode ray unit 14 displays the contents of
three registers K, Q and P. Registers K and Q are each
displayed in a single line whereas the register P display
is split up into two lines. Controls are mounted on the
vertical face 10 to regulate the operation of the cathode
ray unit 14. The controls include a combined on-off
switch and variable brightens control 16, a horizontal con-
trol 18 and a vertical control 20.

The horizontal face 12 includes the keyboard controls
for the desk calculator. The keyboard is more clearly
shown in FIG. 2. The keyboard for the desk calculator
uses a ten-key digit keyboard 100 which is used to enter
numbers into the different registers. A decimal key 102
places a decimal point in the appropriate position in a
register as a number is being set into a register. Also in-
cluded on the keyboard are register selection keys 104,
106, 108 and 110 for selecting the entry into registers
P, Q, KQ (that is, into both K and Q) and K, respective-
ly. A switch 112 provides an automatic selection of the
K register after each arithmetic operation.

A clear key 114 is included on the keyboard for clear-
ing all the registers. Keys 116 and 118 are used to in-
dicate the negative or positive character of numbers as
they are entered into appropriate registers. Four keys 120,
122, 124 and 126 are used to transfer numbers from one
register to another. Key 120 transfers a number entered
into the P register to the K register. The other keys pro-
vide transfer functions as illustrated on the face of the
keys shown in FIG, 2.

Three keys 128, 130 and 132 provide functions in con-
junction with an auxiliary or “surrogate” memory con-
tained within the desk calculator. Key 128 recalls informa-
tion which has been previously stored in the surrogate
memory. Key 130 stores information in the surrogate
memory, and key 132 exchanges information between a
selected register and the surrogate memory.

The right side of the keyboard contains the various
keys which control the arithmetic operations in the desk
calculator. Key 134 is the add button, key 136 is the sub-
tract button, key 138 is the multiply button and key 140
is the divide button. Two additional keys 142 and 144
provide a multiplication or division in the desk calculator
with a concurrent accumulation of the answer from the
multiplication or division with a number stored in the
desk calcnlator.

The production of signals by the activation of any of
the keys is accomplished by the circuits of FIGS. 3 and
4, The circuit of FIG. 3 is used in conjunction with the
digit keyboard 100 and the decimal point key 102 to
produce signals representative of the value of the num-
bers set into the desk calculator and signals representa-
tive of the activation of the decimal point key. The use
of these signals is described at appropriate places through-
ont the description of the desk calculator.

The circuit of FIG. 4 shows the production of signals
from 2l the operation-control keys contained on the key-
board. The use of the signals is described at later times
in the description of the desk calculator.

The desk calculator uses the settings of six flip-flops,
U, V, W, X, Y and Z (FIG. 5 and FIG. 6) to give a pos-
sibility of sixty-four phases of activity. Each phase (¢)
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is named by the values of the six flip-flop settings and
the specific name is described by two octal digits. The
first digit indicates the state of the flip-flops U, V and W.
The outputs of these three flip-flops are combined to
produce signals a0, al, a2 . . . a7. FIG. 5 shows the
interconnection of the flip-flops to produce the a signals
and contains the logic equations describing the intercon-
nection of the flip-flops. The second digit describes the
state of the flip-flops X, Y and Z which produce signals
b0, b1, b2 . . . b7. FIG. 6 illustrates the production of
the b signals. Any individual phase is described by the
general term ¢ij wherein i,j=0, 1 . . . 7; for example,
¢64=a6, b4=UVWXYZ. All of the a and b signals
are made available for direct use, as well as the most fre-
quently used phase signals. FIG. 7 illustrates the produc-
tion of the common phase signals which are used in the
desk calculator. In addition to the phases which are
derived solely from the @ and b signals, a plurality of
signals (gap, ¢cq, ¢cp, and ¢dp) which are used fre-
quently in the desk calculator are derived using the a
and b signals, the phase indicating flip-flops and an
auxiliary flip-flop J.

The rest state in the desk calculator occurs in ¢00,
Departure from the rest state occurs only on the opera-
tion of control keys on the keyboard. Each key initiates
an activity which leads, on completion, to a return to
the rest state. The major activities are carried out in
“routines.” Each routine makes use of a series or group
of phases. The main routines are the Add-subtract routine
(indicated by As.), Multiply (M), Divide (D), Transfer
(T), and Enter Digit (Ed.). Also, the first three routines
(As, M, D) lead into a corrective routine called Restore-
P (Rp).

Each routine is not always a linear progression of states
occupied in succession, but the routine may involve
branches or loops. The progression through one of these
series of states, whether linear, branched, or cyclic, is
accomplished by a succession of phase changes. Each
phase change reverses the state of only one of the six
phase-indicating flip-flops, U, V, W, X, Y and Z. Each
state is also given a name which identifies the routine in
which the state is used and the approximate position of
the state is given by a number which is even or odd as
the phase is an even or odd number of steps from the rest
state, ¢00. (In other words, this number is odd if there
is an odd number of one-states among U, V, W, X Y, Z.)
These names are used in FIGS. 8 to 13.

The full array of 64 possible phases is shown in FIG.
8. It will be noted that some of the phases shown in FIG.
8 are not used as part of the activities of the desk calcu-
fator. The phases used in each of the five routines are
shown in FIGS. 9 to 13. Some activities are carried out
in several phases, not necessarily in the same routine.
These phases are given collective names which identify
the activities. As shown in FIG. 7, the major ones have
collective names of: Delay P(¢dp), Add to P(¢ap),
Complement Q{¢cq) and Complement P{¢cp). The
above activities plus Advance P, Advance Q and Aug-
ment Q will be described prior to the description of the
five routines. Also, fundamental portions of the com-
plete desk calculator will be described first to lay the
groundwork for a description of all the activities. These
are the timing system, the timing logic, the delay line
input, the D and E regsters and the number structure.

Timing system.—The timing system as shown in FIGS.
14, 15, 16 and 17 includes flip-flops TO, T1 . . . T12 and
flipflops P and K. The changes in state of the timing
flip-flops including the P and K flip-flops are paced by
a multi-vibrator which produces primary clock pulses
designated C,. These flip-flops define various parts of a
period of time called a machine cycle. The duration of
a machine cycle is approximately 30 milliseconds. Each
machine cycle is divided into two half-cycles by flip-flop
K. which is “Off” in the first half-cycle (marked K), and
“On” in the second half-cycle (marked K). The change
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in the state of flip-flop K is illustrated in FIG. 14. Each
half-cycle is divided into 30 character periods. In each
character period, one character of the number held in
ore of the three registers K, Q and P is available for
manipulation. Usually a character which becomes avail-
able in one character period undergoes some modifica-
tions and is set into a group of four flip-flops collec-
tively called D. These four flip-flops form a supple-
mentary D register, the operation of which will be de-
scribed later. The character held in the D register is then
available for further manipulation in the following
character period. Typically, the manipulation of the
character ends at this time and the character is returned
to an inactive status in the memory until the next machine
cyele. Occasionally a character is held for one or more
additional character periods in the D register. Another
group of four flip-flops called the E register is used for
storing a character so it may be used for a number of
character periods.

A character consists of four bits which are manip-
ulated serially; first the least significant bit, then the sec-
ond and third bits, and last the most significant bit. A
character may be a decimal digit, in which case the nu-
merical value of the character is no greater than 9. A chai-
acter may also be a sign character or part of a decimal
position indication. The numerical value of a sign charac-
ter is always greater than 9. Therefore, its possible values
are 10, 11, 12, 13, 14 and 15. A decimal position indication
has any value from 0 to 63, since 6 bits from two adja-
cent characters provide the decimal position indication.

Each character period is divided into four bit periods.
Each bit period, with one exception (o be described later,
is divided into 120 clock periods. The production of sig-
nals representative of the bit periods is shown in FIG.
16. The memory of the desk calculator consists of a de-
lay line through which some 480 bits of information are
recirculated. The period of recirculation is one character
period and, therefore, a bit held in memory is available
once in each character period. Usually a bit is not modi-
fied or made use of except during the one bit period in
each machine cycle when the bit is in an active status,
i.e., stored in one of a group of buffer flip-flops, as will
be explained. Since the period of recirculation is one
character period, this period of time is also referred to
as a memory cycle.

Each bit period is divided into four quadrants. The
last three of the four quadrants are of equal length but
the first quadrant is sometimes longer since it may in-
clude a dead period of time, defined subsequently. In each
bit period a single bit of the working memory is held in
a flip-flop called M and is made available for manipula-
tion. The working memory consists of 240 bits which are
the contents of registers K, Q and P. In addition to the
working memory the delay line holds in circulation an-
other 240 bits called the surrogate memory. The 240
bits of the surrogate memory form three surrogate reg-
isters corresponding to K, Q and P. In each bit period
one bit of the surrogate memory is held in a flip-flop
called S. In some of the Transfer operations the bits held
in flip-flop 8§ are changed by copying into flip-flop S the
bits held in M. Otherwise, the contents of the surrogate
memoiy recirculate unchanged. The recirculation pattern
for surrogate bits, which will be described in detail later,
includes the occupancy of flip-flop S for one bit period
of each machine cycle.

Timing chain logic~—The memory of the desk calcu-
lator holds the contents of the three registers and their cor-
responding surrogates as described before. Registers K
and Q each hold fifteen characters. These fifteen char-
acters consist of twelve decimal digits, the sign charac-
ter, and the decimal position indication held in two char-
acters. Similarly, register P holds 30 characters of which
24 are decimal digits, one is the sign and {wo are the
decimal position. The remaining three characters of the
Tegister are meaningless sign and decimal indications
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associated with the less significant half of the P register
which appear in the K half of the machine cycle. The
machine cycle consists of 60 character periods. Each
character period occupies one memory cycle, including
its dead period.

The first character period of the first half-cycle of the
machine cycle is marked KPC0 where CO represents one
of the states of the four flip-flops, T9, T10, T11 and T12
as shown in FIG. 15. The second character period of
the first half-cycle is marked KPCO. The third and fourth
arc marked KI'C1 and KPCI, etc. Similarly, the succes-
sive character perjods of the second half of the machine
cycle are marked K’C0, KPCO, etc. Flip-flop P changes
state after each character period and there is a change
in the state of one or more of the flip-flops T9 to T12 at
the time P changes from “On” to “Off.” The control
of the flip-flops T9 to T12 by the flip-flop P is shown in
FIG. 14. Two successive character periods, the first
marked P, the second marked P, are called a character
period pair and have a common “C-number” indicating
the states of flip-flops T9 to T12.

The fifteen C-numbers, C0, C1 . . . C14, are distin-
guished by the timing flip-Aops T9, T10, T11 and T12
and are marked as follows:

T9 T10 T11 T12
CO 0 0 Q 0
1 1 0 Q 0
2 0 1 a 0
3 1 1 ] 0
(4 [t} ] 1 i
Ch 1 0 1 0
[Q1) 1] 1 1 4]
7 1 1 1 ]
K i) 0 U 1
[ 1 0 0 ]
C 0 1 0 1
& 1 1 U} 1
[ 0 0 1 1
[ 1 0 1 1
C ] 1 1 1

The first twelve C-numbers are collectively denoted CO0-
11. The last three C-numbers are marked C12-14, and
the last two are marked C13-14. Other groups of C-num-
bers are denoted C1-11 and C1-12. The specific C-num-
bers and groups of C-numbers which are needed to limit
the times of occurrence of particular activities in the
desk calculator are derived in the circuit of FIG. 15.

Each C-number is held through two character periods
which are distinguished by the flip-flop P, as described
previously. P is Off for the first character period of the
pair, On for the second. Each Character period is divided
into four bit periods (71, 12, 13, and 74) which are dis-
tinguished by flip-flops T7 and T8 as shown in FIG. 16.
The flip-flops T7 and T8 cycle in the Gray code pattern.

Each of the four bit periods is divided into four quad-
rants

1, 1,1, 1
(1 1,‘12,13 and E{)

The quadrants are distinguished by the states of the flip-
flops T5 and T6 in the binary code as shown in FIG. 16.

With the exception of the first quadrant of the first bit
period of a character period

(é m)

each quadrant is divided into 30 clock periods by flip-flops
T0, T1, T2, T3 and T4. These flip-flops form a normal
binary counter except that the two conditions T1T2T374
(with T0O=0 and TO0=1) are not used at most times.
These two conditions called N0 and N1 are, however,
used at the beginning of the first quadrant of each charac-
ter period and mark a dead period. During the dead period
the normal recirculation of information in the delay line
is suspended. The dead time forms a part of the first quad-
rant only in the ¢1 bit period. That is, the dead time lies
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between the 4 bit period in one machine cycle and the
live part of the first quadrant of 71 in the next character
period. The first and second quadrants of a bit period are
designated by the subscript _, the third and fourth quad-
rants by . Thus 74_ means

1.1,
(;1+12)t4

t2+=(i3+i4) 2

and

The dead period is a part of t1_ 'or more specifically of
1
i 1£1

Entry to the condition N@ is permitted by the signal
called “Enable *T1” illustrated in FIG. 17. In the absence
of the signal Enable *T1, the condition N¢ fails to occur,
as does also the condition N1. This condition NI, the
second of the two clock periods of the dead period, is of
an indefinitely long duration by reason of the suppression
of the signal “Enable C,” which permits the free running
of multivibrator C,. Each of the remaining clock periods
is of approximately one microsecond duration. The two
extraordinary clock periods are named NO and NI, as
mentioned above, and the thirty ordinary clock periods
following the first two are named N2 to N31. The next
three quadrants

1
L)

each have thirty clock periods named N34 to N63, N66
to N95 and N98 to N127. (The names N32, N33, Né64,
N65, N96 and N97 are not used since the conditions which
these names describe do not occur.) The bit period 71,
therefore, has 122 clock periods, the second being ex-
traordinarily long. Each of the following three bit periods
(#2, 13 and #4) has only 120 clock periods named N2 to
N127 (again omitting the names N32, N33 . . . N97).
The names of the clock periods are indicated by the states
of the flip-flops T0 to T6, where T0 is the least significant
bit and has a position value of unity. T1 has a position
value of 2, and so on to T6 which has a value of 64.
Certain combinations of the states of flip-flops TO to T6
are used to form signals marked nl, n2, n3, nd4, n5 and
N127 as shown in FIG. 17, and these signals are used
to derive the few individual clock periods which need to
be distinguished.

As was indicated previously, the duration of the normal
clock periods are equal to each other and have a nominal
value of one microsecond. The repetition rate of the free-
running multivibrator which supplies the clock pulses

1., 1
(1 211, 73t1 and

need only be approximately one megacycle, since devia- |

tions from that value are compensated for during the N1
period. In N1, the behavior of the free-running clock mul-
tivibrator is modified so that it can remain in one of its
two states for a long period of time. Normally, the stable
condition of the clock multivibrator persists until a marker
pulse is received from memory. The marker pulse ad-
vances the count held in the T1 flip-flops to N2 to restore
the clock multivibrator to the free-running condition. The
clock multivibrator may remain in the mono-stable con-
dition during N1 for as much as a few dozen microseconds.
The specific time depends on deviations from the nominal
clock rate of the clock multivibrator (one megacycle)
and from the nominal delay time of the delay line memory
(slightly more than 482 microseconds).

The monostability of the clock multivibrator is not,
however, absolute. The multivibrator is designed to change
state spontaneously to restore the free-running condition,
if no marker pulse has been received after a long period
of occupancy of N1. A one-bit is always recorded in the
delay line at the times N3. This ensures the appearance of
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a marker pulse at an appropriate time in the next dead
period. However, in the initial condition following the
first application of power to the machine, the timing flip-
flops might fall into the state N1 before any one-bits had
been recorded. If the metastable state of the clock multi-
vibrator were fully stable, there would be no escape from
that condition.

The clock multivibrator provides a primary clock pulse,
called C,. The primary clock pulse drives the cycling of
flip-flops T0, T1 . . . T6, as described by the equations
associated with FIG. 17.

The resetting of flip-flop Té marks the end of a bit
period and provides a signal to drive the flip-flops T7, T8
as shown by the equations associated with FIG. 14. The
resetting of T8 marks the end of a memory cycle and
serves to change the state of flip-flop P as described in
FIG. 14. The resetting of P provides a clock signal, Cq,
which drives the flip-flops T9. T10, T11, T12 and K. These
changes are described by the equations shown in FIG. 14.
The resetiing of K marks the end of a full machine cycle.

The K and P flip-flops together with the C-numbers
provide a plurality of signals which indicate periods of
time which are of frequent occurrence in the circum-
stances for setting and resetting flip-flops and other ex-
pressions in the logic of the desk calculator. These signals
are developed in FIG. 18.

Delay line input.—Information in the desk calculator is
circulated through a delay line 200 shown in FIG. 19
which has a nominal time delay greater than 480 micro-
seconds. An additional period of time is provided to allow;
for tolerances in both the delay line length and the fre-
quency of the clock multivibrator and for a few addi-
tional microseconds which are spent in the blocked state,
N1. It is desirable that aside from the dead period, the
alternation of states of the multivibrator shall be almost
completely free of influence by signals received from the
delay line. A small influence on the period of the multi-
vibrator by the circulating bits is tolerable though
undesirable.

The delay line 200 may be an electro-mechanical type
as shown in detail in FIGS. 20 and 21. The delay line
200 includes a long length of wire 202 which mechani-
cally provides the delay needed in the operation of the
desk calculator. The wire 202 is excited in the torsional
mode by the input signal to the delay line which passes
through an input coupling mechanism 204. The output
signal from the delay line is received by an output cou-
pling mechanism 206. Both the input and output coupling
mechanisms have the same structure and are shown in
more detail in FIG. 21.

A pair of coils 208 and 210 are disposed adjacent to
each other. The coils 208 and 210 include hollow cylin-
drical coil forms 212 and 214. Windings 216 and 218 are
wound around the coil forms 212 and 214 in opposite
directions. The first ends of each winding are electrically
connected and the second ends are used as input or out-
put terminals. A magnet 220 is provided in proximity to
the two coils to operate as a magnetically biasing element.

A plurality of tapes 222 pass through the coil forms
212 and 214 and form a half turn around the wire 202,
The ends of the tapes 222 are sandwiched in between
layers of a silicon rubber damping element 224, The
tapes 222 are secured to the wire 202, for example, by
welding in the area where the tapes make a half turn
around the wire. The tapes 222 are made from a magneto-
strictive material.

When the input signal is applied to the input coupling
mechanism 204, the length of the magnetostrictive tapes
changes with the tapes becoming longer or shorter in
accordance with the characteristics of the input signal.
Since the windings of the coils 208 and 210 are wound
in opposite directions, the change in length of the tapes
as they pass through the coil form 212 is of an opposite
sign to the change in length of the tapes as they pass
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through the coil form 214. The end of the wire ZQZ .is,
therefore, twisted in accordance with the characteristics
of the input signal.

The signal passes through the wire 202 to be detectfad
by the output coupling mechanism 206 in an opposite
manner to the input coupling mechanism 204. That is, the
mechanical movement of the magnetostrictive tape pro-
duces an output signal from the windings proportional
to the movement and therefore to the input signal.

The delay line 200 is fed an input signal by a write
amplifier 250 as shown in FIG. 19. The output signal
from the delay line 200 is amplified by a read amplifier
282. The write and read amplifiers are shown in more
detail in FIGS. 22 and 23. The input to the write amplifier
250 is a clocked input. The information signal D’ is
applied to the junction of a capacitor 254 and a diode
256. The inverted clock pulse C, is coupled to the junc-
tion through an additional silicon diode 258 and the diode
256. The silicon diode 258 insulates the write amplifier
from noise and other extraneous signals present in the
clock pulse.

The capacitor 254 operates as a high pass filter to pass
a pulse train to the base of a transistor 260. The output
from the transistor 260 is taken at the collector and ap-
plied to the base of a second transistor 262. The emitters
of the transistors 260 and 262 are connected to a refer-
ence potential such as ground. The resistors 264 and 266
are used to bias the transistors and are electrically con-
nected to a negative potential which may have a value
on the order of —12 volts,

The output from the transistor 262 is taken at the col-
lector and applied to a first terminal of an input wind-
ing 268. The winding, for example, may be the coils of
the input coupling mechanism 204 shown in FIG. 20. A
pulse shaping parallel circuit consisting of a resistor 270
and a capacitor 272 is coupled between the second fer-
minal of the input winding 268 and the negative poten-
tial. A clipping diode 274 is also disposed between the
first terminal of the input winding 268 and the negative
potential. The signal applied to the delay line has a pulse
width of about 1 microsecond.

The input to the read amplifier 252 is from an output
winding 276 in the delay line 200. The output winding
276 may be, for example, the coils of the output cou-
pling mechanism 206 shown in FIG. 20. The signal from
the delay line has a pulse width of about 1 microsecond.
The winding 276 is disposed between the first terminal
of a capacitor 278 and a reference potential such as

ground. A resistor 280 is connected between the second |,

terminal of the capacitor 278 and the base of the tran-
sistor 282. The output signal from the transistor 282 is
taken from the collector and applied to the base of a
transistor 284. The output signal from the transistor 284
is taken from the collector and applied through a capaci-
tor 286 to the base of the transistor 288.

The appropriate biasing for the transistors 282, 284
and 288 is provided by the resistors 290, 292, 294 and
296. The resistors 298 and 300 are coupled in series be-
tween the base of transistor 282 and the reference poten-
tial such as ground. The resistors 298 and 300 in combi-
nation with the resistor 280 operate as a voltage divider.
A series circuit consisting of a capacitor 302 and a vari-
able resistor 304 are electrically disposed between the
junction of the resistors 298 and 300 and the reference
potential such as ground. The variable resistor 304 is
used to adjust the gain of the read amplifier 252. The out-
put signal from the read amplifier Dy, appears at the
collector of the transistor 288 and consists of a negative
pulse having a width of 0.4 microsecond whenever a
“one” bit of information is presented.

The two flip-flops M and S (FIG. 19) hold a working
bit and its surrogate through the greater part of each bit
period, as mentioned previously. The capture of these
bits from the delay line output, denoted by D, is at the
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times N3 and N2, respectively. The clock periods N2 and
N3 are marked

The capture process is described by *S, *8, sM and rM,
as shown by the circuitry and logic equations of FIG. 19.
In that figure, the factor T1 in the expressions for N2 or
N3 is omitted in the expressions for *S, etc., so that they
represent inputs at the times NO or N1 as well as N2 or
N3. The value of D at the times NO and NI, and, there-
fore, the value sct into S and M at the beginning of the
dead period, is zero, as shown below.

The bit set into S at N2 of each bit period is held
through that bit period (usually without change) and is
recorded into the delay line at the beginning of the next
bit period at (N2 or N@). The input to the delay line is
denoted D’ and the recording of the bit is described in
the following portion of the equation of D’ shown in
FIG. 19.

(The symbol “4 .. .” indicates that D’ includes other
terms not shown here. The symbol “4 .. .” will be
similarly used throughout the description of the desk cal-
culator. Also, the description “(FIG. 19)” indicates that
the circuitry to produce the D' signal is found in FIG.
19. This convention will be used throughout the descrip-
tion of the desk calculator.) The above equation also
describes the recording of zero at the time N2 of bit pe-
riod 71 since S was set to zero at the time NO r1.

A one is recorded at each time N3, as described by the
following term in D’.

Each bit recorded in one memory cycle is received in the
following cycle at a time which is earlier by two clock
periods. In particular, the one-bit recorded at the time
N3:1 returns in the following cycle as the marker bit
which triggers the escape from the blocked condition of
the multivibrator. The marker bit is the first signal re-
ceived during N1 since a zero was recorded at the time
N2 and no recording is performed during the time N1.

In the last clock period of each bit period, N127, a
bit named M’ is recorded. M’ is formed by the machine
logic, partly on the basis of the value of M in the corre-
sponding bit period of the preceding memory cycle. In
all of the intermediate clock periods, N4 to N126 inclu-
sive, the bit emerging from the delay line is rerecorded
unchanged. The complete input to the delay line D’ is
shown in FIG. 19.

During the Initial Condition (signal I, as shown in
FIG. 4) all registers, including the surrogates, are cleared.
On operation of the Clear Key a signal R, (FIG. 4) clears
the working registers but not the surrogates, The clear-
ance is accomplished by setting M (on signal R.) or
both M and S (on signal I,) to the value

(11C124+-C13—14)
as described by the following logic equations:

sS=IM+ . . . (FIG. 19)

rS=IM+ . . . (FIG. 19)

sM=(I+R.) (11C124-C13—14) + . . . (FIG. 19)
rM=(I.+R.) (11C12--CO—11)+ . . . (FIG. 19)

The signal I, is produced by an R-C circuit. The time
constant of the R-C circuit must be sufficiently large to
ensure that the above terms remain effective for at least
one machine cycle (about 30 milliseconds).

The combined signals, I.-+R,, also reset all six of the
phase flipflops, U, V, W, X, Y, Z, thereby bringing
the machine into the rest state, ¢00.

The operation of the desk calculator is controlled by
the state of flip-flops U, V, W, X, Y, Z dependent upon
signals and flip-flop states which have already been de-
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scribed or will be described in the further explanation
of the operation of the desk calculator and as shown in
FIGS. 27 to 32. FIGS. 24 and 25(a) to (e) show the
derivation of miscellaneous controlling signals including
signals /1 to h7. FIGS. 26(a) to (m) illustrate the pro-
duction of the signals which represent the various in-
equalities used in the operation of the desk calculator.

D and E registers.—A character is presented by mem-
ory as four bits held in flip-flop M (shown in FIG. 19)
in the four successive bit periods of a character period.
The character is typically set into a one-character regis-
ter, D, which includes four flip-flops D1, D2, D3 and D4
as shown in FIG. 33. The input to the D register is
through a fifth flip-flop, D,, and is called d’. The output
from the D register is called d. The four D flip-flops are
not connected as a shift register but are individually
set and then observed in cyclic succession. For example,
a bit presented as d’ in a 71 bit period is placed in flip-
flop D1 at the beginning of the following (the #2) bit
period. The bit is held, meanwhile, in the flip-flop called
D.. Similarly, the value of d’ during the 2 bit period is
first set into D, and then set into D2 at the beginning of
the #3 bit period. Flip-flop D, is always reset in the third
quadrant of a bit period and is then set On if d'=1, as
shown by

rD,=13 (FIG. 34); sD,=T6d' (FIG. 34)

(T6 marks the third and fourth quadrants.) In the first
half of a bit period the bit held in D, is set into one of
the four D flip-flops as described by the equations in-
cluded in FIG. 33.

The values of the bits held in the four D flip-flops are
sampled in succession and presented as the signal 4 which
is defined as

d=11D1-+12D24-13D3-+t4D4 (FIG. 13)

In each bit period d presents the bit which was held as
d’ in the fourth preceding bit period. The full equation
for d’ is described in FIG. 34 which illustrates the con-
trol of the flip-flop D.. FIG. 35(a) to (e) illustrates the
derivation of the signals which are used to control the
production of d'.

Information is presented from the delay line memory
in the form of the signal M. Correspondingly, the signal
M’ carries information being returned to the memory.
The signal M’ is set into the circulating information pat-
tern so as to be returned from memory after a delay
equal to one character period short of a full machine
cycle. For example, a bit set into memory as the signal
M’ in the bit period 3KPCS8 is returned in the following
machine cycle as the signal M at the time 3KPC7. In
order to recirculate the contents of the working registers
unchanged, the signal M must be delayed for one charac-
ter period before being returned to memory as the sig-
nal M’. During the rest state, $00, and at various other
times, the delay is accomplished by transmitting the
working memory through the D register as described by:

d'=M; M'=d (normal circulation)

In the following description of the desk calculator it is
assumed that 4’ has the value M unless some other value
is specified. Similarly, it is assumed that M’'=d.

An auxiliary register, E, functions in much the same
way as the D register. The input to the E register is de-
noted ¢’, and is set into a flip-flop E, in the latter part
of each bit period, as shown by

TEB:_is (FIC. 33); sE,=T6e’ (FIG. 33)

The bit is then set into the appropriate one of the four
flip-flops, E1, E2, E3 and E4, in the first half of the
next bit period. The flip-flops E1, E2, E3 and E4 are
shown in FIG. 33. The states of the four flip-flops are
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presented in succession by an output signal from the
E register called e. The signal ¢ is defined by

e=11FE14-12E2+13E34-14E4 FIG. 33)

The E register also includes two additional flip-flops
E5 and E6 as shown in FIG. 36. The E5 and E6 flip-
flops are used in manipulation of the decimal indication
of the numbers held in the working registers. The forma-
tion of the ¢’ signal which controls the E. flip-flop is
shown in FIG. 37.

The content of the E register is often held unchanged
over long periods of time. Accordingly, the input to
the E register is normally expressed as:

e’=e (normal input)

The input to the E register is as above unless some
other vallue is specified.

Number structure—The number held in the Q regis-
ter consists of twelve decimal digits presented by the
memory during KPC0-11 and three characters presented
by the memory in KPC12-14. The first of the latter three
characters, called S,, is presented in KPC12, and repre-
sents the signs of the number held in the Q register.
S, usually has one of two normal forms which represent
normal positive and mnegative numbers. When the num-
ber in the Q register is changed by a process called
“complementing,” to be described below, the sign char-
acter may become one of two “overdrawn” values. Also
in the course of a cumulative division a carry into the
sign character may produce one of its two “overflowed”
forms. The sign character therefore, may take six forms.
These six forms for S, are also used for the sign char-
acters of the K and P registers, called Sy and S, re-
spectively as well as a spare sign character, Sg, pre-
sented in KPC12. The six non-decimal forms of the
hexadecimal (four-bit) character are used to provide
the six forms of the sign character. The hexadecimal
character, therefore, represents the decimal digits and
the sign character in the following manner:

Character t1 t2 t3 t4
0 0 0 (] [
1 1 0 [t} 1]
2 0 1 0 1]
3.. 1 1 1] [}
4. 0 0 1 0
5._ 1 0 1 Q
6._ 0 1 1 1}
7. 1 1 1 0
8 e maana 0 1] 0 1
Qe e 1 Q n 1
Neg. sign, overdrawn, 0 1 [1] 1
Neg. sign, mormal___ 1 1 0 1
Neg. sign, overflowed 0 0 1 1
Pos. sign, overdrawn ... ... ... 1 0 1 1
Pos. sign, normal.. . ____ ... 0 1 1 1
Pos. sign, overflowed. .. __ ... ... 1 1 1 1

The sign-character S, is presented as the signal M in
KPC12 and recorded as M’ in KPCI12. Sy, the sign
character of the K register, is presented in KPC12 and
recorded in KPC12. The spare sign characted, Sy, is pre-
sented in KPC12 and recorded in KPC13. Finally, the
number held in the P register carries a sign, S,, which
is usually presented at the time KPCI12 and recorded
at time KP13. In the course of an arithmetic operation
the sign character S, may, however, be shifted away
from its normal position to any of the positions at which
the decimal digits of the P register are usually presented.

The information presented from memory during the
character periods C13 and C14 constitute the decimal
position indications of the K, Q and P registers. More
specifically, the four bits presented in a C13 character
period, together with the first two bits of the correspond-
ing C14 character period, form the meaningful part of
the decimal indication. No use is made of the bits pre-
sented in the last two bit periods of any of the C14
character periods. The six bits presented in

KP(C13+4112+4C14)
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form the decimal character of the Q register, D,. The
six bits presented in KP(C13+4712-4-C14) are called
K, an dindicate the position of the decimal point in
the K register. Similarly, in KI'(C134-1124+C14) there
is presented the decimal indication D, showing the deci-
mal position of the number held in register P. At the
times KP(C13-+/124C14) a spare decimal indication
is presented from memory. Like the spare sign, the spare
decimal indication is without meaning.

Since the decimal indications are formed of six bits,
64 different indications of the position of a decimal
point are possible. For example, a number x and another
number, which is defined as y=10%x, differ from each
other in that the decimal point of y lies sixty-four places
farther to the right. In such a case, the two numbers
are indistiinguishable in the desk calculator and are
treated in the same way in any arithmetic operation.
Similarly, x and a number defined as z=10-5%x cannot
be distinguished in the desk calculator. No difficulty arises
from the above ambiguity so long as none of the num-
bers used has a decimal point which is extremely far
from a “normal position.” The normal position for the
decimal point in the desk calculator is immediately
to the left of the most significant digit, If the operator
of the desk calculator avoids numbers, including those
derived as products or quotients, which have a decimal
point more than fifteen places away from the normal
position, then no ill effect of the above ambiguity arises.

The normal vallue for any one of the decimal indi-
cations is 63. This is represented by one-bits in all six
positions of the decimal indication. For example, if the
number +0.123 is held in the K register, then Dy=63.
The bis presented in KPC13-14 are accordingly 1111
11xx (in the order of appearance). The bits marked x
are irrelevant. A decrease in the decimal indication sig-
nifies a motion to the right of the decimal point. If
the number —123.456 is held in the P register then
D,=60 and the signal M includes the bits 0011 11xx
during the period KPC13-14. Increasing the decimal
character past the maximum value of 63 (and there-
fore, through zero) indicates a leftward motion of the
puint; thus, if the number +0.000123456 is held in the
Q register then D =2 and the M signal during KPC13-14
equals 0100 00xx.

Register P holds twenty-four digits, which are pre-
sented in PCO0-11 in both the K and the K half machine
cycles. The least significant d’i—git of the P register, de-
noted p0, is normally presented in KPCO and the most
significant digit, p23, is normally presented in KPC11.
The sign character, S;, is normally presented in KPC12.
The twenty-five characters described as p0 to p23 and
S,, may be cyclically permuted from their normal posi-
tions in the course of an arithmetic operation, but are
returned to their normal places during a routine called
Restore-P to be described later.

The decimal point placement of the number held in
the P register is indicated by D,, and is always presented
in KPC13 and KPC14. The decimal indication is set to
its normal value of 63 when the register is cleared. When
the digits and sign character of the P register are precessed
leftward during an arithmetic operation, the decimal
character Dy, is correspondingly increased. Generally the
significance of Dy, is as follows. When D,=63, this indi-
cates a decimal point in a normal position just to the
left of the digit presented at the time KPC11l. When
D,=62, the decimal point is just to the right of that
digit. When D,=0, the decimal point is one place to the
left of the normal position. Other values of D, indicate
positions of the decimal point still further from the nor-
mal position.

The decimal indication, D,, provides an absolute indi-
cation of the position of the decimal point of the P regis-
ter and is not an indication of the position of the decimal
point relative to the sign character. Both the sign char-
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acter, S, and the digits of the P register may be shifted
from normal position, as mentioned previously. Each
time the digits and the sign character of the P register
are shifted left, D, must be increased by one to preserve
the meaning of the number held in the P register. The
sign character, S,, serves the auxiliary purpose of indi-
cating where the sequence of digits begins and ends.

Delay-P phases—The registers K and a part of P are
interdigitated by character. The rest of the P register is
interdigitated with the register Q. A digit of K is aligned
with a digit of P when the two digits are presented in P
and P character periods which form a pair. In the per—~
formance of an addition or subtraction, a digit of K may
only be added to or subtracted from a digit of P aligned
with it, Therefore, in many parts of arithmetic routines
it is necessary o shift the digits of the P register left
so as to bring the 12 digits of the K register into align-
ment with a desired set of 12 consecutive digits among
the 24 digits of the P register. After such a left shift
has been performed the most significant digit of the P
register is no longer presented at the time KPCI11. In
order to mark the beginning and end of the series of
decimal digits of the P register, the sign character, Sy, is
shifted along with the decimal digits to serve as a marker
for the beginning and end of the series of digits held in
the P register. Since the sign character, S, always has
one of the six values which do not represent decimal
digits, S, can be recognized as distinct from the digits
of the P register. Therefore, if S, is presented at the
time KPC2, then the light presented in KPC1 is the most
significant digit of the number held in the P register, and
the digit presented in KPC3 is the Jeast significant digit.

The left shift of the P register is performed in a num-
ber of pairs of phases which are collectively called ¢dp.
The two phases of each pair are differentiated by the
state of the X flip-flop. When the X flip-flop is “Off” the
first phase of the pair is occupied and when the X flip-
flop is “On” the second phase is occupied. A flip-flop
called F plays an auxiliary role in distinguishing various
stages of the ¢dp activity. The complete operation of
the flip-flop F is shown in FIG. 38. The flip-flop F must
be “Off” in order to enter the first of the ¢dp pair of
phases. The entry to this first phase in some cases occurs
at a time when the complete E register holds a delay
number which indicates the number of steps of left shift-
ing required. The delay number, called Dy, is regarded
as the negative (modulo 64) of the desired number of
shifts. The statement that two numbers are equal (modulo
64) means that their difference is an integral multiple of
64, which may be zero. For example, if Dyp=63, one
left shift is to be done since the number one is the nega-
tive of 63 (modulo 64). The number held in the E regis-
ter has the significance of a delay number during the
delay-P phases ¢11 and ¢13 and the phases ¢13 and ¢17.
The phases ¢11 and ¢15 are shown in FIG. 9 as part
of the Add-Subtract routine and the phases $13 and ¢17
are shown in FIG. 10 as part of the multiply routine. In
other delay-P phases the number held in the E register
does not have the significance of a delay number.

The flip-flop F is set “On” at time KPC13 as shown by
sF=¢dpKPC13X+ . . . (FIG. 37)

The first occupied phase of the pair of delay P phases

is marked X, the second is marked X. In the character

period preceding the turning on of the flip-flop F the
hexadecimal digit held in E is exchanged with the digit
of the P register presented by M during KPC12 and by
d during KPC13. The digit which is exchanged is called

the short de—lay number. The exchange is described by
M =MSe4+MOd+ . . . (FIG. 41)
M5=¢5-24 ... (FIG. 41)
e5-2—¢dpXFKPC13+ . . . (FIG. 37)

MO=MS5+ ., (FIG, 41)
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The above notation expresses the fact that during the
period of time described by ¢dpXFKPC13 the bits sent
into memory as the signal M’ are the bits e emerging
from the E register rather than the bits d which are the
usual source. Similarly, in the same period of time the
bits d, rather than the usual bits e, supply the input fo
the E register. Here M5 represents the collection of cir-
cumstances in which the memory input is drawn from e
rather than from the customary source, d. (The coeffi-
cient M0 becomes false when any one of the other co-
efficients in the M’ equation, M1, M4, M5 . . . becomes
true.) Similarly, the changed source of input to the E
register at the same time is shown more formally by the
equations

e’=e8d-+ele+ . . . (FIG. 37)
e8S=¢dpXFKPC134 . . . (FIG. 37)

e0=c5+ . .. (FIG. 37)

Here, also, €0 becomes false whenever one of the other
coefficients in the ¢ equation, el, €2 . . . €9, becomes
true. The equation for the input to the D register, da’,
has a similar residnal term showing its normal source,
M, namely:

d'=doM~+- . . . (FIG. 34)

d0 becomes false whenever one of the coefficients, d1,
. .. d15 becomes true. In the following, the disappear-
ance of the normal source for M’, €, or d’ is implied by
each statement of a special source,

If the prior content of the P register was normally
situated, its sign character, S,, is brought into the E flip-
flops during the above exchange and the four least sig-
nificant bits of the delay number are recorded into mem-
ory in the normal position of S;. In any case the “short
delay number” is recorded in such a way as to reappear
from memory at KPC12, In the remainder of the X¢dp
phase the characters to be shifted are set into D during
the character periods in which they appear, PC0-11, and
in the character periods PC1-12 they are exchanged with
E as described by

e'=5d+ ... (FIG. 37)

e5=—¢dpXFPC1-12 . . . (FIG. 37)
M'—=M53e+ . .. (FIG. 41)
M5=¢dpXFPC1-12+ . . . (FIG. 41)

(Flip-flop F is “On” after ¢dpXKPC13). Other char-
acters held in memory circulate in the normal fashion
during #dpXF except for the short delay number, ap-
pearing at times KPC12, and the decimal indication Dy,
appearing at KPC13-14. The first delay P phase may last
for many cycles and the delay number and D, are in-
cremented by unity during each cycle. A flip-flop, T,
shown in FIG. 39, is used in the incrementation. A simi-
lar incrementation of one or two characters is performed
in other phases and the character periods in which the
incrementation occurs are collectively denoted as a signal
Inc. The Inc. signal is defined in FIG. 40 and includes
a specification of character periods as well as of phases.
The incrementing process for ¢dp is described by:

Inc.=¢dpFXKPC12-14-+ . . . (FIG. 40)
d'=d5(M=:1)+ . .. (FIG. 34)
d5=Inc.+ . .. (FIG. 35)

sI=Inc. 1710+ . . . (FIG. 3%)

*[=Ine.M+ . .. (FIG. 39)

These equations describe two separate incrementations.
One, at the KPC12, acts on the short delay number
which is circulating in the position normally occupied by
Sp. The other, performed in the two noncontiguous char-
acter periods KCP13 and KPC14, acts on D. The above
equations show that flip-flop 1 is set on in the /1 bit
period at the beginning of each of these incrementations,
and is reset following the appearance of any zero bit in
the number being incremented. (The symbol *I indicates
a resetting signal which takes effect at the end of the bit
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period in which the signal has the value One. Similarly,
a clocked setting input for flip-flop 1 which takes effect
following the bit period in which it is true is denoted *I.
A similar notation is used for clocked inputs to other
flip-flops.) So long as the flip-flops I remain “On,” each
bit of the incremented number, d’, has the opposite value
from the corresponding bit of the unincremented number,
M. After flip-flop I has been reset, ' and M are alike.
The two situations together are expressed by

d’'=MI4+MI in Inc. (FIG. 34)

The right member of this equation is expressed by the
symbol (Ms¢I). In the expression for sI, Inc.7/1T10, the
factor T10 serves to prevent the setting of flip-flop I at
the time 1 of KCP14 since the character presented at
that time is not a number to be incremented separately
but is rather a continuation of the number whose pre-
sentation began at the time KPC13. The same is true for
other situations in which the signal Inc. covers a pair of
character periods in C13 and C14. Carry from the short
delay number into the flip-flop ES is shown by

cE5=¢dpFKPC1311+ U1+ . . . (FIG. 36)

Carry into the flip-flop E6 is not needed.

During the character period KPC13 of the phases ¢11
and ¢13 the state of the flip-flops I and ES is examined to
determine whether the delay number has just been
brought up to a zero value. If a zero value is found, the
flip-flop X is set “On” to end the left shifting. The termi-
nation of phases ¢11 and ¢13 is indicated by

sX=¢dpFKPCI3tl+ (UIES)+ . . .
(FIG. 30) (¢11-> 415, $13- $17)

The conditions for termination in other ¢dp phases are
discussed with the routines which use them.

At the time of entry to ¢dp X one of the characters
of the P register is in E while D holds the incremented
short delay number. In the first character period of ¢dp
X that character of the P register held in E is restored to
memory in the S, position and the short delay number
is set back into E. This is shown by

e’ =eSd+ . . . (FIG. 37)
eS=e5-2+ ... (FIG. 37)
e5-2=¢pdpXKPC13+ ., . . (FIG. 37)
M'=MSe+ . .. (FIG. 41)
M35=e5-24 ... (FIG. 41)

e5-2=¢dpXKPC13+. . . (FIG. 37)

Exit from the second delay phase marked ¢dp X may
occur at any time following KPC13, and each exit is de-
scribed separately in the description of the individual
delay-P phases.

Advance-P Phases—In the early parts of the Add-Sub-
tract and Multiply routines, it is sometimes necessary to
shift the digits of the P register to the right rather than
to the left in order to bring the digits into a proper align-
ment with the digits of the K register. The right-shifting
is performed in phases 405 (Add-Subtract) and ¢07
(Multiply). Each of the phases ¢05 and ¢07 is subdivided
into two sub-phases by the flip-flop F. The flip-flop F is
“Off” at the time of entry into the advance-P phases and
is turned “On” at a later time. The two advance-P phases
are marked a0 XZ and are entered from phases ¢01 and
¢0z at the time KPPCO which is the time when the forma-
tion of the delay number has just been completed. The
phases ¢01 and ¢03 are marked 20 XZ. Entry to the ad-
vance-P phases depends on the positiveness of the delay
number which is held in the complete set of E flip-flops. In
the earliest part of A PCO the most significant bit of Dy is
held in E6. If E6=0, hence Dy is positive, phases ¢05
and ¢07 are entered from ¢01 and ¢03. If E6(E4ES)
=1, which indicates that the delay number is negative but
not more negative than —23, phases ¢11 and ¢13 are en-
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tered from phases ¢01 and $03. The above phase changes
are described by

sX=a0ZKPCOE614+ . . . (FIG. 30)
(401, 03405, 07)
sX==a0ZKPCOE6t4+ . . . FIG. 30) (401, 03— 05, 07)

A special case occurs in the multiply routine when
Dy =<-24. A delay number of this nature indicates that a
multiplication is senseless since the product would be a
very small humber. Moreover, if the P register is shifted
in accordance with a Dy <-24, an error would be in-
troduced since it is impossible to distinguish between large
and small number once the P register has been shifted
more than 24 places, The desk calculator, therefore, by-
passes the multiply routine and goes directly to ¢43 of
the restore-P routine which leads to a return to the rest
state via phases ¢41 and ¢40. Entry to ¢43 is described by

sU=b3VIWEKPCOT6E63(F1E2E3+ E4) 1 . . .
(FIG. 27) (¢03->¢43)

In the advance-P phases, only the decimal digits of the
P register are shifted. The decimal position character, D,,
and the sign S, are left in their normal positions. The
sign S, is a normal positive or negative sign and is neither
overdrawn nor overflowed. The most significant digit po-
sition, KPC11, is set to zero as all the other digits are
shifted to the right. The least significant digit of the P
register which was presented in KPCO, is lost in the shift.

The advance-P phase is occupied for nearly two ma-
chine cycles in which one step of right shifting is per-
formed. After each right shift there is a return to phases
¢01, 03 for completion of a new calculation of the delay
number, after which the advance-P phase is entered again.
If the new delay number is still greater than zero there
is another right shift. If the new delay number is zero, as
vance-P phas?, there is an immediate departure, via phase
¢15 or ¢17, for phase ¢14 or ¢16. This is described by

(FIG. 29) (405, 07-> 915, 17)
rZ=alXPF+ . . . (FIG. 32) (15,17 ¢14,16)

As mentioned above, flip-flop F is “Off” at the time of
entry to the advance-P phases as assured by the term,

rF=a0X(Z4+Y)+ . .. (FIG. 38)

In ¢15,17 flip-flop F is reset on the appearance of the sign
character S;,.

In the first cycle of the advance-P phases all of the
digits presented by M in the character periods C1-11 of
both half-cycles are advanced by one character period.
The advancement is accomplished by recording the digits
as M’ immediately on presentation of the digits from
memory. This is described by the portion of the expres-
sion for M’ shown in FIG. 41 as

M=M6M-| ... ; M6=a0XZFC1-11+ . . .
(First advance-P cycle)

The least significant digit of the more significant half of P
is captured in E at the time KPCO as shown by
e=eTM-+ . .. (FIG. 37);

e7=abdXZFPCO0+ . .. (FIG. 37)

The delay number is lost in the above process.

In the first cycle of the advance-P phases all of the
decimal digits of the Q, K and P registers, except the least
significant of each half-cycle, are advanced in position by
one character period. The least significant digit of P pre-
sented in the first half-cycle is lost, while that of the sec-
ond half-cycle is captured in the E flip-flops. The most sig-
nificant digit of each half of the P register is recorded in
duplicate,

At the end of the first advance-P phase the decimal
indication of P is decremented by one as described by

d'=d5(M=£Iy+ . . . (FIG. 34); d5=a0XZKPC13-13+
+ » « (FIG, 35) (First advance-P)
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sI=t1d5C13+4 . . . (FIG. 39) (First advance-P)
*I=Md5+ . .. (FIG. 39) (First advance-P)

When the decimal indication is decremented, flip-flop F is
set “On” to distinguish the second cycle from the first.

sF=d5+4 ... (FIG. 38)

In the second cycle of the advance-P phase the ad-
vanced decimal digits of the Q and K registers appear
and are set into the D flip-flops at the times PC0-19. The
advanced digits of Q and K are not recorded in the fol-
lowing character periods PC1-11, but are held for an
additional character period in the D flip-flops to permit
the recording of these digits in their proper positions.
This is described by

d’=d6a+- . . . (FIG. 34); d6=a0XZFIC1-11+ . . .
(FIG. 35) (Second advance-P cycle)

Also at the times IPC1-11 the once-advanced digits of the
P register presented in M are again advanced by being
immediately recorded as shown in the expression for M’
illustrated in FIG. 41 as

M'=M6M+ ... ;M6=a0XZFPC1-11 . . . (Second
advance-P cycle

The least significant digit of the more significant half
of the P register which was saved in the E flip-flops is
Tecorded in the last decimal digit position of the first half
of the P register. Also a zero is placed in the most signifi-
cant digit position in the second half of the P register.
These operations are described by

M'=M5e+ . .. (FIG. 41); M5=a0XZEPCI2+ . . .
(FIG. 41) (Second advance-P cycle)
M0=a0XZFKPC12+4 . .. (FIG, 41)

At the time KPC13-14 in the second cycle of the ad-
vance-P phase, a number is set into the E register, includ-
ing the flip-flops ES and E6, to begin the formation of a
delay number. This capture of a number by the E register
is also carried out in a number of other phases, as well
as the second advance-P phases, and is described here
for all of these phases. The phases to which this descrip-
tion applies are the advance-P phases ¢05 and ¢07, phase
#01 in the Add-Subtract routine, phases ¢02, ¢03, and
¢32 in the Multiply routine, and ¢20 in the Divide rou-
tine, For convenience the same capture is carried out in
phases ¢06, 36, and ¢60. The number set into the E
register is zero for phases ¢01 and ¢05 of the Add-Sub-
tract routine. In all of the other phases mentioned the
number is the complement of the decimal character of
the Q register, represented by the signal 4 at the times
KPC13 and the first two bit periods of KPC14. All of
the circumstances in which the above setting of the E
register is performed are denoted A1; thus

hl=a0(Y+Z)+VWh0-+-a3YZ (FIG. 24)

The two phases, ¢01, ¢05, in which zero is set into the E
register are distinguished from the rest of the signat A1 by
having VY =0. Accordingly, the quantity to be set into
the E flip-flops may be described as 4(V+Y), and its in-
sertion into E is described by the equations,

e'=edd(V+Y)+ . .. (FIG.37);ed=h1KPCI34- . . .
(FIG. 37) (Sets first four bits into E1, E2, E3, E4)
rES=h1KPC14t4+ . . . (FIG. 36) (preparatory reset-

ting of ES)
rE6=h1KPC14:4+ . . . (FIG. 36) (preparatory reset-
ting of E6)
cES=h3r1,+ . . . (FIG. 36) (sets fifth bit into ES)
cE6=h3:2,+ ... (FIG. 36) (sets sixth bit into E6)
where

3=N1KPCI44(V+Y) FIG. 24)
At the time KPC13 of the second advance-P phase the
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advance-P activity has been completed and there is a re-
turn to phase $01 or ¢03 as shown by

rX=a0ZFKPC13+ . . . (FIG. 30) (¢05, 07401, 03)

After the resetting of the X flip-flop, the flip-flop F is reset
as described earlier. The formation of the delay number
is then completed as is described later.

During the first occupancies of phases ¢01 and 03 flip-
flop J may or may not have been set to indicate the neces-
sity of complementing the P register. The temporary re-
occupancy of phases ¢01 and ¢03 for the completion of
the reformation of the delay number does not disturb the
previous setting of the flip-flop J.

Advance-Q phases.—In the Divide routine it may be-
come necessary to advance or right shift the digits of the
Q register. The advancement of the Q register is accomp-
lished in phases ¢64 and ¢60 in much the same manner as
the advancement of the P register. However, in the ad-
vance-Q two separate phases are used for the two cycles
of activity rather than one phase subdivided by the flip-
flop F. Also the advancement of Q may be necessitated
by an overflow into the sign character, S;. When S is
overflowed it must be decreased by one to correct the
overflow. At the same time, the place vacated by the
most significant digit of the Q register is to be filled with
a one digit rather than with a zero digit. Flip-flop I is
used to signal the overflowed condition for the sign char-
acter by giving the flip-flop I the value I=1 at the time
of entry to #64. At the time of entry to ¢64 it may also
happen that S, is overdrawn as a consequence of having
complemented a non-zero number held in the Q register.
If S, is overdrawn the digit Nine is to be set into the
place vacated by the most significant digit of the Q regis-
ter. In that situation no change is made in the overdrawn
sign character itself, S,. Flip-flop F is used, together with
flip-flop 1, in distinguishing the various conditions of Sy
as described below.

Entry to the first advance-Q phase, ¢64, is from phases
¢24 or from ¢65. The entry occurs at the time KPC0:1.
In the first phase of advance-Q all of the digits of the Q
register except the least significant and all of the digits
of the less significant half of the P register are advanced
by one position. This is described by

M=M6M+ ... (FIG. 41); M6=¢64 CO-11+ . . .
(FIG. 41) (first advance-Q phase)

The least significant digit of the Q register, which was held
in the D flip-flops at the time of entry to phase ¢64, is
lost in the first advance-Q phase.

At the time KPC12 a part of the character which be-
comes the most significant digit of the Q register is re-
corded in M’. Ordinarily, a zero is recorded, but if S is
overdrawn a one-bit is provided in the 4 or most signi-
ficant bit position. The overdrawn situation of S, is rec-
ognized at the time KP’C12 by the circumstance IF, and
the recording of the (4 bit is described by

M'=M4IFt4+ . . . (FIG. 41); Md=¢64PCI124 . . .
(FIG. 41) (first advance-Q phase)

Prior to this time, flip-flop F has been reset. It is then
set at the time KPC124 if Sy is a normal sign character.
During KPC12¢4, the last bit of S, is being set into the
D flip-flops. If S, is normal the flipflop F is set early
enough in the bit period to suppress the recording of the
one-bit in the t4 position. Two requirements for setting
the F flip-flop may be described. One is that Sy is not
overflowed, as is indicated by the signal I. The second
requirement is that the S, non-overflowed represents either
a positive or a negative normal sign as is characterized
by unequal values of the bits which are held in D1 and
D3 as shown by a condition (D1s4D3). Therefore, flip-
flop F is set “On” at the time ¢64 KPC12:4 on the con-
dition I (D15£D3). To guard against notching in the F-
setting signal resulting from slowness in the formation of
the inequality (D152D3), the setting of the flip-flop F is
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limited to the second quadrant of the bit period. The flip-
flop F is therefore controlled in the following manner:

rF=¢64KPC0-114 . . . (FIG. 38) (resets F prior to
C12)

sF=¢64K PC124 (D1£D3) 1¥42+4 ... (FIG. 38 (sets
F for normal S;)

In the second half of the machine cycle the second
advance-Q phase is entered as described by

rX=a6YZK+ . . . (FIG. 30) ($64->60)

In ¢60 the digits of the Q register, including the par-
tially formed most significant digit, appear in M in the
character periods KPCO0-11. These digits are immediately
rerecorded, which advances them by a second character
period, The digits of the less significant half of the P
register appear and are set into the D register at the times
KPCO0-11. These digits are restored to their original
positions by being held in the D-flip-flops for an addi-
tional character period before recording. These actions
are described by the equations

M =M6M+ . .. (FIG. 41); M6=¢60 KPCO-11+ . ..
(FIG. 31) this expression is modified below)
d'—=d6éd+ . . . (FIG. 34); d6=¢60KPCO-11+ . . .
(FIG. 35)

At the time KPC11 the partially formed most significant
digit of Q is completed by inserting a one-bit at the time
11 if S, is either overflowed or overdrawn. These two
conditions of §, are indicated by F. The addition of the
one-bit changes the most significant digit from zero to one
if S is overflowed, and from eight to nine if S is over-
drawn. Thus the M’ term includes the factor

M =M+ . . . (FIG. 41); MT=¢60FKPC11+ . . .
(FIG. 41)

The advance-Q phases require two further steps. First:
if S, had been overflowed, as indicated by /=1 in the
early part of ¢#60, the sign character must be reduced by
one to restore it to the normal form. Second: the decimal
position character D, must be reduced by one to indicate
that the decimal point, like the digits, has been moved
one place to the right. Flip-flop 1 is used in the reductions
of the sign and decimal indication presented by M in the

- character periods KPC12-14. The first reduction, that of

Sy is contingent on the condition /=1. The second re-
duction, that of Dy, is made unconditional by setting I
“On” at the time KPC13¢1. The reductions are shown by

d'=d5(M=5)+ . . . (FIG. 34)
d5=¢60KPC12-14+ . . . (FIG. 35)
*[=p60l{ PC12-14M+ . . . (FIG. 39)

sI=¢60KPC13:14- . ., . (FIG. 39)

Departure from phase ¢60 occurs immediately following
the reduction of Dy, with an entry to phase ¢20, as shown
by

rU=VWbhOKPC14+ . . . (FIG. 27) (960~ ¢20)

Add-to-P phases~—In a number of phases, collectively
called ¢ap, the number held in the register K is added to
the content of the register P. The decimal digits of the K
register appearing at the times KPC0-11 are added to the
content of the P register. The digit of the K register
presented in the KPCO period is added to the digit of the
P register presented in the KPCO period. The addition
continues until the most significant digit of the K regis-
ter, appearing in the KPC11 period, is added to the digit
of the P register presented in the KPC11 period. If the
P register is normally placed the most significant digit
appears in the KPC11 period. If, however, the P register
has been shifted left before the addition there are one or
more further digits of the P register which appear in
later character periods. If the addition of the two digits
appearing in the two character periods, KC11, produces
a carry, that carry is taken into account in handling the
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later digits of the P register. The carry may propogate as
far as, but not beyond, the sign character, S,. Carry
propagation into S, converts an overdrawn sign, either
positive or negative, into a normal sign, or a normal
sign into an overflowed sign.

If the P register is shifted left by 12 places or less,
S, appears in the K half-cycle and each digit of the K
register is aligned with a digit of the P register. If,
however, the P register is shifted left more than 12
places, S, appears in the K half-cycle, aligned with one
of the digits of the K register. The addition process
starts only with the least significant digit of the P regis-
ter which appears after S,. Flip-flops G, illustrated in
FIG. 42, and F, illustrated in FIG. 38, are used to dis-
tinguish digits appearing before and after Sp. Flip-flop F
is set “On” to block the addition process, but not a carry
propagation, prior to the appearance of Sp. The Flip-flop
F is turned “Off” to permit the addition. Therefore, the
digits added to the P register are described, as they ap-
pear from memory, by KPCO—11MF. The addition is
actually performed in the following character periods,
PCO0-—11, and makes use of the digits of the K register
at the time at which they emerge from the D flip-flops.
The added digits are therefore described by KPCO—11dF.
The fiipflop F is turned “On” in KPCI12, which
further ensures that the sign character of the K register
plays no part in the addition process. The carry propaga-
tion continues after the F flip-flop is set to One. The carry
propagation may continue into the K half of the follow-
ing cycle and in some cases even into the K half. In no
case, however, does a carry propagate beyond the sign
character S;, wherever it appears.

The character periods in which digits of the P regis-
ter, including S,, may appear are called PC, where PC,
is defined by

PC,=P(C0-114+KC12) (FIG. 18)

The primary addition process takes place in the character
periods PC,. In the immediately succeeding character
periods, called PCy, a decimal correction process may be
required. PCy is defined by

PC,=P(C1-124+KC13) (FIG. 18)

Flip-flop G is used to detect the appearance of Sp»
which differs from the other characters presented at the
times PC, by having a numerical value in excess of 9.
Sy, therefore, has a one-bit at the time 74 and also a
one-bit either at the time ¢2 or at 13 or both. Accordingly,
flip-flop G is reset at the time f1 of a P-character period,
set by a one-bit presented in either /2 or ¢3, and then reset
at the time 14 if the bit presented at that time is a zero. If
the G flip-flop remains “On” into the succeeding character
period this shows that a non-decimal character has been
received. These activities are described by

sG=MPC,TT+ . .. (FIG. 42) (S, detection)
rG=P(Mtdc, +11,)-+ . . . or PT6TT(M+T8)
4+ ... (FIG. 42) (S, detection)

The subscripts + used in the rG equation guard against
a change of M early in the bit period. Since the setting
of the G flip-flop is limited to the character periods PC,
and the character periods PC, do not include the decimal
position characters, the signal PG indicates that Sy has
been found. In some of the phases ¢ap the signal PG
is used to turn “Off” the F flip-flop. The F flip-
flop is then set “On” at the time KPC12. The handling
of the F flipflop is described later in connection with
the individual add-to-P phases.

In the character periods PC, digits of the P register
are presented by M. A simple binary addition of the
addend digit, 4K, is performed at the times PC, with

[

10

15

25

30

40

60

24

the help of a carry flip-flop, C. The flip-flop C is shown
in FIG. 43. The binary addition is described by

d'=d3(M+<CAdFK)+ . . . (FIG. 34); d3=g¢apPC,
+ ... (FIG. 35)
#*C=¢apPC,MdIK+ . . . (FIG. 43) (modified below)

*=gupPCM{(a4+-FY+ . . . (FIG. 43) (modified)

below)

When the binary addition leads to the production of a
non-decimal sum character, for example, a sum digit ex-
ceeding 9 but not exceeding 15, two additional steps are
required. First, it is necessary to have a carry into the
next digit position and, second, it is necessary to have a
decimal correction consisting of the addition of 6 to the
sum. If the sum is greater than 15 the interdigit carry is
already present and the interdigit carry indicates the need
for decimal correction. When the addition produces a
nondecimal sum, flip-flop C is set “On” at the end of the
PC, character period.

The circumstance calling for this induced carry is that
a decimal digit of the P register has, as a result of the
process of addition, been brought into nondecimal form.
After the end of a PC, character period that circum-
stance is recognizable by the signal (D2+-D3)D4¢. The
first two factors of this expression indicate that a non-
decimal character has been set into the D register. The
factor G shows that the expression is not the result of an
addition to the sign character S,. During the 4 bit period
of the PC, character period the fourth bit of the new
character is being presented as the signal & and has
the value (M-4C3dFK). The appearance of Sp may be
recognized at that time by the signal MG, its absence by
(M+G). Accordingly, the carry flip-flop, C, must be set
on following the bit period PC,t4 under the condition
(D2+D3) (M+4C£dFK)(M+7). This is accomplished
by adding to the above expression for *C a term showing
the circumstances in which flip-flop C, though off at the
time PC,14, is to be set “On,” and by qualifying the
above term for *C with a factor which suppresses its re-
setting in the circumstances in which flip-flop C is on at
the time PC,r4 and an induced carry is desired, The
modified expressions are

*C=gapPCy[MdF K+ 14(D24-D3) (MG +dFK) ]
*C=¢apPC Al (d+F) (t4-+D2D3)

In the following bit period, PCytlgap, a decimal correc-
tion for addition is performed on the content of the D
register if C=1. The correction has the effect of adding
6 to the number held. It is performed by complementing
flip-flop D2, by complementing flip-flop D3 if D2=0,
and by resetting flip-flop D4 if it is “On,” and setting flip-
flop D4 if it is “Off* and D2—=1. These changes are
shown by

¢D2=¢apCPCytl+ . . . (FIG. 33)
€D3=gapCly1D2+ . . . (FIG. 33)
*Dd=¢apCPCy/lD4+ . . . (FIG. 33)
*Dad=¢upCLCyt1D2D4+ . . . (FIG. 33)

Subtract K from P phase.—In phase ¢25 shown in
FIG. 7, the number held in the K register is subtracted
from the digits of the P register appearing at times
KPC0-12. If a borrow is developed it is not propagated
past KPC12 since phase $25 is terminated at the time
KPC13 if C=1. The subtraction in phase ¢25 is per-
formed in the same way as additions except that C=1
now represents a borrow. The initial binary subtraction is
described by

*C=dI'M 25KPC,+ . .. (FIG. 43)
*=(dLF)My25KPC+ . . . (FIG. 43)
d=d}MACHdFK) + . . . (FIG. 34)
d3— p25KPC - . .. (FIG. 35)



3,518,629

25

The qualifying factor K in the C-equations is needed
since an addition is performed in the K half of phase ¢25.
All of the digits of the K register are used in the sub-
traction, as allowed by

rF=¢25+ . .. (FIG. 38)

An interdigit borrow also requires the performance of a
decimal correction. The decimal correction consists of
the subtraction of 6. The borrow is always present when
the correction is needed and no induced borrow cor-
responding to the induced carry of gap is required. The
decimal correction is performed at the time KPCprl
under the condition C=1 and consists of the subtraction
of 6 from the uncorrected number then held in the flip-
flops D1, D2, D3, D4 which constitute the D register.
The uncorrected number may have any value from 6 to
15, inclusive. Values below 6 cannot occur with C=1.
The correction is performed by complementing flip-flop
D2, and also flip-flop D3 if D2=1, and resetting flip-flop
D4 under the condition (D2+D3). These changes are

shown by
¢D2=(g25KPC,11C) + . . . (FIG. 33)
¢D3=(¢25KPCy,?1C)D24- . . . (FIG. 33)
*Dd=(¢25KPC,1C)(D24+D3)+ . . . (FIG. 33)

Augment QO phase—If the P register contains a nega-
tive number as the result of a subtraction, phase $25 is
left at the time KPC13, otherwise phase 25 continues
for another cycle. In the K half of the further cycle of
phase ¢25 one of the digits of the Q register is augmented
by one, with a decimal correction and a carry propaga-
tion similar to that described for the phases gap. The
digit position in which the Q register is augmented is
determined by the number held in the E flip-flops shortly
before the beginning of the new cycle. The initial con-
tent of the E flip-flops is increased by 4 during KPC14,
and by 1 in each of the 12 character periods KPC0-11.
Flip-flop H shown in FIG. 44 is used in the incrementa-
tion as described by

sH=¢27KPC1413+ 925 PCO-11r1+ . . . (FIG. 44)

(increments E before KPC0-11)
*[=¢25¢P+ . . . (FIG. 44) (increments E before
KPC0-11)

e’ =el(e<H)+ . .. (FIG. 37); el=¢25P+ . ..
(FIG. 37) (increments E before KPC0-11)

After the E flip-flops have increased from 15 to 0, flip-
flop H remains “On” during the P character period. The
condition H=1 is used to add one to the digit of the Q
register appearing during the P character period. The ad-
dition to the Q register and a correction when a non-
decimal character is produced, is described by

*C=¢25KP(C14+CO-11)Her4

+¢25KPCO-1114D2M+ . . . (FIG. 43)
*(=g25KPM+ . . . (FIG. 43)
d=d1(M=C)+ . . . (FIG. 34);

d1—¢25KPCO0-12+ . . . (FIG. 35)

In the presence of C=1 at the times 25KPCO-11¢1 the
non-decimal digit, which will in this case have the value
ten, is to be increased by six, thus bringing it to the
value zero, as described by
¢D2= (25K PCO-11/1C) + . . . (FIG. 33)
(decimal correction of Q)
*d=(¢25KPCO-11:11C) D4+ . . . (FIG. 33)
(decimal correction of Q)
Two additional correction expressions are introduced for
the sake of uniformity of the demical correction equa-
tions, though they are not needed in this case. They are

eD3=(¢25KPC0-11/1C)D2+ . . . (FIG. 33)
(introduced for convenience)
*D4d=(p25APCO-11:1C)D2D4+ . . . (FIG, 33)

(introduced for convenience)

When a carry results in an overthrow of S, the cyclic
part of the division process is interrupted and the over-
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flow is corrected. This prevents a carry from being pro-
pagated beyond S,.

Complement-Q phases.—In two phases, collectively de-
noted ¢cg, the number held in the Q register is comple-
mented by subtracting it from zero. The sign digit S, is
subtracted from 9, and may be modified by a borrow
from the earlier stages. There will be a borrow from
S, unless all of the digits, g8 to 11, are zero. The subtrac-
tion involving S, is a simple binary subtraction without
decimal correction and with the disregard of any borrow
propagated beyond S,. The negative and positive normal
signs are represented by the hexadecimal digits, 11 and 14
respectively. The sum of the negative and positive normal
signs is, therefore, equal to 25, which is congruent to
9 in a four bit (modulo 16) system. Therefore, subtract-
ing either the negative or positive normal sign from 9,
without a borrow from earlier stages, yields the other. If
there is a borrow from earlier stages, as is the case if the
digits are not all zero, then the subtraction of a normal
sign yields the overdrawn form of the other sign, and
vice versa. Therefore, if the number held in the Q register
is not equal to zero, the complementation of the Q register
either produces or corrects an overdraft. Overflowed
forms of the sign do not occur in the complement Q
phases.

The minuend in the subtraction performed in the com-
plement Q phases is represented as T7C12. This rep-
resents a zero in digits C0-11 and a 9 in C12, The sub-
trahend is the number held in the Q register as presented
by M during KPCO0-12. After any required decimal
corrections are performed for digits held in positions
C0-11, the result is recorded in M’ during the time
KPC0-12. The complement Q phases are described by
the following equations:

*C=¢chM(C0—11+C12T7)—{— ... (FIG 43)
(Primary subtraction in ¢cq)
*(—=pcqRPC12(U11+14) + . . . (FIG. 43)
(Primary subtraction in ¢cq)
d&'=d2(M~Cs<C1277)+ . . . (FIG. 34)
d2=g¢cgkP+ . . . (FIG. 35)
(Primary subtraction in ¢cg)
eD2=(¢pcqgh PCO-1111C) + . . . (FIG. 33)
(dec. corr. in ¢cq)
¢D2=(¢cqh PCO-11:1C) D2+ . . . (FIG. 33)
(dec. corr. in ¢cq)
#Dd=(pcg K PCO-11/1C)(N2+D3)+ . . . (FIG.33)
(dec. corr. in ¢cg)
r]=¢22C124 . . . (FIG. 45)

The resetting of J serves to permit departure from phase
¢22. The form of the *C expression shown above ensures
that the C flip-flop is set “Off" at the end of KI’C12.
Complement-P phases—In a plurality of phases indi-
cated by ¢cp, the content of the P register is comple-
mented in approximately the same manner as described
for the complementation of the Q register. All 24 of the
decimal digits of the P register are subtracted from zero,
and the sign, S, is subtracted from 9. A borrow initiated
by the subtraction from zero of the first non-zero decimal
digit is propagated through the remaining digit subtrac-
tions and into the sign character. The complement-P
procedure is somewhat different from that of the comple-
ment-Q phases since the sign S, may appear in any one
of the 25 character periods, PC0-12--KPC13. Therefore,
the minuend digit 9 cannot be supplied at a definite time
but rather is introduced after the recognition of the ap-
pearance of S,. The ¢cp phase is entered after the ap-
pearance of Sp, thereby permitting the complementation
of the P register to commence with the least significant
digit. All 24 digits and S,, are first subtracted from zero,
with the subtraction of 6 when needed for decimal correc-
tion of the digits but not of S;. After S, has been sub-
tracted from zero, a nine is added to Sy in a similar man-
ner to the performance of a decimal correction to a digit.
The nine is added by subtracting seven (modulo 16}
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rather than the usual six to form the new S,,. The time of
this special correction is recognized by the signal PG.
The entire complementation process of the P register is
made contingent on the signal J=1 by the factor J in the
definition of ¢cp. After the character period marked
¢p PG flipflop J is reset to prevent further comple-
menting activity,
The initial subtraction from zero is described by

*C=¢cpMPC,+ . . . (FIG. 43) (Primary subtraction
in ¢cp)

d'=dl (M#C)+ ... (FIG. 34); dl=¢cpPC,+ . . .
(FIG. 35) (Primary subtraction in ¢cp)

The decimal correction for the decimal digits of the P
register consists of the subtraction of 6 from the number
held in the D register at the times PCbs1¢cp when C=1.
The subtraction of 6 is also a part of the correction ap-
plied to the sign, S,. The subtraction of & is described by

¢€D2=(¢cpPCyt1C)+ . . . (FIG. 33) (subtraction of
six in ¢cp)

cD3=(gpcpPCrt1C)+ . . . (FIG. 33) (subtraction of
six in ¢cp)

*D4=(¢cpPCW1C)(D2+D3)+ . . . (FIG. 33) (Sub-
traction of six in ¢cp)

The sign character, S, should not be subtracted from
zero but from nine. Since it has in fact been subtracted
from zero and, as described above, corrected by the sub-
traction of six—which is equivalent (modulo 16) to the
addition of ten—it requires a further correcting diminu-
tion by one. This is performed at the time at which the
receipt of Sy is first recognized, marked ¢cpPC,14MG
That subtraction of one, except for its effect on the bit
being placed in flip-flop D4 is described by

cD1=(¢cpPCt4MG)+ . . . (FIG. 33) [subtraction of
one (mod. 8)]

eD2= (¢cpPC,tAMG YD1+ . . . (FIG. 33) [subtraction
of one (mod. 8)]

¢D3=(¢cpPCtdMG)D1D2+ . . . (FIG. 33) [subtrac-
tion of one (mod. 8)}

The eights-bit of the new sign character necessarily has
the value One. The equations given above for the subtrac-
tion of six and for the subtraction of one make no pro-
vision for the turning on of flip-flop D4. To repair that
defect the recording of a one-bit in the most significant bit
position of S, is assured by the following term in d’.

d'=¢cpPCyt4G+ . . . (FIG. 34) (eight-bit for new Sy)

After the complementation is completed, flip-flops C and
J are reset as shown by

cJ=¢cpPGi4+ . . . (FIG. 45)
*C=¢cpPGtd+ . . . (FIG. 43)

Add-subtract routine—The structure of the Add-Sub-
tract routine is shown in FIG. 9. The Add-Subtract rou-
tine is entered at $01 from the rest state, ¢00, by closure
of either the A or the Sb key contact. Entry to the routine
is a time KPC1112 as described by

$Z=a0XYKPC1112(A4Sb) + ... (FIG. 32) (400~ 301)

The Add and Subtract processes are distinguished by
setting flip-flop J to one for subtract, zero for add, during
901K,

sJ=@¢01KSb+ . . . (FIG. 45) (subt. setting )
rJ=¢00+ . . . (FIG. 45) (preliminary resetting)

The flip-flop J is provided with a complement input as well
as set and reset inputs. A signal delivered to ¢J reverses
the state of the J flip-flop. The reversal is performed on
finding a negative sign for either the K or P registers. Sy
and S, are normal signs, and negative values are, there-
fore, indicated by a zero-bit presented by memory at time
13 in KPC12 and KPC12, respectively. The same reversal
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of the J flip-flop for negative numbers held in the K and
P registers is performed for ¢03 of the Multiply routine
and for ¢20 of the Divide routine, as described by

cJ=MKC12:3(a0XZ4-¢20) + . . . (FIG. 45) (reverse
J on neg. (K) and (P))

The reversals of the J flip-flop leave J=0 after KC12 if
the K and P registers are of the same sign in an addition
or of opposite signs in a subtraction. In either an addition
or subtraction the operation is performed by adding some
or all of the digits k0 to k11 of the K register to the P
register without changing the sign character of the P
register except as a result of a carry. In the opposite
circumstances when a flip-flop J is left at One at the time
KC13, a complementation of the P register is required
to permit the addition or subtraction to be accomplished
by adding the digits of K to those of P. The complemen-
tation of the P register is performed in a later phase, ¢14,
as described below. A very similar manipulation of the
J flip-flop is carried out in the early phases of the Multi-
ply and Divide routines.

Another activity in ¢01 is the formation in the E flip-
flops of a delay number Dy=D,—D,. At the time
KPC13-14 zero is set into the flip-flops, E1, E2, E3, E4,
E5 and E6. At the end of the machine cycle in phase
#01 the decimal character, Dy, is subtracted from the con-
tent of the E flip-flops and the decimal character D, is
added to the result. This completes the formation of the
delay number, Dy. The first four bits of the decimal
characters are presented by d in the character periods
KPC13 and KPC14 and are subtracted from, or added
to, the short delay number held in flip-fiops E1, E2, E3
and E4. A borrow or carry out of the short delay num-
ber is carried over into the two most significant bits of the
delay number held in flip-flops ES and E6. The formation
of the short delay number is described by:

e'=h2(e£H+=d)+ . .. (FIG. 37)
h2=h1(X+%)[KPC13+KPC14(V+Z)] (FIG. 24)
*He=dh2(e<P)+ . . . (FIG. 44)
*H=ah2(e¢P)+ . . . (FIG. 44)

rH=0,h2+ . . . (FIG. 44)

The signal k2 (FIG. 24) is true during the character pe-
riods KPC13 and KPC14 in phase ¢01.

The deferral of the resetting of the H flip-flop to the
time 71, permits the use of the carry or borrow bit held
in the H flip-flop in the first half of the /1 bit period fol-
lowing the addition or subtraction. The bit held in the
H flip-flop in the first half of the ¢1 bit period introduces
the carry or borrow into E5 and E6 as described by

cES=h5+ . . . (FIG. 36) where h5=
HA_hMKC14(P+yV+2)+ . .

P . (FIG. 24)
CE6=h5(P<E5) - . .

. (FIG. 36)

The reversals of the states of the ES and E6 flip-flops
take place at the middle of the 71 bit period, that is, at
the end of t1_, A further reversal of the ES and Eé6 flip-
flops may be performed at the end of the /1 bit period as
required by the subtraction or addition of the two most
significant bits of the decimal characters. The comple-
menting inputs of the flip-flops E5 and E6, ¢ES and ¢E6
respectively, take effect at the end of any half bit period
for which these signals are true.

The two most significant bits of the decimal character
Dy are presented by d in 1 and £2 of KPC14. The sub-
traction of the bits from the flip-flops E5 and E6 is de-
scribed by

cE5=h4t1_+ . . . (FIG. 36)
h4=h1dKPC14+ . . . (FIG. 24)
cE6=ha[ (P~E5)f1,+12, 1+ . . . (FIG. 36)
h4=h1dKPC14+ . . . (FIG. 24)
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Similarly, the two most significant bits of the decimal
character D, are added in KP’CO as described by

cE5=h4at1,+ . . . (FIG. 36)
h4=h1dEPCO+ . . . (FIG. 24)

cE6=h4[ (P£E5)t1,+12 1+ . . . (FIG. 36)
hd=h1dKPC0+ . . . (FIG. 24)

If the bit left in E6 after the time KPCO is a one, the
delay number is regarded as negative. If the bit is a zero,
the delay number is positive. For a negative delay number,
but not more negative than —24, a left shift of the P reg-
ister is required and phase ¢11 is entered at KPCO to per-
form the left shift, as has been described earlier.

If the delay number is more negative than —24, no
addition is possible and the entry to ¢11 is blocked as was
described earlier, and a return to the rest state occurs
after the key release as shown by

rZ=a0XYR+ . . . (FIG. 32) (¢01->¢00)

After the completion of the necessary number of cycles
in ¢11, the flip-flop X is turned on as shown by the term
UIES in the sX equation as discussed earlier with the de-
lay-P phases. Departure from the second of the delay-P
phases follows at the time KPCO or in some later P-
character period as shown by

rZ—alXPF+ . . . (FIG. 32) (¢15,17>¢14,16)

The above equation also describes the corresponding
exit from the delay-P phase in the early part of the Mul-
tiply routine. The equation also serves to describe the
exit from phases ¢15 and $17 after a skip-out from the
advance-P phase as described earlier. The F flip-flop is
reset in ¢15 and ¢17 after the appearance of S, as
shown by

rF=alXZPG+ . . . (FIG. 38)

If the most significant bit of the delay number, com-
pleted in KPCO in phase ¢01, is zero then the advance-P
phase, ¢05, is entered as described earlier. If not only the
most significant bit but all bits of the delay number are
zero the skip-out occurs and ¢14 is entered at the time
KPCO as indicated above. If the delay number is posi-
tive but not zero the advance-P operation is carried out,
as described earlier, with a return to ¢01 to repeat the
formation of the delay number. In all cases, following oc-
cupancy of the advance-P phase, $05, phase ¢14 is entered
in a character period marked KPCO. At this time, J=1
if a complementation of the P register is required, and
J=0 if the complementation is not required. Similarly,
in the Multiply routine, 16 is entered to produce a com-
plementation if it is needed.

Departure from ¢14 occurs at the time KPC13 as
shown by

sU=VWbAKPCI3J+ . . . (FIG. 27) (¢14- ¢54)

The factor J shown above makes the departure contingent
on the completion of the complementation, if one was
needed.

In phases ¢14 and ¢54 flip-flop F is used to mark the
period in which the adding process is carried out in the
add-to-P phase, ¢54. Following the departure from the
¢54 phase, ¢56 is occupied until the appearance of Sp.
Phase ¢56 is also one of the add-to-P phases, and per-
mits the progation of a carry which started in ¢54. How-
ever, flip-flop F is held “On” to prevent further adding.

pap=¢56-4 . . . (FIG. 7)
In both ¢14 and ¢54, flip-flop F is set “On” at the time

KPC12 and is reset after the appearance of S;, as de-
cribed by

sF=VWbh4aKPC12+ . . . (FIG. 38)
rF=YWbdrG- . .. (FIG. 38)
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Entry to ¢56 of the Restore-P routine takes place at
the time KPC12 as shown by

sY=a5XZKPC12+ . . . (FIG. 31) (¢54-¢56)
and flip-flop F is then held on as shown by
sF=¢56+ . . . (FIG. 38)

Multiply routine—The Multiply routine as shown in
FIG. 10 is entered by closure of either of the two keys
142 and 138 shown in FIG. 2 to produce signals called
Accumulative Multiply (M,) and Clear and Multiply
(M,.) as illustrated in FIG. 4. In each case phase ¢02
is entered as the first phase of the routine, but entry is
at different times for the two signals.

The Clear and Multiply operation is initiated by the
signal M, which serves to permit entry to phase ¢02 at
the time KPC11#4. The occupancy of phase ¢02 con-
tinues for almost a full machine cycle, with a departure
into phase ¢03 at the time KPC11/2. The Accumulative
Multiply operation is initiated by the signal M, with an
entry to phase ¢02 at the time KPC11s1. The two modes
of entry are shown by

SY=a0XZKPC11(Mot4-+M,t1)
+ . .. (FIG. 31) (400~ 02)

In either case departure from phase ¢02 occurs at the
time KPC11¢2 and, therefore, the time of occupancy of
¢02 after the signal M, is very short. The departure from
phase ¢02 is described by

sZ=a0XYKPC11:2+4 . . . (FIG 32) (¢02-> ¢03)

The clearing of the P register is accomplished in phase
¢02, in part by setting the decimal digits of the P register
to zero. This is shown by

d’=0 in PCO-11¢02 (FIG. 34)

The clearance of the P register which is required by the
Clear and Multiply order also includes a setting of the
decimal character D, to a value which yields a delay
number of zero in the subsequent phase ¢03. The decimal
character P, is formed by a procedure similar to the
formation of a delay number in phase ¢03. At the time
KPC13-14 the complement of the decimal character
D, is set into the E flip-flops, in ¢02 as well as in ¢03,
as described previously. At the end of the machine cycle,
ths decimal character Dy is subtracted from the value held
in the E flip-flops. At the time KPC14 and KPCO the
negative of the final quantity now held in the E flip-flops
is recorded as the new value of D,. The above activity
is shown by

M'=M10 (es£H) + . . . (FIG. 41)
M10=¢02 KPC14+ . . . (FIG. 41)
*H=e¢02K PC14-+ES¢02K PCO+ . . . (FIG. 44)
rH=¢02 KPC14 11 + . . . (FIG. 44)

M’'=(ES5-H) in $02 KPCO 11 (FIG. 41)
M'=(E6H) in $02 EPCO 1 (FIG. 41)

If phase ¢02 is entered at the time KIP’11:4 by the
application of the signal M, the phase is occupied for
a full memory cycle except for a part of the character
period KPC11. Since the process of seting zero in place
of the decimal digits of the P register is carried out in
P-character periods the omission of the above mentioned
part of a character period does not interfere with the
clearing process.

In phase ¢03, flip-flop J is set “On” to indicate the
necessity for a complementation of the P register in a
similar manner to the complementation performed in the
Add-Subtract routine. However, in the Multiply routine
there is no presetting “On” of the J flip-flop correspond-
ing to that done in the subtract operation. Flip-flop J is
always reset in the rest phase, as shown by

rj=¢004+ . . . (FIG. 45)
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Flip-flop J is therefore “Off” at the time of entry to
phase ¢03. In phase ¢03 ﬂxp-ﬂop J is complemented on
the appearance of a negative sign in the K, Q or P reg-
isters. The complementation for a negative sign in the
K or P registers has been described previously. The com-
plementation for a negative sign in the Q register is shared
with phase ¢20 of the Divide routine, and is shown by

cJ=(¢03-+¢20)dKPC12:3+} . . . (FIG. 45)

The formation of the delay number, which for the
Multiple and Divide routines is defined by

Dy=—Dy—1—Dy+D,

in the E flip-flops has been described previously. Depar-
ture from phase ¢03 occurs immediately after the com-
pletion of the delay number at the time KPCO. In a
similar manner to the Add-Subtract routine, an advance-
P phase is entered if the delay number is positive, a delay-
P phase is entered if the delay number is negative but not
more negative than —23.

The activities in phases ¢13 and ¢07 exactly parallel
those of the corresponding phases in ¢11 and ¢05 Add-
Subtract routine and reference is made to the description
of these phases. After the advance-P and delay-P phases,
¢16 is entered where a complementation of the P register
is performed if J=1. After the complementation is com-
pleted, departure from ¢16 into ¢12 takes place as
shown by

rX=alYZKPC13J+ . . . (FIG. 30) (¢16~>¢12)

There is an immediate exit from phase ¢12 to phase ¢32
as shown by

SY=UWb2+ . . . (FIG. 28) (412 ¢32)

Phase ¢32 is one of the phases included in the cyclic part
of the Multiply routine. In the character period follow-
ing the time of entry from ¢12, the complement of the
decimal character Dy is set into the E flip-flops from the
D flip-flops as described earlier with reference to the ad-
vance-P activity.

In the character period KPC12, phase ¢33 is entered
and a single stage of delay of the P register is produced.
The entry to phase ¢33 is described by

8Z=a3XYKPC124 . .. (FIG. 32) (932 ¢33)

Occupancy of the first of the delay phases, ¢33, lasts only
for one cycle with a subsequent entry to ¢37. The entry
to phase ¢37 occurs by turning on the X flip-flop. The
factor V in ¢33 is used to turn on the X flip-flop as de-
scribed by
sX=dpFKPC13:1 (V+UIES+ . . . )+

.« . (FIG. 30)(¢33>¢37)

The entry to ¢37 occurs at the time KPC13:1, and in
that character period the partially formed delay number,
now increased to —D,, is recaptured in the E flip-flops.
The entry to phase ¢36 occurs at the beginning of the
next character period, KPC13, as shown by

rZ=a3XYP+ ... (FIG. 32) (437> ¢36)

In the four following character periods, KPC13 to KPCO,
Dy is subtracted from the contents of the E ﬂlp ﬂops and
D, added to the contents of the E flip-flops in the same
manner as in phases ¢01 and ¢03. This reconstituted de-
lay number is larger, because of the increase in D, in
each successive traversal of the phase loop, ¢32 to ¢33
to ¢37 to ¢36 to ¢34 to ¢30. In the first traversal of the
loop, the delay number has the value 2 since both
—D,—1 and D, have been angmented by one after the
delay number was brought to zero in phase ¢07 or in
phases ¢13 and ¢17. In later traversals of the loop, the
delay number has values equal to 3, 4 . . . , and so on
until it equals 14 in the thirteenth occupancy of ¢36. In
the I* character periods of ¢36 the short delay number,
held in the E flip-flops, is incremented by the use of
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the flip-flop H until the value 13 is reached. At that time
#34 is entered. The above operation is described by

e’=62(e7’:H)+ (FIG, 37); e2=¢36KPC1-11+
. (FIG. 37) (EX110 E in $36PC1-11)
rH=¢36 1+ . . . (FIG. 44)
(E+1 to E in $36PC1-11)
*H=¢36KPCl—11le+ . . . (FIG. 44)
(E+1 1o E in $36PC1-11)

rY=a3XZKPr1 E1E2E3E4E5+- . (FIG. 31)

(¢36-> ¢34; to continue)

On the first traversal of the loop, the entry to ¢34 oc-
curs at the time KPC11. On the second traversal the en-
try occurs at KPC10 and so on to the twelfth traversal
when ¢34 is entered at the time KPCO. In the thirteenth
traversal of the loop there is no entry to ¢34 prior to the
time KPC12,

In the delay-P phase, ¢33, the sign of the P register
S, appears in M in any one of the 25 character periods
PC,. The sign S, is then delayed by being held in the E
flip-flops and is recorded in M’ in the second of the sub-
sequent character periods of those marked PC1-12. If
Sp appears at the time KPC10, it is recorded, at the time
KPC12, in the time-slot normally associated with the
most significant digit of the P register. At this time the
multiplication process is terminated since no further
addition of digits held in the K and P registers can be
performed. The appearance of S, at the time KPC10 is
recognized by the signal PG at the time KPC11, which
is used to reverse the state of ES as described by

cE5=¢33 F PG KC11 t1,+ . . . (FIG. 36)

The complementation of the flip-flop ES results in a
change by 16 in the value of the delay number and pre-
vents the transition from ¢35 to ¢34 before the time
KPC12. As described earlier, the same failure to enter
¢34 before the time KPCI2 occurs in a thirteenth tra-
versal of the loop, after all digits of the multiplier have
been used. The failure to enter ¢34 before the time

KPC12 is used to permit breakout from the loop as de-
scribed by
rY=a3 X7 KP C12+ . .. (FIG. 31)

(36— ¢34; terminal)
sU=VW b4 C12+ . . . (FIG. 27)

(¢34— ¢74; breakout)

Phase ¢74 leads to the Restore-P routine via phase ¢54 of
the Add-Subtract routine.

When the breakout from the loop does not occur, the
digit of the Q register which is being returned to memory
in the single character period of occupancy of ¢34 is
copied into E, as shown by

e'=e8d+ . .. (FIG. 37);
e5=¢344- . . . (FIG, 37)

In the following P character period, ¢30 is entered as
shown by

rX=a3 YZ P+ . .. (FIG. 30) (¢34—¢30)

At the time of departure from the delay-P phases,
flip-flop F is left “On.” In the succeeding phases, ¢36,
¢34, ¢30 and ¢32 flip-flop F is turned “Off” to mark
the appearance of S; as shown by the equations

sF=q37Z KPC12+ . .. (FIG. 38)

sF=a3 Z PG+ . (FIG. 38) (permit add-K-to-P)
If the sign character Sp, appears in the K half cycle, all
of the digits of the K register are added to the P register
in ¢30. If a sufficient amount of left shifting has occurred
so that S, does not appear until some time in the K
half cycle some of the digits of the K register are omit-
ted from the addition process during ¢30, by reason of
the condition F=1,

The addition performed in @30 begins no sooner
than the time KPCO0. Somewhat before that time the
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number held in the E flip-flops is decremented by one.
1f the number is brought below zero, $30 is terminated.
If the number is not brought below zero, $30 is continued
for one or more full cycles until a number of additions
equal to the digit of the Q register originally set into the
E flip-flops is performed. The decrementation of the num-
ber held in the E flip-flops is described by

rH=¢3001P+ . . . (FIG. 44) (decrements E in ¢30)
*H—¢30 ¢ ... (FIG. 44) (decrements E in ¢30)
=2 (e£H)+ ... (FIG. 37); e2=¢30 KPC12

(decrements E in ¢30)

The reduction of the number held in the E flip-flops be-
low zero is indicated by H at the time KI’C13. This factor
H initiates entry to 32 for another cycle of the routine
as shown by

sY=a3 XZ H KPC134_._. . (FIG. 31) (¢30-¢32)

Since the carry propagation of the addition performed in
30 may or may not be completed at the time KPCI13,
the carry propagation is allowed to continue into ¢32.
Therefore, $32 as well as ¢30 is included in the definition
of ¢ap. However, the F flip-flop is held “On” during the
time ¢32 CO0-11.

dap=p54-+921+a3 XZ+¢56 (FIG. 7) (gap defined)
sF=¢32 CO-11- . .. (FIG. 38)

At the time KPC12, departure from 432 and entry to
33 occurs, as described above. In preparation for the
entry to the delay-P pair of phases, flip-flop F is reset as
described by

rF=¢32 C12+ . . . (FIG. 38)

After completion of the multiplication, ¢34 is entered
at KPC12 as described above. Departure from ¢34 occurs
immediately, with an entry to ¢54 of the Add-Subtract
routine, That phase change is described by

FV=UWbd+ ... (FIG. 28) ($74->¢54)

From ¢54 the Restore-P routine is entered as described
earlier.

Divide routine.—The Divide routine is shown in FIG.
11. The Divide routine is entered at phase ¢20 from the
rest state, 900, by closure, of either of the two keys 140
and 144 shown in FIG. 2 to produce signals called Clear
and Divide signal (D) and Accumulative Divide signal
(D,), as illustrated in FIG. 4. With the appearance of
the signal D,, the Q register is cleared in the first cycle
of occupancy of ¢20. Phase ¢20 is therefore entered al-
most at the beginning of a machine cycle at the time

KPCOt i 9

sV=1Wby (D.+D,) KPCO 1-T5
4+ ... (FIG. 28) (¢00->¢20)

A part of the clearing activity is described by
M’'=0 in $20 KPCO-11D; (FIG. 41) (0->digits of Q)

The time of entry to ¢20 is early enough so that all of
the decimal digits of the Q register are set to zero in the
first cycle.

Flip-flop J is reset in ¢00, as discussed earlier, and
remains “Off” in ¢20 until the time KPC12. At the time
KPC12 flip-flop J is complemented and therefore is “On”
if the sign character of the Q register is negative. This
operation is the same as described under the Multiply
routine. Flip-flop J is also complemented for a negative
sign in the K and P registers as discussed under the Add-
Subtract routine. At the time KPC13 if J=1, there is an
excursion into phase ¢22, lasting for one cycle. The entry
to and exit from ¢22 is described by

sY=a2 X% KPC13J4- . . . (FIG.31) ($20->¢22)
rY—a2 X% KPC1374- . . . (FIG. 31) (22 ¢20)

10

15

30

35

40

50

60

65

34
Phase ¢22 is a complement-Q phase, the activity of which,
including the resetting of the J flip-flop, has been described
previously. When phase ¢20 is entered on the signal D
all digits of the Q register are set to zero before the
complementation. Therefore, the reversed sign character
is either normal positive or normal negative. If phase 20
is entered on the signal D, and if the number held in the
Q register is not zero, the sign character after complemen-
tation is either positive or negative overdrawn.
Departure from ¢20, excluding the one-cycle excursion
into ¢22, may occur at the time

- 1
I&PCOtlzl

This time is almost one machine cycle, or two if an
excursion into ¢22 took place, after the time of entry to
$20. Departure from ¢20 occurs at this time if the signal
D, is present, Departure from ¢20 at this time also occurs
if the delay number is zero. Also departure occurs from
$20 if the flip-flop C is set, for reasons described below:
The equation which defines the entry to ¢24 is

staQYZKPCOtl%;I (D.-+E1E2E3E4ESE6+C)
+ ... (FIG. 30) (¢20-¢24)

In phase ¢20 a delay number is formed in the same
manner as in phase ¢03 of the Multiply routine. In the
Clear and Divide operation, it is desired that the delay
number be made equal to zero. This obviates the necessity
of shifting the digits of the Q register which are all zeros
and ensures that a full twelve digits of the quotient are
formed. Accordingly, if #20 is entered on the signal D,
and the value for the delay number is not zero, the occu-
pancy of ¢20 continues for one or more machine cycles
in which successive changes are made in the value of Dy
as described by

&d10(e£M)+ . . . (FIG. 34)
d10=¢20KPC13D+ . . . (FIG. 35)
&=d15MF . . . (FIG. 34)

d15— 20K PC14D(ES11+E2)+ . . . (FIG. 35)

The above equations describe a reversal of each bit of Dy
which corresponds to a one-bit in the delay number or a
reversal in the first cycle of ¢20 of the irrelevant num-
ber held in the E flip-flops at the time of entry to ¢20.
After no more than seven cycles, a zero delay number
is produced and departure to $24 occurs. The D, signal
is transmitted through a resistor-capacitor circuit which
ensures that the signal lasts for a sufficient period of time
to complete the above process,

When the divide routine is initiated by an Accumula-
tive Divide signal the delay number may be negative at
the time of entry to $24. If the delay number is nega-
tive phase ¢64 is entered to begin the advancement of
the digits of the Q register. The advance-Q activity has al-
ready been described and takes place in ¢64 and »60.
Entry to ¢64 is shown by

sU=VIWbAEPCOL E6+ . . . (FIG. 27) ($24-¢64)

If entry to the advance-Q phases takes place as described
above, the sign of the Q register may be normal or over-
drawn, but is not overflowed. To indicate the condition of
the sign during these advance-Q phases, flip-flop 1 is re-
set before entry to those phases. The resetting of the I
flip-flop is shown by

r1—¢20- . . . (FIG. 39)

The return to ¢20 from 460 takes place at the beginning
of the character period KPC14. At the time KPC14, a
part of the new decimal indication, D,, has been re-
turned to memory and the last two bits of Dy are held
in the D flip-flops. In phase $20 a new delay number is
formed. To form the delay number correctly in 420 fol-
lowing entry from $60 the complement of D, is placed in
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the E register during ¢60 as well as during ¢20 as de-
scribed under the Advance-P activity.

In ¢20, following entry from ¢60, the formation of a
new delay number, larger by unity than the previous value,
is completed. If the new delay number is still negative an-
other entry to phases ¢64 and ¢60 takes place, until the
delay number reaches zero.

In the later occupancies of ¢20, flip-flop J is again com-
plemented on the appearance of negative signs in the K
and P registers. To guard against an undesired entry to
phase ¢22 and an unwanted complementation of the Q
register, flip-flop J is set “On” in phase ¢60 if S, is nega-
tive. Since flip-flop J was zero prior to the entry to ¢60
the full equation describing the complementation of the
J flip-flop when S; is negative is

cd=(p03-1-¢20+¢60) I KPCI2:3+4 . . . (FIG. 45)

The observation of 8, is made with the use of the signal ¢
rather than the signal M to allow time for the reduction
of an overflowed sign. The positive and negative over-
flowed signs are not distinguishable by the £3-bit as are
the normal and overdrawn signs.

If the delay number is positive at the time of occupancy
of $24, phase ¢25 is entered at the time KPCI13, as
indicated by

sZ=a2 XYKPC13+ ... (Fig. 32) (924~ 425)
The main activity of the division routine, which is the
reduction of the remainder held in the P register by suc-
cessive subtraction of the content of the K register, is
carried out in ¢25. A second activity performed in phase
$25 is the addition of unity to an appropriate digit of the
Q register together with any necessary carries and decimal
corrections. These changes in the content of the Q register
may lead to an overflow of the sign, S,. Such an overflow
is indicated by the presence of an overflowed sign char-
acter in the D flip-flops at the time KPC12:1, as shown
by the signal (D1=D2)D3. If that happens phase ¢65
is entered, as shown by

sU=VIWb5KPC1211, (D1=D2)D3 . . .
(FIG. 27) (25— ¢65)

Shortly after the entry to phase ¢65, phase ¢64 is entered
to advance the digits of the Q register and thereby to
relieve the overflow. Before that, however, while still in
¢65, flip-flops I and C are both set “On” to serve as
signals which indicate the presence of the overflow. The
settings of the I and C flip-flops and the entry to ¢64
are shown by

sI=¢65+ . . . (FIG. 39)
*C=¢65+ . .. (FIG. 43) (overflow signals)
rU=a6 XYRKCO+ . . (FIG. 32) ($65->¢64)

The use of the I flip-flop in the advance-Q phase has been
described earlier. Flip-flop C remains “On” through phases
64, $60, $20, and into ¢24. Maintaining flip-flop C “On”
permits entry to 24 from ¢20 as described earlier, Flip-
flop C is reset after entry to ¢24 as shown by

*('=¢24PC124- . . . (FIG. 43)

Flip-flop C is also turned on in $24 at the time KPCO to
insure later re-entry to ¢24 following an advance-Q as

shown by O 240
=¢

In the K half cycle of ¢25 the digits of the K register
are subtracted from the content of the P register as de-
scribed previously. In the first occupancy of ¢25, the sign
of the P register is in its normal position, appearing at
the time KPC12. In the second occupancy of ¢25, S, ap-
pears at the time KPCO since one left shift has been per-
formed. In the third occupancy, S, appears at the time
KPC1, and so on for a maximum of twelve occupancies.
Each occupancy may last for many machine cycles, the
twelve occupancies correspond to the twelve digits of the
quotient which are generated in the divide routine. In an
accumulative division when the delay number initially
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formed is greater than zero, or when an overflow occurs,
there are fewer than twelve occupancies. Therefore, S
is not shifted so far as to appear in a digit position on
the K half-cycle and all of the digits of the K register are
used in the subtraction process.

If the subtraction of the content of the K register from
the P register leaves the content of the P register over-
drawn, an exit from ¢25 is made at the time KPC13r2.
If the exit from ¢25 does not occur, which indicates that
the subtraction is successful, occupancy of ¢25 continues
at least through the first half of the following machine
cycle, In the K half-cycle an augmentation of the Q regis-
ter is performed, as described earlier. The delay number
held in the E flip-flops serves to select the digit position of
the Q register to which the Unit increment is applied. If
the incremented digit previously had the value 9, the in-
crementation brings the digit to a non-decimal value of
ten. The non-decimal digit is detected by the signal
{(D24-D3)D4. That signal initiates a carry to the next
digit position and a decimal correction brings the incre-
mented dgit to the value zero. A possible consequence of
the augmentation of Q is an increase by one in its sign, Sq-
That can happen either because the augmentation is ap-
plied to S, itself, or by reason of carry propagation into
Sq. If Sy was previously overdrawn that increase changes
S, to a normal form, which does not require any special
action, If S; was previously normal that increase changes
S; to an overflowed form and it is then necessary to in-
terrupt the division process to perform a right shift of the
Q register. The right shift is effected by an entry to phase
¢65 at the time KPC12r1, as described earlier,

If S, is not overflowed, the occupancy of phase ¢25
continues into the second half-cycle for another subtrac-
tion of the K register from the P register.

After a sufficient number of subtractions of the K
from the P register and corresponding augmentations of
the Q register, the numerical part of the P register be-
comes negative and departure from 25 is required. The
part of the P register which takes part in each subtraction
consists of the twelve decimal digits presented at the times
KPCO-11 together with any digits which have been shifted
either into or beyond the sign character position, KPC12.
After each occupancy of ¢25 and ¢21, except the last, a
digit of the remainder, which has any decimal value, is
shifted into the sign position. The character previously
held in the sign position, which is either a normal sign
character or a zero, is shifted left out of the sign position.
It is possible to determine whether or not the subtraction
being performed is successful at the time KI’C13, which
is immediately after the reception of the sign or digit
occupying the sign position. If a borrow is being propa-
gated at the time KPC13 the subtraction is unsuccessful
since only zero digits can be met before S, is reached. Ac-
cordingly, an overdrawn sign would be produced if the
subtraction process were completed. In the first occupancy
of 25 an overdrawn S, may be present in the D flip-flops
at the time KPC13, and this also indicates an unsuccessful
subtraction. In either of the above cases the subtraction is
terminated and phase ¢21 is entered for the performance
of a correcting addition to restore the P register to a
normal form. Since the borrow propagation is not carried
past the time KC12, the carry propagation in the correct-
ing addition in phase ¢21 is also stopped at that time.

Entry to phase ¢21 is described by

xX=a2YZKPC1312{C+G+ES+E3E4(E14E2)]
+ ... (FIG. 30) (¢25->¢21)

The term C in (C+G+ . . .) shows the presence of a
borrow. The term G in the factor (C+G+4 . . .) usually
indicates that a sign character of any kind has been re-
ceived. The term G indicates only overdrawn signs at this
time since it is reset in the bit period KPC13t1 if the flip-
flops D hold a normal sign. This is shown by

rG=¢25:1 (D1<D3)4 . . . (FIG. 42)
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The sign (D1-£D3) serves to mark normal, as distinct
from averdrawn signs. The additional terms in

(C+G+ .. 0

indicate that D4>12 which indicates that the division is
to be terminated.

Phase ¢21 is one of the Add-to-P phases, ¢ap, and an
addition is performed in ¢21 which restores the P register
to its condition before the unsuccessful subtraction.
Carry propagation in ¢21 continues only until the time
KPC1371 when departure from ¢21 occurs. Flip-flop C
is also reset at that time as shown by

*('=¢21PC12:4+ . . . (FIG. 43)

As indicated in the discussion of the Augment-Q phase,
the short delay number held in the E flipflops during
phase ¢25 controls the selection of the digit position in
the Q register to which the augmentation is applied. The
short delay number is first incremented by four before
the appearance of any digits of the Q register. Then the
short delay number is incremented by one after each of
the twelve digits has appeared, thus restoring the short
delay number to its original value. The digit of the Q
register, including S,, which appears after the short delay
number had advanced from 15 to 0 is the digit which is
augmented. For example, when the decimal point posi-
tions of the K and P registers are initially the same
(Dy=D,), and Dy is, or by advancement of the Q regis-
ter is brought to, the value 63, then the short delay num-
ber is zero in the first occupancy of ¢25. The first sub-
traction, if successful, represents a contribution of value
unity to the quotient. The successful subtraction requires
a unit augmentation of the digit immediately to the left
of the decimal point in the Q register, namely, the sign
character. Following the successful subtraction the short
delay number which at this time has a value of zero, is
increased by four in KPC14, and by one more in each of
the twelve character periods KPCO0-11. After the last in-
crease the short delay number advances from 15 to O,
thus permitting the augmentation of S, which may or
may not leave it overflowed. The overflow of S, leads to
the right shifting of the Q register by one place, with a
corresponding decrease by one in the value of Dy, which
increases the short delay number to one. In the next oc-
cupancy of ¢25 the short delay number starts with the
value one. If the subtraction is successful, the short delay
number is raised to five in KPC14, and advances from 15
to 0 in KPC10, which permits the augmentation of the
digit of the Q register appearing in XPC11. In later oc-
cupancies of ¢25 the short delay number is initially
larger, and therefore passes from 15 to 0 sooner so as to
permit augmentation of successively less significant digit
positions in the Q register. When the short delay number
reaches the value 12, each successful subtraction is fol-
lowed by an increase by four of the short delay number
at the time KPC14. The short delay number is therefore
immediately returned to the value 0 which holds the flip-
flop H “On,” and permits augmentation of the least sig-
nificant digit of the Q register while the later increments
bring the short delay number back to the value 12.

After an unsuccessful subtraction phase ¢21 is entered
to restore the previous value of the P register, as men-
tioned above. If the short delay number is less than 12,
as indicated by the signal (K3--H4(ES5, phase ¢31 is
entered from phase ¢21 to produce a single-stage delay
of the P register. If the short delay number is 12 or
more, as indicated by E3E4--ES5, the main part of the
division process is complete and phase @61 is entered
from phase ¢21 to finish the division routine. The two
modes of exit from ¢21 are described by

sW—=UVBIKPCI311, (E34E)E5+ . . .
(FIG. 29) (¢21->¢31)
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sU=VIWhIKPCI3i, (E3E4-FES+ . . .
(FIG. 27) (¢21->¢61)
Flip-flop 1 is set “On” in ¢61, as described by

sI=¢61+ . .. (FIG. 39)

Phase ¢31 is the first of a pair of delay-P phases in
which the remainder of the P register is shifted left one
step. The termination of left shifting is described by the
following expression which has been discussed before
under Delay-P,

sX:qbdpFKPCl?srl_[_[V—|—IUE5—|—UE4(E2—|—E3)]
4 ... (FIG. 30) (¢31>¢35)

Since V=1 in $31 there is only one step of delay. Exit
from the second phase, 35, of the pair of delay-P phases
is to ¢25 as shown by

rW=UVbSKPC13+ ... (FIG. 29) ($35->¢25)

In phase 61 the quotient or accumulated quotient,
held in the Q register, is complemented whether it needs
it or not. Phase ¢61 and ¢22 are the two complement-Q
phases.

pcq=¢22+961 (FIG. 7) (¢cq defined)

After completion of the complementation, at the time
KPC12r1, phase ¢71 is entered if the sign of the Q regis-
ter is normal rather than overdrawn. The normal sign is
indicated by the signal {D1-£D3). The entry to phase
¢71 is shown by

sw=UVb1KPC12t1(D1-£D3) + ...
(FIG. 29) (¢61->9¢71)

If the complementation described above produces rather
than cures an overdraft, phase ¢61 is occupied for an-
other cycle to recomplement the Q register. After the re-
complementation, phase ¢71 is entered in the same man-
ner as described above. Occupancy of ¢71 continues un-
til the time KPCI1 of the following machine cycle at
which time phase ¢75 is entered, as shown by

sX=aTYZKPC11+- ... (FIG. 30) (¢71>¢75)

Exit from phase ¢75 to ¢74 occurs during character pe-
riod KPC11. That phase change occurs if there is a non-
zero bit in the most significant digit of the Q register,
indicated by d=1, or if I=0 .The entry is shown by

rU=aTXYKPC11(d4-1)+ . . . (FIG. 32) (¢75->74)

If there is no escape from ¢75 in its first character pe-
ior, the most significant digit of the Q register is a zero.
The digits of the Q register are therefore delayed for the
purpose or normalizing the Q register by occupying ¢75
for another cycle, During the K half-cycle flip-flop I is
reset as shown by

r=¢75K-+ . . . (FIG. 39)

Flip-flop T is set again by the appearance of any non-
zero digit in the Q register in the following cycle as
shown by

sI=¢TSMKEPCO-11+ . . . (FIG. 39)

The setting of the I flip-flop permits escape from ¢75 af-
ter one additional cycle of occupancy if all the digits of
the Q register are zero and normalizing is thus impos-
sible. If not all the digits of the Q register are zero, oc-
cupancy of ¢75 continues until a non-zero digit is brought
into the most significant digit position.

In ¢75 the digits of the Q register are delayed, with a
concomitant incrementation of D,. The incrementation
of D, occurs at the time KPC13-14 as described by

Inc.=¢75H PPC13-14—> . . . (FIG. 40)
The delaying of digits of the Q register, with the set-

ting of zero into the least significant digit position is ef-
fected by transmitting the digits of the Q register from
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M to 4’ via the E flip-flops. The E flip-flops are set to
zero in the K half cycle. These activities are shown by

e'=eTM+ . . . (FIG. 37); eT=¢75KP+ . .
(FIG. 37)

- . (FIG. 34); d7=¢751C0-11 . . .
(FIG. 35)

In this way the Q register is normalized or else the at-
tempt is abandoned after one cycle.

Phase ¢74, which is also entered after completion of
the Multiply process, leads into ¢54 of the Add-Subtract
routine and then to the Restore-P routine described be-
low.

After completion of the main part of the division
process the remainder is held in the P register. The nu-
merical part of the remainder is smaller in magnitude
than the divisor held in the K register. The sign of the
remainder is not in its normal position but has been
shifted leftward by a number of places, not more than
12. The sign, therefore, appears during one of the char-
acter periods KPC0~11. Zeros occupy the digit posmons
of the P register which precede the appearance of Sp in
the K half-cycle and in the normal S, position. There-
fort, the remainder sign, S, is returned to a normal posi-
tion without making any other change in the P register,
consistent with keeping the correct value for the remain-
der. The sign character is returned to its normal position
in phases p61, ¢71 as follows:

In the K half-cycle of ¢61, S, is set into the D flip-
flops during one of the character penods KPCO0-11, The
presence of S; in the D flip-flops is announced by the
signal G during one of the following character perlods,
KPC1-12. During one of the times KPC1-12, Sp is cap-
tured in the E flip-flop and erased from the posmon in
which it had been found as described by

e'=eS5d+ . . . (FIG, 37); e5=¢61P°G+ . . .
(FIG. 37)

=d7e+ .

M'=0 in ¢612°G+ . .. (FIG. 41)

The sign of the remainder is recorded in its normal posi-
tion at the time KPC13 in ¢71, as shown by

M =MSe+ . .. (FIG. 41); M5—¢71PC134- . . .
(FIG. 41)

The restoration of Sy to the normal position as shown
above shortens the time required for the Restore-P rou-
tine,

Restore-P routine—The structure of the Restore-P
routine is shown in FIG. 12. Entry to the Restore-P
routine is from ¢54 of the Add-Subtract routine. Phase
¢54 also serves as an avenue into the Restore-P routine
at the ends of the Multiply and Divide routines. The pur-
pose of Restore-P is to correct any abnormalities of form
of the P register following one of the arithmetic opera-
tions. Specifically, the sign character S, sometimes is left
in an overflowed or overdrawn condition or away from
its normal position after Add-Subtract or Multiply. More-
over, the digit immediately preceding S, sometimes is a
zero, or a nine if S, is overdrawn, and this is permitted
in the normalized form only if all digits of the P register
are zero. The various possible defects are checked and
corrected in succession in the Restore-P routine.

Phase ¢56 is entered at KPC12 as described in the
Add-Subtract routine. Phase ¢56 is occupied until the
appearance of S, at which time phase ¢52 is entered as
shown by

rX=aSY Z PG+ . .. (FIG.30) ($56->¢52)

The presence of S, is recognized slightly before de-
parture from ¢356 by the fact that flip-flop G is “On” in
the fourth bit period of a P character period. Since, if
S, were not present, flip-flop G would be in the process of
being reset, the recognition is made with confidence only
somewhat after the beginning of the bit period. At that
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time flipflop J is set “On” if S, is overdrawn, as indi-
cated by DID3-+D1D2D3. The setting of flipflop J
serves to cause the complementation of the P register at
a later time, and is shown by

s]=¢56PT6:4G (D1D3+D1D2D3)+ . . . (FIG. 45)

Phase ¢52 serves to correct an overflow in Sy If S, is not
overflowed, departure from ¢52 occurs immediately, with
entry to ¢53. Sign characters which are not overflowed,
and therefore are either normal or overdrawn, are charac-
terized by [D3+(D1£D2)]. If S, is overflowed occu-
pancy of ¢52 continues until one decimal digit of the
P register is received. Occupancy of ¢52 therefore con-
tinues until the time PCur1G. In ¢52, flip-flop F is reset
in preparation for the delay-P phases, ¢53 and #57.

rF=¢52+4 . . . (FIG. 38)

Departure from ¢52, after the resetting of the flip-flop
F, is described by

sZ=aS XY PC, tl[(QS-;—(Dlaa'DZ)
+CYTF+ . . . (FIG. 32) (¢52->¢53)

If S, is overflowed, the decimal digit One rather than Sp
is recorded in M’ in the first character period of ¢5"
Meanwhile S; is placed in the E flip-flops for temporary
storage. In the next character period in which a digit of
the P register is presented, S, is reduced by one to cor-
rect the overflow, and put into the D register in place of
the newly presented digit. The overflowed sign is there-
fore replaced by a One and the corresponding normal
sign, and one digit at the least significant end of the P
register is lost. The reduction of S, is performed with
the help of flip-flop H. The flip-flop H is controlled to
ensure that it is “On” at the time of departure from ¢52,

as shown by
M =M71+ ... (FIG. 41); M7

=¢52 PG+ . .. (FIG. 41)
e'=eSd+ . . . (FIG. 37); 5

=¢52 PG+ . .. (FIG. 37)

=d4 (es#H)+ ... FIG. 34); d4
=¢52 PC, (FIG. 35)

rH=¢52t1+ . . . (FIG. 44)
*H=¢82¢+ ... (FIG. 44)

At the time PC,r4 the fourth bit of S, presented by e, is
necessarily a One. Therefore, flip-flop H is necessarily One
when ¢53 is entered in the next bit period. In the case of
a normal or overdrawn sign, phase ¢352 is occupied too
briefly to assure the setting “On” of flip-flop H, and the
term

*H=¢56+ .. . (FIG. 44)

is used to complete the assurance that flip-flop H is “On”
at entry to ¢53.

Phases ¢53 and ¢57 are among ¢dp phases and they
delay the P register sufficiently to restore S,, to its normal
position. At the time of entry to ¢33, S, stands in the D
flip-flops ready to be recorded as M’ in the first character
period. If this first character period occurs at the time
KPC13, no delaying is needed and the condition H=1 is
used to permit skipping out of the ¢dpX phases as shown
by

sX=aS5YZKPC13H+ . . . (FIG. 30) ($53-$57)

rW=UYVbTHKPC13+- . . . (FIG. 29) (¢57>¢47)

To prevent the skipping-out if ¢53 is entered at any
other time, thereby requiring a delay of the P register,
flip-flop H is reset in any P character period of $53.
If the skip-out does occur flip-flop H is reset in ¢47 as
shown by

rH=P¢53L-Pgcp4 . . . (FIG. 44)

When a shifting is performed it is terminated by setting
flip-flop X “On” at the time KPC13r1, in ¢53F. At this
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time the sign, Sy, s held in the E flip-flops and is about
to be recorded in its proper position. The presence of the
sign is indicated by (E2--E3)E4. Therefore, the termina-
tion condition is

sX=¢dpKPC13, UF(E2+E3)E4
+ ... (FIG. 30) (¢53->¢5T)

Departure from ¢57, with entry to ¢47, occurs after one
character period in which S, is recorded in its proper
place. This is shown by

rw=UVbT+ . . . (FIG. 29) (¢57-¢47)

In phase ¢47 the P register is complemented if J=1,
as described earlier. After the completion of the comple-
mentation, indicated by J=0, phase ¢43 is entered at the
time KPC13, as shown by

X =adYZKPC13J+ . . . (FIG. 30) (¢47->$43)

At the time of entry to ¢43, S, is in its proper posi-
tion and is a normal positive or negative sign. In order
to complete the restoration of the P register there remains
the task of ensuring that the most significant digit of the
P register leftward. If, however, all of the digits of the
P register are zero this attempt to normalize the P reg-
ister must be abandoned. Phase $43 is used to detect the
need for, and possibility of, normalizing the P register.
The detection is performed with the help of flip-flop I
Flip-flop 1 is reset in the first character period, KPC13,
and then set “On” on finding a non-zero digit in any but
the most significant digit position of the P register. This
indicates that normalization is possible. Flip-flop I is
then reset on finding that the most significant digit is non-
zero, which indicates that the P register is already in nor-
manized form. These above actions are described by

rl=¢p43KPC134- . . . (FIG. 39)
si—p43PCO-11M 4 . . . (FIG. 39)
#[=¢43KPC1IM+ . . . (FIG. 39)

At the time KC12 phase ¢41 is entered as described by
ry=a4XZKC124- . . . (FIG.31) (¢43->¢41)

If flip-flop I is “Off” departure from ¢41 occurs almost
immediately, with entry to ¢40 as shown by

rZ—adXYKPC12I+ . . . (FIG. 32) (¢41->¢40)

If flip-flop I=1 at the time of entry, ¢41 is occupied for
one or more cycles in which the digits of the P register,
excluding S, are passed through the E flip-flops enroute
to the D flip-flops. To ensure that a zero is set into the

least significant digit position, the E flip-flops are cleared _

during occupancy of ¢43. These actions are shown by

¢'=0 in $43 (FIG. 37)
e'=eTM—+ . . . (FIG.37)
¢T—=¢41PC0-11-+ . . . (FIG. 37)
d'=dTe+ . . . (FIG.34)
d7=¢41PC0O-11+ . . . (FIG. 35)

The decimal position character is increased by one for
each stage of shifting as described by

Inc.=¢41KPC13-14+ . . . (FIG. 40)

After a sufficient number of cycles in ¢41, a non-zero
digit is brought into the most significant digit position
by being set into the D flip-flops during a KPC11 char-
acter period. When a non-zero digit is brought into the
most significant digit position, flip-flop T is reset, thus
permitting escape from ¢41 in the next character period.
The setting and resetting of the I flip-flop is shown by

sl=¢41K+ . . . (FIG.39)
H=¢41KPClle+ . . . (FIG.39)

The escape to ¢40 has been described above.
From ¢40 there is a return to the rest state provided
all keys are released as shown by

ru=VWhOCO-11-+ . . . (FIG. 27) ($40->400)
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At the end of an arithmetic operation the sign of the P
register may be left in a position other than the normal
place as a result of left shifting of the P register. In the
Restore—P routine shown in FIG. 12 a further left shift-
ing of the P register is performed possibly after the cor-
rection of an overflow in S, to bring S, back to its nor-
mal place. The initial removal of S from, together with
the later shifting to restore S; to, the normal position is
called a shift-around. Since D, is increased by unity with
each step of left shifting, the net effect of a shift-around
is to leave the value of D, too large by the amount 25.
The amount is 25 since 24 decimal digits and the sign
character are shifted a total of 25 steps to bring S;, back
to its original position. Also, one of the 25 steps of shift-
ing may be replaced by the delay of S, in ¢25 in correct-
ing an overflow. In that case D, actually is increased by
24 while a decrease by one was desired, thus in that case
also Dy, is left too large by 25.

After a division the sign of the P register is necessarily
normal and has been returned to its normal position in
phase #71. The left shifting performed in the course of
the division process increases D,,. The increase, however,
is proper, corresponding to the fact that the remainder is
smaller than the dividend, and does not require any cor-
rection. There is also no need for a correction of D, after
an addition or subtraction if the initial decimal point posi-
tion in the P register is not to the right of that in the K
register and no overflow in S; is produced, In the cases
in which no shift-around occurs, departure from ¢56 in
the Restore-P routine takes place at the time KP’C13 and
phases ¢52, ¢53 are skipped through without effecting any
delay. In those cases in which a correction of D, is re-
quired either ¢52 or ¢53 or both are occupied for one
or more character periods marked P. Flip-flop E5 marks
the cases in which the correction to D, is required, as
described by

rE5=¢56+ . . . (FIG. 36)
SES=P($52+¢53)+ . . . =Pa5XY+ ... (FIG. 36)

T_he condition E5=1 following departure from ¢53 in-
dicates that the correction is required.

The subtraction of 25 from Dy, is performed in phase
¢43 at the times KPC13-14, on the condition E5=1. The
number 25 is represented (modulo 64) in the character
periods KPC13-14 by

(114-14)C13-14=T7C13-14

The subtraction of 25 is described by
d'=d1508+ . . . (FIG. 34)

d15==¢43E5PC13-14(C27T7)+ . . . (FIG. 35)
*C=MT7¢43PC13-14-+ . . . (FIG. 43)
*O=MT7p43PC13-14+4 . . . (FIG. 43)

To prevent a repetition of the correction, flip-flop ES is
reset in the K half-cycle as shown by

rES=K¢43+ . . . (FIG. 36)

S.ince: t_iip-ﬂop C may be left “On” by the above opera-
tion it is reset in the rest state as shown by

*C=¢00+ . .. (FIG. 43)

Some auxiliary activities are performed in a late part
pf the Restore-P routine, as described later. Phase ¢43
is used ‘for these activities which include the resetting of
the F flip-flop and the selection of register K as permitted
by the Automatic-K-Select switch.

Number entry processes—The ten-key keyboard 100,
shown in FIGS. 1 and 2, is used in setting numbers into
any of the working registers. The working registers are
the K, Q, and P registers. An eleventh key, 102, the
Decimal Point key, is used to place the decimal point at
the desired position within the number. Four Register-
Seleption keys 104, 106, 108 and 110 are used in deter-
mining the register into which a number is placed. Any
one of the three registers K, Q, or P, may be chosen by
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pushing keys 104, 106 or 110. Also, the pair of registers,
K and Q, may be chosen by pushing key 108. When key
108 is pushed a number set in through the keyboard enters
both the K and Q registers. The flip-flops, shown in FIG.
46, called k£ and g, store the keyboard selection of the
register. The flip-flops k¥ and g follow a code as shown
below.

k= .. G 1 0 1
[ R, ] 0 1 1
Register ... ______. ¥ X Q K&Q

The register selection keys 104, 106, 108 and 110 not
only choose the register to be entered, but also set up a
preclearance condition in the desk calculator. When any
one of the register selection keys is operated the preclear-
ance condition modifies the effect of a later operation of
one of the digit keys 100 or decimal point key 102. Spe-
cifically, when the pre-clear condition exists, the opera-
tion of any digit key or the decimal point key clears the
selected regster, After the clearance the activity specific to
the operated key takes place. An arithmetic operation also
produces a Pre-clear condition, in the same manner as the
operation of the Register Select keys. The Pre-clear condi-
tion makes it unnecessary to clear a register before begin-
ning the process of setting a number into it since clear-
ance automatically accompanies the first operation.

In some operations of the desk calculator it is desired
to place most numbers into the K register. Setting the
Automatic K-Select switch 112 “On” permits use of the
Register Select keys only in the exceptional cases. In the
“Off” position the circuits associated with the switch 112
have no effect. In the “On” position each arithmetic opera-
tion automatically selects the K register as well as pro-
ducing a Pre-clear condition. The automatic selection of
the K register may be overridden by the operation of any
Register Select key other than that for the K register. The
“On" state of the switch 112 is indicated by the signals K,
shown in FIG. 4. The signal K; sets the & flip-flop “On”
and the g flip-flop “Off” in phase ¢43 near the end of the
Restore-P routine, as shown by

sk=¢43 K.+ . . . (FIG. 46); rq—43K,
4+ . .. (FIG. 46) (Auto-K-select)

At the same time the flip-flop F and all of the E flip-flops
are reset. The resetting of the F flip-flop and the E flip-
flops is also done in ¢00 on operation of any one of the
register selection keys, The control of the flip-flops is
shown by

rF=¢43-+¢00(Sel. K--Sel. Q4Sel. P4-Sel. KQ)
+ .. . (FIG. 38)

¢’=0 in ¢00(Sel. K+4Sel. @--Sel. P4-Sel. KQ)
(FIG. 37)

Sel. K is a key signal produced by the key 110 which
serves to select the K register. The key signals Sel. Q, Sel.
P and Sel. KQ are produced by the operation of the keys
106, 104 and 108. All the above key signals are shown
in FIG. 4. The key signals also determine the states of the
flip flops & and g as shown by

sk==Sel. K+Sel. KQ4- . . . (FIG. 46);
rk=Sel. 0+Sel. P (FIG. 46)
sq=Sel. Q4 Sel. KQ (FIG. 46);
rg=3Sel. K+4-Sel. P+ . . . (FIG. 46)

The four E flip-flops E1, E2, E3, and E4 are used in
counting the digits which are placed in a register by use
of the keyboard 100. The number of digits which can be
placed in a register is thus limited to 16. In particular,
the P register which has a capacity of 24 digits cannot be
completely filled from the keyboard. Only the sixteen
most significant digits of the P register may be filled
from the keyboard. The remaining eight digits of the P
register can be affected by the arithmetic operations: Add,
Subtract and Multiply.

When a register is cleared by operation of the clear
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key 114, all of the decimal digits are set to zero, the sign
is made normal positive, and the decimal position char-
acter is given the value 63, to place the decimal point
just to the left of the most significant digit position. The
display unit 12 illustrated in FIG. 1 shows four perma-
nent zeros to the left of the twelve digits of the K and
Q registers. The P register is shown with four zeros to
the left of the leftmost twelve of its 24 digits. The remain-
ing twelve digits of the P register are shown below in a
separate line with no additional zeros. The extra zeros
are not to be confused with the genuine digits of the
register. The extra zeros are presented to make the dis-
play easier to read in case the decimal point is moved
leftward by one to four places from the normal position.

If the first key used after the Pre-clear condition is
established is a non-zero decimal digit, the entire register
in which the number is being inserted is first cleared,
which includes bringing the decimal point to the normal
position. The non-zero decimal digit is then placed in the
leftmost digit position and the decimal point moved one
place rightward so that the decimal point stands to the
right of the digit just placed. With further digit key op-
erations additional digits are placed in positions progres-
sively farther to the right, replacing the zeros which for-
merly stood there. Also, the decimal point is moved suc-
cessively rightward so that it stands just to the right of
the last digit entered. The E flip-flops are used in keeping
track of the position next to be filled.

If the decimal position key is operated after one or
more significant digits have been set into the register
there is no immediately visible effect. However, the in-
sertion of additional digits thereafter does not result in
further rightward motion of the decimal point. There-
fore, the effect of the decimal position key 102 is to fix
the decimal point position. As an example, we may con-
sider the process of inserting the number +12.3405 into
the K register. We also assume that the K register is
selected automatically after the last arithmetic process
with the help of the Automatic K-Select switch, and that
a number remains in the K register as the result of a prior
operation in the desk calculator. The keys are operated
in the following sequence: One, Two, Point, Three, Four,
Zero, Five. The appearance of the K-register display after
each operation is as follows:

=

Koy operated

-Register display

+00.00234000000000
+0000L000000GDOGOD
+0000120000000000
+060012000000000¢C
-+0000123000000000
-+0000123400000000
--+0000123400000000
+0000123405000000

In the example given above, the first key operated
was a non-zero decimal digit. If, however, the first key
operated is Zero, the register is cleared and the decimal
point is moved one place to the left of the normal loca-
tion. Additional zero-key operations move the decimal
point farther left. If a non-zero digit key is then operated
the digit is placed in the most significant digit position
and the decimal point remains fixed in position. Later
digit key operations fill positions progressively rightward,
with no further change in the decimal point position.
Therefore, in the example shown above, the number
shown as left by a “prior operation” can be placed in
the register by operating the keys in the following
sequence: O, 0, 2, 3, 4. The use of the decimal position
key is not needed since the decimal point is moved left,
and its position fixed, by the introduction of the non-
significant zeroes. It is also not necessary to use the
decimal position key in inserting an integer into a register.
As each digit is set in, starting with the most significant
digit, the decimal point moves rightward and when the
integer has been completely set in the decimal point is to
the right of the least significant digit.
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Preclearance—Flip-flop F and the four E flip-flops
El, E2, E3 and E4 are used in the Enter Digit process.
The E flipflops indicate the particular order of the
selected register which is to be filled upon the activation
of a decimal digit key. E=0 indicates the leftmost digit,
E—1 the second from leftmost, E=2 the next, etc.,
where E represents the number held in the four E flip-
flops. The major distinction to be made is between E=0
and the other fifteen conditions, £-£0. The signal E=0
indicates that no significant digits have been set into the
register, although some zeroes following the decimal
point may have been set into the register. The signal E+<0
indicates that one or more significant digits have been
set into the register, The positive number represented by
the four bits of the four E flip-flops is equal to the num-
ber of significant digits which have been placed in the
register. The P register can accept 16 significant digits,
but the K or Q register can only accept 12 significant
digits.

The condition F=0 indicates that the position of the
decimal point has not been indicated in the entry process.
If, after the selection of a register or completion of an
arithmetic operation, the Zero key is operated, the decimal
point moves one place leftward from the normal position,
At the same time the operation of the Zero key sets flip-
flop F “On” to show the departure from the virgin
condition, E=F=0, The operation of the Zero key does
not change the E flip-flops since the leftmost digit posi-
tion is still ready for the receipt of the digit next
presented, Although a decimal position is indicated by
setting flip-flop F “On,” the decimal point is not
irrevocably fixed. Further operations of the Zero key
shift the decimal point farther left, or operation of the
Decimal key 102 after entry of one or more significant
digits may move the decimal point to the right,

The signal E=0 indicates that no significant digits
have been entered. Initial zeros are not significant digits.
The first non-zero digit set into a register is a significant
digit and so are all subsequent digits, including later
zeros. If a key indicating a non-zero digit is operated
after the selection of a register or after an arithmetic
operation the non-zero digit is placed in the leftmost
digit posiiton of the register and the signal E is increased
to 1. The decimal point is also moved one place to the
right. Operating any other digit key sets in another digit
and again moves the decimal point rightward. At this
time the signal E is again increased by onme. If the
Decimal Key is then operated, flip-flop F is set “On.” The
effect of setting flip-flop F “On” is to prevent further
automatic rightward motion of the decimal point as
further digits are inserted in the register. The fixing of
the decimal point, however, is not irrevocable. If, after
additional digits are inserted, the decimal key is then
operated, the decimal point is moved to the position just
to the right of the digit last inserted.

As mentioned previously, the preclearance of the
selected register consists of the replacement of all of the
digits of the register by zeroes, the setting of the sign to
positive normal and the setting of the decimal character
to indicate the position just to the left of the most
significant digit. The preclearance takes place following
the operaiton of any digit key or the decimal key, if
E=F=0. The preclearance precedes the performance
of the activity demanded by the key which has been
operated. Only one preclearance as described above takes
place in the course of setting a number into a register.
The preclearance is performed in the rest state as an
effect of the common switch signal, S, shown in FIG. 3.
The common switch signal S, indicates operation of any
digit key (Sp) or the decimal key (Sy) as illustrated in
FIG. 3. The preclearance is described by

&'=d11({1C124-C13-14)+ . . . (FIG. 34)
d11==p00( KPk+PKq+KPq)S.FE\E2E3E4+ . . .
(FIG. 35)
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The common switch signal S, is delayed in a passive
network as shown in FIG. 3 to provide the signal denoted
S.q. The delayed signal S;q permits the setting of the F
flip-flop if the decimal key is operated. The signal Sgq
also permits entry to phase ¢04 of the enter Digit routine
by setting the X flip-flop if a digit key is operated. The
setting of the F or X flip-flop occurs after a delay of at
least one full memory cycle to permit the clearance of the
selected register. The settings of the flip-flops are described

by

sF=¢005.:5¢+ . . . (FIG. 38)
sX=a0YZS S, KPC12:1 + . . . (FIG.30) (900 ¢04)

The signal of the decimal key, Sq, additionally is used to
copy e into the first character of the decimal point indica-
tion and one bits into the second character of the decimal
point indication of the selected register. This is described
by

d'=d12(e+T9)+ . . . (FIG. 34)
d12=5,C13-14(KPk-+Pkq+KPq)¢00+ . . .
(FIG. 35)

The decimal point is therefore placed at the extreme left
position of the register if E=0, and placed to the right of
the last digit inserted if E-<0.

Register sign placement—The two keys 116 and 118
set the sign of the selected register. The keys 118 and
116 produce signals, S, and S_, illustrated in FIG. 4,
which set a positive or megative sign into the selected
registers in the rest state. The settings of the sign are de-
scribed by

d'=di1t1+ . . . (FIG. 34)
d11=¢00C128 + (KPk-+Pky+EPgq+ . . . (FIG. 35)
&—=d13t3+ . . . (FIG. 34)
d13=¢00C128(KPk+Pkq+-EPg)+ . . . (FIG. 35)

Enter digit routine—The Enter Digit routine as shown
in FIG. 13 has two active phases, ¢04 and ¢44. Approxi-
mately one full machine cycle is spent in these two phases
together, namely from the time KPC12:1,, when ¢04 is
entered, until the following time KPC1271_ when depar-
ture from ¢44 takes place. Most of the machine cycle is
spent in ¢44 when a key is operated which enters a
digit or a significant zero to the register. Most of the
machine cycle is spent in ¢04 when a non-significant zero,
which is not recorded, is entered, Accompanying the re-
cording of each digit is an increase in the number held
in the four E flip-flops E1, E2, E3 and E4. Therefore, the
number held in the four E flip-flops provides a count of
the digits already recorded. If the number held in the
four E flip-flops differs from zero then one or more digits
have been recorded and at least one of these digits is other
than zero. If E-£0, ¢44 is entered promptly from ¢04,
so as to record the newly presented digit, whether it is a
zero or not. If, however, E=0 at the time of entry to 404
a non-zero digit produces a prompt entry to ¢44, and
consequent recording, while a zero digit is not recorded.
The four bits S1, S2, S3 and S4 representing a digit cor-
responding to the key being operated are presented in
succession as a signal s as shown in FIG. 3. Closing a
decimal digit key thus provides a direct binary coded
decimal digit in each character period in which the key
contact is closed. The four bits of the E flip-flops are
presented as the signal e. If either signal s or ¢ presents a
one-bit, p44 is entered promptly and the recording per-
formed. If no One-bit occurs in either signal s or e for
the remainder of the character period KPC12, then oc-
cupancy of ¢04 is continued for nearly all of the avail-
able time. If ¢04 is occupied as described above, an in-
crementation of the decimal character of the selected reg-
ister is performed as described by

Inc.=¢04C13-14(KPk+Pkq+EPg)+ . . . (FIG. 40)
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Entry to ¢44 from ¢04 occurs within the character pe-
riod KPC12 in the second half of any bit period if e=1 or
s=1, Otherwise entry to ¢44 is delayed until the time
KPC12:1_, almost a full machine cycle later. The entry
is shown by

sU'=YWh4KPC12(s+e-+11_)
+ ... (FIG. 27) (¢04- ¢44)

Departure from ¢44 occurs at the time KPC12r1_, with a
subsequent entry to ¢40 to await the release signal, R, to
permit return to the rest state ¢00. The entry to ¢40
from ¢44 is via ¢45 and ¢41 as described later,

Therefore, if E=0 and the zero key is depressed 404
is entered at the time KPC12s1, and is occupied for very
nearly a full machine cycle from KPC12:1, to KPC12:1_
in the following cycle and occupancy of ¢44 is only for a
fraction of a bit period. In any other situation following
operation of a digit key ¢04 is occupied for some part of
character period KPC12 and ¢44 is occupied for the re-
mainder of the time until KPC12s1_ appears the next
time.

When a digit is to be recorded during the occupancy
of ¢44, the digit presented by the signal s is set into the
appropriate digit position of the selected register, K, Q,
P, or K and Q. The selection of the appropriate digit
position is made by incrementing the E flip-flops by one
in each of the character periods PC0-11 in addition to
other correcting incrementations. The selected character
petiod is the one which follows the advance of the E flip-
flops from 15 to 0. Flip-flop H is used in the incrementa-
tion, and remains “On” in the character period in which
the recording is done.

Except in the case kg where the selected register is P,
a correcting increment, of amount four, is made in each
of the character periods PC14. Therefore, the total in-
crease in the E flip-flops in each half-cycle is by the
amount 16, which is just sufficient to restore the E flip-
flops to their initial value. A further correcting incre-
mentation of one is made in the character period KI’)C12,
immediately before departure from ¢44. The E flip-flops
are therefore advanced by one as a result of the cycle of
occupancy of ¢44, and the next operation of a digit key
places a digit in the next earlier or less significant digit
position. If the P register is selected, the two correcting
increments of amount four in PC14 are replaced by a
single correction of amount eight, at the time KPpC14.
The E flip-flops, therefore, count up continuously through
the series of the 24 digits of the P register. The counting
in the E flip-flops is described as follows:

e’—el{e£H)+ . . . (FIG. 37)
cl=¢ddP+ . . . (FIG. 37)
sH =442 (CO-1111+KC12:14+-C14(k+¢) 3
LKC14kqrd) + . . . (FIG. 44)
1 ==p44Pc+ . . . (FIG. 44)
rH=¢ddP11KC124 . . . (FIG. 44)

Recording in the K and Q registers is performed by re-
placing the signal 4 with the signal s as the input to the
memory in a PC0-11 character period in which H==1. The
condition H=1 indicates that there was an overflow in
the counting-up of the E flip-flops. The recording is shown
by

M’ =MI1s+ . . . (FIG. 41)
M11=¢44HPCO-11{kK+qh)+ .. . (FIG. 41)

Entry into the P register is performed by replacing the
signal M with the signal s as the input to the D flip-flops.
No entry is made in the first eight digits of the P register
since these would be duplications of entries made in the
last eight digits. The first eight of the twelve pairs of char-
acter periods, C0-11, are marked T12, the remaining
four are marked T12. Therefore, entry to the P register is
permitted at the times (712+XK) which correspond to the
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last four digits appearing in the first half cycle and all
the digits appearing in the second half cycle. The entry
is described by

d'=d8s+ . . . (FIG. 34)
d8=¢d4HPCO-11(T12+K)kq+ . . . (FIG. 35)

Departure from ¢44 with entry to ¢40 via ¢45 and ¢41
will be described below. The entry to the rest state, ¢00,
from ¢40 was described previously under Restore-P,

Decimal point fixation—If the zero key is operated
when E=O, entry to ¢44 is delayed for almost a full ma-
chine cycle as previously described. Also, ¢04 rather than
#44 is occupied for almost a full machine cycle and the
decimal character of the selected register is increased as
described previously. Another consequence of the oc-
cupany of ¢04 after the character period KPC12 is the
setting “On” of the F flip-flop to fix the decimal point
as described by

sF=¢04C13+ . . . (FIG. 38)

The fixation of the decimal point prevents the clear-
ance of the register, including the return of the decimal
point to the standard position, on the next operation of
a digit key. Another way in which the decimal point is
fixed is by operating the decimal point key. The opera-
tion of the decimal point key is described by the term in
the sF equation shown earlier, ¢00S.Sy. The decimal
point key signal, Sy, also serves to copy the complement
of the number held in the four E flip-flops into the deci-
mal character of the selected register as described above.

A similar copying of ¢ into the selected decimal char-
acter takes place after departure from ¢44 under the
condition F. The condition F is true if the position of
the decimal point is not yet fixed. Phase ¢45 is used to
record the decimal character and is entered at the time
KPC1211__ as described by

sZ=a4XYKPCI12:1_+ . . . (FIG. 32) (¢44— ¢45)
Recording of the decimal character is shown by

d'=d12(e+T9)+ . . . (FIG. 34)
d12=¢45FC13-14(KPk+Pky+KPq)+ . . . (FIG. 35)

Flip-flop I is reset in ¢45 to ensure escape from ¢dl.
Phase ¢41 is entered after about one machine cycle in
¢45. The setting of the I flip-flop and escape from 4§
are described by

r=¢45+ . . . (FIG. 39)
rX=ad4YZKPC12+ . . . (FIG. 30) (¢45->¢41)

Departure from ¢41 occurs immediately after entry, by
reason of the condition I. Phase ¢40 is then entered with
a subsequent return to the rest state after the appearance
of the release signal, R, as described earlier. Since ¢45
is occupied after phase ¢44 the number held in the E
flip-flops during $45 is the number of significant digits
thus far entered in a register. The number set into the
decimal indication during ¢45 is 62 after one non-zero
digit has been entered, 61 after two digits have been
entered, and so on. Therefore, as an integer is set into
3 register by operating keys indicating successive digits
starting from the most significant to the least significant
the decimal point appears to the right of the digit last
placed. If the decimal key is operated in the course of set-
ting in a series of digits, the operation of the decimal key
turns flip-flop F “On” and stops the automatic rightward
progression of the flip-flop decimal point as digits are in-
serted. The fixation of the decimal point is revocable since
a later operation of the decimal key brings the decimal
point to a position to the right of the digit just placed.
Register transfers—Two fast flip-flops, S and M, cap-
ture information from the delay line output as described
earlier. The bits picked up in the M and S flip-flops at the
beginning of each bit period are a working bit and its
surrogate. The bits usuvally remain undisturbed through-
out the bit period. The bits may, however, be modified
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during the Transfer Routine. The Transfer Routine makes
use of phases 10 and ¢50, with a return to the rest state
via $40. Phase ¢10 is used only to introduce a short
delay, about 30 to 60 microseconds before the perform-
ance of the indicated transfer process.

Entry to ¢10 is at time KPC13/4 on a signal from
the transfer keys 120, 122, 124 and 126, from the Ex-
change memory key 132, from the Store memory key
130, or from the Recall memory key 128. Operation of
any of the above keys produces a common signal, X, as
shown in FIG. 4. Entry to ¢10 is decribed by

sSW=UTVBOKPCI3X 4+ . . . (FIG. 29) ($00->410)

Entry to and departure from ¢50 occurs at the time
KPC13 since no information of importance is held in
either the S or M flip-flops during that character period.
The entry to and departure from ¢50 are described by
the following equations:

sU=YWDBOKPC1312+ . . . (FIG. 27) (¢10->¢50)
rW=UVBOEPC13t1+ . . . (FIG. 29) ($50->¢40)

The information transfer activities in ¢50 are controlled
by signals from the various transfer keys and by signals
from the register selection keys. The signal from the Store
memory key 130 is denoted M, from the Recall memory
key 128, M,, and from the Exchange memory key 132,
M,, as illustrated in FIG. 4. These signals have effects
during ¢50 in the character periods associated with the
selected register, namely during (KPk--Pkg+EPg)950.

The transfer keys also initiate actvities which are per-
formed in ¢50. The signals from the transfer keys are
denoted Tpg, Toxs Top and Tge as shown in FIG. 4. The
first subscript indicates the register which has its contents
transferred and the second subscript indicates the register
to which the contents are transferred. The transfer takes
place in the character periods in which the information
to be transferred appears in the M flip-flop, namely KP
for Tpq of Ty and KP for Ty and Tey. The donor reg-
ister is cleared in the above three operations, and it is
also cleared in the Store memory operation. In the Re-
call memory operation, however, the donor is a surrogate
register which is not cleared. In the Store, Recall and Ex-
change memory operations the P register is treated as
having 24 digits, while the K and Q registers are treated
as having 12 digits each. In the transfer operations, Tpq,
Ty and Ty, transfer is from or to only the 12 most sig-
nificant digit positions in the P register, and the remain-
ing digit positions are cleared.

To effect the transfer from a first character position to
a second character position when the second character
position follows the first character position by r charac-
ters, D’ is made equal to M at a time which is 2a clock
periods later than the time N3, at which time flip-flop
M is set. The recording of M in D’ is performed in those
character periods in which the information to be trans-
ferred is held in M. Specifically, those character periods
marked KP are used to transfer the Q register and those
character periods marked KP are used to transfer the
P register. Since only the more significant half of the P
register is transferred the transfer activity takes place
only in the character periods marked KP, and not in those
marked KP. The number of character periods separating
corresponding characters of the donor and recipient reg-

isters is shown, under the heading n, in the following

table.
Transfer
Signal D'=M
From To marked n= at time
P Q T 29 N63
QI X Toy 30 No7
Qe P Tap 31 N69
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To determine the name of the clock period, shown in
the last column of the table above, in which M is re-
corded as D’, it must be remembered that the names
N32, N33, N64 and N65 and the conditions which these
names describe are not used. The transfer Ty is per-
formed by setting M’=M at the times ¢SO0KP.

In the transfer marked T, the operation D'=M is
performed at all character periods marked P. The char-
acter periods marked I include characters of the K reg-
ister as well as the Q register. The bit set into D’ is given
the value KM thereby setting the twelve least significant
digits of the P register, and the spurious sign and deci-
mal characters, S¢ and Dy, to zero. The clearance of
the donor register is effected by clearing 4’ in the same
character periods. These operations are described by

D'=DTM+ . . . (FIG. 19); D7=¢50) (TpKPN63
+ T KPN6T+Tq, KEPN69)+ . . . (FIG. 19)

M’=M6M+ . . . (FIG. 41)

M6=¢50ToKP+ . . . (FIG. 41)

d'—d11 (11C12+-C13—14) + . . . (FIG. 34)

d11=¢50[P(Tpq+Tp) +EP (Topt-Ta)1+ - - .
(FIG 35)

The Recall memory operation and part of the Exchange
Memory operation are described by
d’=d145(T4+75)+ . . . (FIG. 34)
d14=¢50(KPk+|Prq+EKPq) (M +My)+ ... (FIG. 35)
The Store memory operation and part of the Exchange
memory operation are described by
sS=M[¢50N126-127(KPk+PLgq

+EPq) M +M) 1+ . . . (FIG. 19)
rS=M[$S0N126-12T(KPk+Pkq

+EPq) (Ms+M)1+ . . . (FIG. 19)
& =d11({1C12+4+C13-14) + . . . (FIG. 34)

d11=950(KPk-+Pkq+KP@)M.+ . . . (FIG. 35)

On the signal M, the content of flip-flop M is trans-
ferred into flip-flop S. This occurs after the prior content
of flip-flop S is used in the signal 4’ to set flip-flop D
“On” in the fourth quadrant. To prevent any interfer-
ence by the flip-flop M with the new value being set into
flipflop S during the last two microseconds of a bit
period, the § term in the 4’ signal is made equal to
S(T4-+4T5). This allows the S term to disappear for the
last 15 microseconds of the bit period while the prior
content of flip-flop S may have set D, “On” in the preced-
ing 15 microseconds.

Number display—The desk calculator uses a cathode
ray tube display. An electron beam within the cathode
ray tube is controlled to produce the digits, decimal point
and assorted symbols used by the desk calculator.

As illustrated in FIG. 1, four lines of numbers are dis-
placed, showing the K, Q and P registers. The P register
is divided into two lines having a left half of the P
register on top and a right half of the P register under-
neath. Fach line contains twelve digits and, except for
the right half of the P register, four additional smaltl
zeros to the left of the twelve digits. The digits are formed
during the times /3 and 4, and the small zeros during
the time #2. In each character period of C0-11 during
the time r2 a zero is formed, but may be suppressed,
and then the electron beam is moved four digit positions
to the right and a decimal digit is formed. A figure-eight
pattern is used to form the general digits, the small zeros
and, with a slight correction, the + or — sign which
stands to the left of the digits.

There is a downward vertical displacement of the
electron beam which is produced by circuitry as shown
in FIG. 47. The downward displacement is two charac-
ter heights for X times in comparison with K times, and
a further displacement of four character heights for P
times compared with P times. Therefore, four lines of
digits are formed equidistant from each other with the
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K register at the top, then the Q register, then the left
and right hand halves of the P register. There are further
small downward displacements in C13 and C14 when
decimal points and streaks are formed. The significance
of these streaks is described below. The digits and sign
stand slightly above the decimal point in each line and
the streaks are well below the numbers at the extremes
of digit display.

Leftward horizontal displacement of the electron beam
is produced by circuitry as shown in FIG. 48. The left-
ward displacement of the characters is by a distance of
zero to eleven spaces, in times C0 to C11 respectively,
plus an additional four spaces for the times T8 when
the small zeros are formed compared with the times T8
when the digits and signs are made, and a displacement
of sixteen spaces for the sign. There is a further leftward
displacement by four spaces for the right half of the P
register so that the meaningless sign character of the
right half of the P register is shifted off-scale to the left
of the digits. The displacements are described by D,
which refers to the downward displacement of the elec-
tron beam and Dy; which refers to one part of the left-
ward displacement of the electron beam.

Dy=2K©®P®0.5C13®0.75C140 . . . (FIG. 47)

The terms 0.5C13§0.75C14 provide the downward dis-
placement for the decimal point and streaks.

Dy =C0-12(T9D2TI0B4TII DETI2R4LP
@478®4T11T12¢3.0)(FIG. 48)

The term 3.0 provides a displacement with respect to the
right streak discussed below. The symbol @ refers to an
analog addition rather than a Boolean operation and the
numerical factors specify the weights of the several terms.
The constants shown are only approximate and may be
adjusted empirically. The expression Dy, applies in the
times C0-12. In the times C13-14 an entirely different
mechanism determines the leftward displacement for the
decimal point and streak display as described below. A
decimal point is displayed at the time 4C13 when the
four least significant bits of the decimal indication are
available. During C13 the figure-eight pattern is stopped
so that a point is formed rather than one or more line
segments. The decimal points of registers Q, K, and P
are displayed during the bit periods ¢4 of the three char-
acter periods, KPC13, KPC13, and KPC13. No display
is made of the meaningless decimal point character Dy
at the time KPC13. To limit the display of the point to
the bit period #4 and to prevent the display of D; the
electron beam is suppressed, in C13 character periods,
at times called C13 S, defined by

C1354,=C13(14+ KP) =C13(I8+T7+KP)

The complete structure of the beam suppression system is
shown in FIG. 49.

The position of the decimal point is determined by the
four bits held in D1, D2, D3, and M flip-flops which repre-
sent the four least significant bits of the decimal charac-
ter. The leftward position of the decimal point is propor-
tional to the hexadecimal digit formed by the four bits
except that the four values, 0, 1, 2 and 3 are presented
to the left of the remaining twelve values. For the values
0, 1, 2, and 3 the point stands to the left of one of the
four fixed small zeros which precede the twelve signifi-
cant digits of a line. The leftward displacement of the
beam at the time C13 is described by

D»y=(D132D2G4D3I 08

(D3M)®3.75)C13  (FIG. 48)

The four bits held in the flip-flops D1, D2, D3, and M
D2, D3, and (D311}, The expression Dy, is propor-
tional to a four-bit number having the bits D1, D2, D3,
and M in order of increasing significance except that the
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four values having D3=M=0 have the largest rather
than the smallest values, as shown in the following table:

D2 (omitting

D1 D2 D3 M constant)
0 [} [} 12
0 0 Q 13
1 (1} 0 14
1 0 0 15
0 I 0 0
0 1 0 1
1 1 0 2
1 1 0 3
0 0 1 4
0 & 1 5
1 ¢ 1 6
1 a 1 7
[1} 1 1 8
[J 1 1 9
1 1 1 10
1 1 1 11

The constant term, 3.75, serves to adjust the point posi-
tion with respect to the decimal digits. In the above ex-
pression, as in the expressions Dy and Dy, shown earlier,
the @ sign represents an analog addition and the numeri-
cal factors specify the weights of the several terms,

The two most significant bits of the decimal indica-
tions are set into the flip-flops D1 and D2 during the C14
character periods. These two most significant bits for
each register are used to provide two streaks below the
line showing the K, Q, or the left hand half of the P reg-
ister. One streak indicates that the true decimal point po-
sition is more than four places to the left of the normal
position, and the other streak indicates that the true deci-
mal point is more than eleven places to the right of the
normal position, Neither streak is shown for numbers in
which the decimal point is shown in the correct position,
Numbers outside a range of 48 decimal point positions
are regarded as improper and are displayed with both
streaks. FIG. 50(a) to (f) illustrates the display of the
decimal point in the desk calculator. FIGURE 50(a)
shows the display of a register in the desk calculator
after clearance. FIGURE 50(b) illustrates a number
smaller than one and FIGURE 50(c) illustrates a num-
ber larger than one. In FIGURE 50(d) a streak is shown
underneath the numbers at the left side of the row. The
left streak indicates that the real position of the decimal
point is sixteen places to the left of the decimal point
shown in FIGURE 50(d). Correspondingly, the streak
shown underneath the numbers at the right side of the
numbers in FIGURE 50(e) indicates that the real posi-
tion of the decimal point is sixteen places to the right of
the decimal point shown in FIGURE 50(e). Improper
numbers which are very large or very small are shown
with two streaks as illustrated in FIGURE 50(f).

The four bits held in the flip-flops D1, D2, D3, and M
at the times #4C13 are called 4!, 42, d%, and 4%, respec-
tively, and are the first four of the six bits of the decimal
point indication of a register. The remaining two bits,
called d% and 49, are presented by the M flip-flop during
the corresponding bit periods r1C14 and r2C14 and are
held in flip-flops D1 and D2 for four bit periods thereafter.
The six bits of the decimal indication of the P register
are given the subscript P and are designated dpl, . .. dpf.
Similarly, subscripts K and Q are vsed for the K and Q
register. The entire six-bit number formed is called
Dp, Dy, or Dq and is meaningful only modulo 64.

We consider another six-bit number, F, obtained by
subtracting 4 from D. For example

Fp=Dp—4 (modulo 64)

The six bits of the number are called £, f2 . . . /8, and
have appropriate subscripts P, K and Q identifying the



3 518,629

53

particular register considered. The six bits of the number
F are related to the six bits, 4! . . . 4% as follows:

fl=dt

p=a?

P=d34 (d3£1)

fi=(d*~d®)

fo=(db+~d%d*)

f8=(dB=~d3d*d®)

The directly displayed decimal point correctly indicates
the true point position if the number F lies in the range
48 to 63, inclusive. Since F, like D, is meaningful only
modulo 64, this range can alternatively be described as
—16 and —1, inclusive. The above range of the F number
corresponds to the range —12 to +3 for the number D.
This normal range is recognized by the circumstance
ff=1%=1. The two streaks which serve to qualify the deci-
mal point display are suppressed for the normal range.

When the decimal point moves to the left out of the
normal range by no more than 32 places the number F
becomes positive as indicated by f8=0. In this case the
leftward streak is allowed to appear to indicate to the
operator at the desk calculator that the true decimal point
position lies sixteen places to the left of the point shown
or that the number is improper. The condition for the
suppression of the beam during the time of formation of
the left streak is called Spg and is described by

Spg=10=(db£d3d*d5)

When the decimal point moves to the right beyond
the end of the normal range by no more than 32 places
the value of the number F lies in the range —48 to —17,
inclusive. In that range the bits f5 and f® have opposite
values, as described by the expression f554f8. When
fi4f8 the rightward streak is allowed to appear to indi-
cate to the operator that the true decimal point lies 8ixX-
teen places to the right of the point or that the number is
improper. Therefore, the condition for the suppression
of the beam, Sgg, during the formation of the right streak
is

Sns= (fAL5) = (doATDU) A(LBABT)
The above expressions may be simplified by algebraic
manipulation. The product d@3d# is called ¢ as an abbrevi-
ation. It can be shown that

Spg=(d®~c+d°)

Spg=(db=£cd®)

When the decimal point is moved by thirty-two places
in either direction from a position in the normal range,
both streaks are displayed. At that time the number F
lies in the range —32 to —17 or, what is equivalent in a
six bit system, the range +32 to +-47. This range of im-
proper numbers in which both streaks are displayed is
marked f6=0 and f5=1, or ¢==d5=d". Such very large
or very small numbers are not ordinarily used in arith-
metic operations.

The signal ¢ is formed in flip-flop ES during the C13
character periods of the rest phase as described by

and

rE5=00C132+ . . . (FIG. 36)
SES—g00M(13,+14,)C13+ . . .
p00MT6TSC13+ . . . (FIG. 36)

If c=1, flip-flop ES5 is “On” at the end of C13, otherwise
flip-flop ES is “Off.” The c-signal associated with the deci-
mal position of the K register is formed in the above
manner durng KPC13; for the P register the c-signal is
formed in KPC13, and for the Q register the c-signal is
formed in KPC13. A corresponding meaningless signal
is formed in KPC13. In order to keep the c-signal of the
K register available for use in the character period
KPC14 it is copied into flip-flop E6 at the time
KPC1311 as described by

rE6=¢00PC13-1411_+ . . . (FIG. 36)
sE6=¢00PC13-1411E5+ . . . (FIG. 36)
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The above equations also describe a similar copying of
the signal c¢ associated with the P register into flip-flop
E6 at the time KPC14. It also describes the copying of
the signal ¢ associated with the Q register into E6 at the
time KPC13 as well as the copying of a meaningless sig-
nal at the time KPC14.

The left streak for each of the three registers is drawn
during a bit period marked r3C14, and the right streak
is drawn during a bit period marked r4C14. More specifi-
cally, the streaks for the K register are drawn during
KPC14, those for the P register are drawn during
KPC14, and those for the Q register are drawn during
KPC14, At the times 3 and 4 of KPC14, KPC14 and
KPC14 the two most significant bits of the decimal point
indication, 4% and 45, are held in flipflops D1 and D2
respectively. Since the signal ¢ is copied into flip-flop
E6 earlier, the conditions for beam suppression are writ-
ten in the form

S.s—13C14(D25<D1E6)
Sps—=14C14(D2-A(D1+E6))

The above quantities are formed with the help of an
auxiliary signal called 6. The signal A6 is identical with
the signal held in the flip-flop D1 except during the char-
acter periods C14. Specifically,

h6=D1C0—13+C14(3(D1-+E6) +14D1E6)
=D1(C0—13+E6+T7)+TTE6C14 (FIG. 25)
The inequality of /16 and D2 is
(h6£D2)
and the complement of the above expression is
(h6-+D2)

The condition for beam suppression during the times
of formation of the streaks is now simply (/1652D2). The
beam is always suppressed during the first half of a C14
character period, marked T8, and at the time KPC14.
The entire expression for beam suppression during the
character periods C13-14 is written as

Sae=C13(T8+TT+KP)+C14[ T8+ KP+ (h6D2)]

The figure-eight pattern used in each digit display is
formed of eight strokes. The eight strokes in each pattern
are in the following sequence.

Btroke Time Marked
Loeft e e El {t24t3) T5T6T?
DOWD e 32 (t24t3) T5TET7
Right . aaan ‘113 (t2-+13) THT6T?
L0 TP 24 (12+13) T5T6TT
B 07 4 U PP il (114+14) TH5TETT
05 I 22 (t1+t4) T5T6T7
Righto e 23 (t1-+t4) TSTOTT
DOWD e e £4 (t14-t4) T5TET7

The figure eight is formed of two squares, an upper
square which is traced in a clockwise direction (left, up,
right, down) and a lower square which is traversed
counterclockwise (left, down, right, up). Each square
begins and ends at the right end of the center bar of the
figure eight.

At the times ¢1 and r2, the figure eight is traced in the
opposite order from that used at the times 3 and 4.
First the upper square is traced (in r1), then the lower
square (in 12). The beam is always suppressed for the
upper square at the time 1, but the beam may or may
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not be suppressed at the time r2 depending on whether
a small zero is to be formed. At the times 73 and #4, the
figure eight is traced beginning with the lower square.
The beam is always suppressed for the first leftward
stroke, at the time

56

It is also not suppressed in

1
i 1i4

The two leftward strokes together form the minus sign

1 5 which also serves as a part of the plus sign. This minus
i 13 sign has twice the width of the center bar of the figure-
eight pattern by reason of a horizontal displacement in-
but the beam may or may not be suppressed in any one troduced between these strokes. More precisely, the usual
of the remaining seven strokes, depending on the digit 10 rightward displacement at the time
to be presented. The first three bits of the digit are held 1
in the D1, D2 and M flip-flops during the bit period 3. 3&3
In the bit time ¢4 the third bit is held in D3 while M
holds the fourth or most significant bit. The fourth bit is omitted, so that the upward stroke in
serves to distinguish the zero digit from the eight digit 15 1.,
and the one digit from the nine digit. The One digit is 148
represented by the rightside of the figure-eight pattern, ) . .
and the One digit differs from the Nine digit only in the i Superimposed on the downward stroke in
upper square. Similarly, the Zero digit and the Eight 1
digit are the same in the lower square since the leftward 2 12‘3
centerbar stroke at the bit time 3 is always suppressed. e e . . . R
Using the arrangement described above, it is not neces- The_ plus sign 1§ displayed if D1=0 and the minus sign
sary to know the fourth bit of the digit while the lower is displayed if D1=1. Whenever D1=0 the beam remains
square is being traced during the time 73. unsuppressed in the fourth quad.rants of the times 3
The complete structure of the beam suppression sys- 25 a;:db? Of. C12 to forn} the vertical bar. When D1=1
tem has been shown in FIG. 49. The circumstances of the beam is suppressed in
beam suppression in the formation of decimal digits dur- 1 4
ing 13 and 14 are shown in the table below: 4
Suppress for
Stroke digits Marked During Marked
Lefto.o.o... P 13 TETETTTS
Down..o..... 1,34,57,9. ... D1+D2M. oo 123 T5TET7TT8
Right.__.._... 14,79 ... DID2M+DID2M+DI1D2M. .. 13 T5T6T7TS
Upeeieneee T DIDIM . iiaeaans 1413 THT6TTTS
77 (T (08 5 S D2D3M+DID2D3. ... 3164 T5TETTTS
UPeeeenins 1,2,3,7.0eeee DID3M+DID2+D2D3. ... 1214 THT6TITS
Right.._..._. 14,6 eeen. DID2D3M+DID3. _.c.o.e. {34 TETETITS
DOV ceee 5,6 et DID2D3+DID2D3. ... 144 T5TETTTS
In the formation of small zeros in the first half of a For both plus and minus signs the beam is suppressed
C0-11 character period, the beam is suppressed at the in
time #1. It is also suppressed in the first eight of the 1 1
twelve character period pairs, marked T12, and in KP 12 and ;3
character periods. Altogether the circumstances for beam g .. . .
suppression during CO-11 are denoted Sqq and described ~~ Beam suppression in C12 is described by Sy, as
as follows: 1 1 1
Sao=(;2+z 3+D1 14) C12
Sqa=[8T8+ T8(KAP+T12+17)1C0-11 or [T'5T6T8 . : . .
(T7+I)2D3_11+D1D2D3)+T8(T12-|—I\P+T7) 55 The circumstances of be_am suppression during the time
4+ D1T6TTTS+D1D2D3TST6TTT8 C13-14 have been described earlier. The full expression
+(D2+ 75)D1 D3767’7T8 - for the conditions of beam suppression is
+(D1+D3)D2T5T61 778 Supp.=Saq+Sso+Sac
+MTIT8$(D1D2T5+D1D2T5--D2T6) The fi iah be describ
MT8(D1D2TST6TT+ DID2TSTT+D1D2D3TS 60 e hgure-eight pattern may escribed for char-
+D1D3T576)1C0-11 acter periods CO0-11 as follows: Leftward motion in
== T5T6, nghtward in T5T6, Upward in T5(T6=77),
In the character periods C12 the signs of the K, Q, Downward in T5(76-<77). In CI2 the rightward mo-
and P register are presented and are displayed during tion in
the times 73 and ¢4 with the use of a slightly modified 65 1
figure-eight pattern. ;3t3
At the time KPC12 the character Sy is presented and
is displayed as if it were a true sign. However, the left- is to be omitted as indicated earlier. To compensate, the
ward shift of the righthand half of the P register removes leftward motion in
S, from the visible area. In the time C12, unlike the 70 1
times CO0-11, the beam is not suppressed for the left- Elﬂ
ward stroke in
1 is also omitted. In C13 all of the figure-cight motions are
2113 stopped. In C14 there is a leftward motion during T7,
4 75 rightward in T7, to form the two streaks which show
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decimal point positions beyond the normal range. Alto-
gether, the motions forming the figure-eight are:

Left motion in 757'6(C0—11+C12r2) +C1477
Right Motion in 75T6(C0—11+4C12¢3)C1477
Upward Motion in T5(T6T7+1617)C0—12
Downward Motion in T5(T6T7+2677)C0—12

The expression for leftward motion is formed in logic as
shown above. The logic circuitry indicating leftward mo-
tion delivers to a capacitor a current of amount 1, in
appropriate units, when leftward motion is required and
of amount 0 when it is not. A second circuit delivers cur-
rent of amount 0 at the times when rightward motion is
required and +1 when no rightward motion is required.
By reason of the interchange of current values this sec-
ond circuit may be described as representing the com-
plement of the condition for rightward motion given
above, The sum of these two currents has the value 0
for rightward motion, +1 for no motion, and +42 for
leftward motion. A third circuit delivers to the capacitor
a constant current of amount — 1; that is, of unit magni-
tude and of direction opposite to that of the first two cir-
cuits. The total current entering the capacitor is thus 1
when leftward motion is required, —1 when rightward
motion is required, and 0 when no motion is required.
The potential across the capacitor, which is proportional
to the integral with respect to time of this total current,
provides a contribution to the total leftward displacement
called Dy3. Tt is thus described by

Dys=f1(I576(C0-11+C12:2) 4 C14T7)
@ (CO0-12(T5+76) +C12:34+-C134+C14TTE(—1) 1d¢

In the same fashion a component of downward dis-
placement, called Dy, is formed as the time integral of
the sum of three currents. One indicates the circumstances
of downward motion described above. The second indi-
cates the complement of the circumstances of upward
motion as described above. The third has the constant
value, —1. Thus

Dyy=[[T5C0-12(T6-4TT7)D(T5
+C13-14+4(T6£T7) )@ (—1)1dt

The complete expressions for the leftward and down-
ward displacements of the electron beam are denoted Dy
and Dy respectively, and are given by

D,=D O D DDy D19C14TT
D,=2K $4PHDy;H0.5C1360.75C14

TYPICAL CIRCUITS

FIG. 51 is a schematic diagram of a clock generator
400 which may be used for the clock generator C, shown
in FIG. 17. The portion 402 of the clock generator shown
within the dotted lines is a standard free running multi-
vibrator. The clock generator is unique in that the multi-
vibrator is free running only when the enable C, input
is true. The enable C, input becomes false during the
dead portion of time denoted N0 and N1 as described
earlier. During the dead period the multivibrator is biased
by the false input to a metastable state to disable the
multivibrator. The stability of the multivibrator is not
absolute, After a particular period of time the false enable
C, input is dissipated by an R-C circuit, including a re-
sistor 404 and a capacitor 406, to a reference potential
such as ground, and the multivibrator 402 reverts to a
free running state.

A basic flip-flop circuit 410 is shown in FIG. 52 and
has both set (s) and reset (r) inputs. The flip-flop itself
may be of any conventional type such as Eccles-Jordan
bistable multivibrator or a direct coupled bistable multi-
vibrator as shown in FIG. 52. The flip-flop 410 illus-
trated in FIG. 52 may be used for all the flip-flops in
the desk calculator which require set and reset inputs.
These flip-flops are U, V, W, X, Y, Z, De, Ee, El, E2,
E3, E4, F, G, M, DL, k and q.
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FIG. 53 illustrates a flip-flop 412 which includes the
basic flipflop 410 of FIG. 52 but additionally has a
clocked complement (c) input. When the complement
input is true, the flip-flop 412 changes its state after the
appearance of a clock signal. FIG. 53 specifically shows
flip-flop J as an example and uses the signal T6 as the
clock signal. Other flip-flops may use different clock sig-
nals. The circuit shown in FIG. 53 may be used for flip-
flops 1, ES, E6, D1, D2 and D3. In addition some of the
flip-flops in the desk calculator are constructed with the
circuit shown in FIG. 53 but do not incorporate all of
the inputs. For example, flip-flop T9 only has set (s)
and complement (c) inputs and flipflops K, P,T0, T2,
T3, T4, TS, T6, T10, T11 and T12 have a complement
(¢) input.

FIG. 54 illustrates a flipflop 414 which includes the
basic flip-flop 410 of FIG. 52 but additionally has clocked
star (*) inputs. The star (*) inputs are similar to the
set (s) and reset (r) inputs except that the change in the
state of the flip-flop 414 takes place after the appearance
of a clock signal. FIG. 54 specifically shows flip-flop H
as an example and uses the signal 16 as a clock signal.
Other flip-flops may use different clock signals. The cir-
cuit shown in FIG. 54 may be used for flip-flops D4 and
S. In addition, other flip-flops in the desk calculator are
constructed with the circuit of FIG. 54 but do not incor-
porate all of the inputs. For example, flipflop I only
has set (s), reset (r) and *I inputs, and flip-flops C,
T1, T7 and T8 only have both the star (*) inputs.

The “And” and “Or” gates used in the desk calculator
may be standard diode gates. The Inverters and Emitter
Followers may be of standard transistor construction in
order to save space and power consumption in the desk
calculator.

Synchronous logic embodiment—For the sake of sim-
plicity and limitation of the number of components, the
circuitry of the desk calculator described in the foregoing
was based mainly on asynchronous logic; however, it
should be noted that the desk calculator may also be de-
signed using mainly synchronous logic—that is, with the
exception of flip-flops used in capture of delay line in-
formation, all flip-flops being constrained to change state
only upon incidence of a clock pulse (the clock pulses
not being the same for all flip-flops) even though circum-
stances for controlling the change to that state might be
favorable at a2 much earlier time.

In this alternative arrangement, then, only flip-flops
M and Dy, are of the type shown in FIG. 52, all others
being of the types shown in FIGS. 53 and 54, with the
further exception that the direct-coupled inputs (r) and
(s) are not present.

With respect to the logic expressions presented in the
foregoing description, the consequences of this change
are of the nature of timing changes alone, for the most
part, For example, whereas the setting of flip-flop F in
the Delay-P phases was previously timed by appearance
of the signal KPC13, it is now timed by the signal T6 in
conjunction with the signal KPC13#4. Similarly, whereas
the setting of I in the Advance-Q phases previously oc-
curred upon appearance of the signal KPC1341, the same
seiting now occurs upon appearance of signal T6 during
character period KPC12. It is thus seen that the flip-flop
change of state occurs at essentially the same time, but
the control signals are different, corresponding generally
to the end of the character period immediately preced-
ing that formerly used to time the change.

Some flip-flop changes of state are now timed to occur
at the middle of a bit period. As an example, in the in-
crementation process of the Delay-P phases, the resetting
of 1 formerly performed asynchronously at time fI is
now performed under control of a clock signal (such as
T6, for example) which appears toward the middle of
a bit period. Flip-flop F and H are also set (or reset) at
the middle of a bit period under certain circumstances,
Such differences in clock times can be differentiated by



3,518,629

59
referring to all clocked inputs occurring at the middle
of a bit period as “grid” (#) inputs. The F, H, and 1
flip-flops have grid inputs in the synchronous logic system,
these inputs being denoted by a “grid” mark alongside the
appropriate gate in the respective figure for each of the
above three flip-flops.

An important by-product of the change to synchronous
logic is the elimination of flip-flops D, and E.. These
are no longer needed to permit the bit presented in M in
one bit period to be held for entry to the D or E register
flip-flops early in the next bit period. Thus, instead of
being changed near the beginning of the following bit
period, the D flip-flop states are now changed at the end
of corresponding bit periods according to the expressions,
(similar for E):

*D1=d'1l,
*D2=d'12,
*D3=d'13,
*Dd=d'rd,

*DNl=d't1
*D2==d12
*D3=d't3
*Dad=d.t4

Another by-product is elimination of restriction to a
single flip-flop change for each step in a routine. This
restriction was required by the asynchronous logic to
prevent race conditions. As examples of the consequences
of elimination of this restriction, in the Multiply Routine,
entry to ¢32 from ¢16 is now effected directly rather than
via ¢12, and in the Add-Substract Routine, is the delay
number is zero, entry to ¢14 from ¢01 is immediate rather
than through ¢l11 and ¢15 as in the system with asyn-
chronous logic.

Yet another by-product is elimination of the need for
provision of a delayed common switch signal S.4 to al-
low time for pre-clearance before exit to 404 from 600.
This function is now provided by use of flip-flop J in 600
to control preclearance, as follows:

The preclearance is effected by direct intervention in
the state of flip-flop M, which is forced to the value Zero
at times (¢z1C12-4C0-11) and to the value One at times
(t1C124-C13-14) in character periods corresponding to
the selected register, controlled by the signal

(EPq-+KPk+4-Phy)

Flip-flop J is set on in phase #00 and remains on for one
complete machine cycle. Preclearance occurs during that
machine cycle, which may be spent in any of the phases
¢00, 04, or p44. The condition for the preclearance
process may without harm be extended to phase ¢40 as
well, and the phases may then be distinguished by the
term YVWYZ. Preclearance is thus described by

sM=(11C124+C13-14) VW YZJ (KPq+KPk--Pkq) + . . .
rM=(11C12+C0-11) VW YZJ(KPq-+KPk--Pkq) + . . .

Flip-flop J is set on at the time KPC12¢4 in phase $00 if
F+4-E=0 when any one of the digit keys or decimal point
key is operated, as indicated by the common key signal,
S.. This setting is described by:

*]—=KPC12t4S,FE1E2E3E4+- . . .

If the decimal point key was the one operated, as indi-
cated by presence of the signal Sg, then preclearance takes
place in phase 900 during the machine cycle in which
J=1. During that time flip-flop F is set on and at the
end of the machine cycle J is turned off, as shown by:

*F=g00J4- . . .
*]=¢00KPC12t4+ . . .

The above description of changes attendant upon con-
version to synchronous logic gives typical information
and, though not complete in every detail, the information
is sufficient to render obvious any details not covered.

While a particular embodiment of the invention has
been shown and described, modifications may be made,
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and it is intended in the claims to cover all such modifi-
cations as fall within the spirit and scope of the invention.

What is claimed is:

1. In combination for use in an electronic desk cal-
culator,

a delay line of the type having a length dependent on
temperature, said delay line having first and second
ends and being constructed to hold a first plurality
of bits of information and to receive bits of infor-
mation at the first end of the delay line for passage
through the delay line, the bits of information being
produced again at the second end of the delay line
after said passage;

means operatively coupled to the delay line for intro-
ducing into the delay line at the first end a second
plurality of bits of information, the maximum num-
ber of bits in said second plurality being less than
the number of bits in said first plurality, and a marker
bit preceding the bits of information and being sub-
stantially identical to the information bits;

conditionally-enabled means responsive to the produc-
tion of the second plurality of information bits and
the marker bit at the second end of the delay line for
reintroducing such bits at the first end to obtain a
recirculation of the marker bit and the bits of infor-
mation through the delay line with a minimum
dead time in each recirculation dependent upon the
difference between the number of bits in the first
plurality and said maximum; and

timing means responsive to production of the marker
bit at the second end of the delay line for enabling
said conditionally-enabled means for a time just suf-
ficient to allow the maximum number of information
bits in the second plurality to be produced at said
second end in each such recirculation,

2, A delay line recirculating memory as defined in
claim 1, wherein said timing means responsive to produc-
tion of the marker bit include ordinal means for dis-
criminating said marker bit.

3. In an electronic calculator having a delay line mem-
ory as defined in claim 1, wherein said memory holds at
least one plural digit value, said memory comprising:

a transducer for entering a plural digit value in said
memory, each said digit having a corresponding ordi-
nal weighting;

a transducer for reading said value, and

means interconnecting said transducers for said recircu-
lation of said value in the delay line, and further in-
cluding:

displacement means for discriminating the ordinal
weighting of successive digits of said value, one
digit being discriminated for each pass of the
complete contents of memory past said reading
transducer; and

a cathode ray tube operable under control of said
displacement means for continuously displaying
said successive digits.

4. An electronic calculator as defined in claim 3 in
which the delay line memory recirculates a plurality of
discrete values, together with additional displacement
means for displaying said values in discrete areas of the
tube.

5. An electronic calculator as defined in claim 3 having
means for entering sign and decimal point location infor-
mation in said delay line and means responsive to said
information for displaying said information relative to
said value on the display tube.

6. In combination for use in an electronic desk calcula-
tor,

a delay line having first and second ends and con-
structed to hold a first plurality of bits of informa-
tion based on the time delay of the line and on a pre-
determined clock signal rate and to receive bits of
information at the first end of the delay line for pas-
sage through the delay line, the bits of information
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being produced again at the second end after said
passage;
first means operatively coupled to the delay line and
responsive to clock signals for initially introducing
to the first end of the delay line a second plurality

62
vibrator normally oscillating between a first and a
second state,
means for temporarily holding said multivibrator in said
first state,
a normally disabled counter driven by the multivibrator

of bits of information, the maximum number of bits 8 for generating a predetermined number of counts,
in the second plurality being less than the number of means for entering a marker pulse in said memory,
bits in said first plurality of bits, and also for initially means for releasing the multivibrator from said first
il;ltro_d;)cing tt.o thgl tr:e!ayﬂ;ine a mgrki:r bli_tt preczd{jng ::itate and ffo}rl enablli(ng saild cgunte{l in respotnse tg pro-
e information bits in the second plurality ana de- 14 uction of the marker pulse by said output transducer,
ing substantially identical to said information bits; a value entry mechanism for generating pulses repre-
second means operatively coupled to the second end for sentative of a selected digital value,
receiving the marker bit and the bits of information means responsive to said value entry mechanism and to
in the second plurality after passage of such bits said multivibrator, when in its second state, to cause
through the delay line, 15 the input transducer to enter value-representative
third means operatively coupled to the second means pulses into said delay line behind the marker pulse,
and to the delay line, and also responsive to said means responsive to a discrete count in said counter for
clock signals, for reintroducing to the first end of the operating said means for holding said multivibrator
delay line the signals received by the last mentioned in said first state, and
means; ) i 20 marker pulse discriminating means comprising means
a clock generator having a metastable state lr‘li the ab- responsive to said multivibrator in the first state and
sence of reception of any bits by said second means, to the first pulse produced by said output transducer
departure from said metastable state resulting in pro- thereafter.
duction of said clock signals periodically recurring 10. An electronic calculator as defined in claim 9, in
at said predetermined rate only during the reception 25 which the delay line timing length is variable between the
of the bits of information by the second means; and time of holding the multivibrator in said one state and the
fourth means, operatively coupled to the clock generator time of arrival of the marker pulse at the output trans-
and to the second means, for causing departure from ducer.
said metastable state in response to reception of the 11. An electronic calculator as defined in claim 9, to-
marker bit by the second means. 30 gether with pulse means for introducing an initial marker
7. In the electronic desk calculator set forth in claim 6, pulse, said pulse means having a delay time greater than
fifth means for providing electronically controlled arith- the normal dead time of the multivibrator, said dead time
metic operations, corresponding to the time difference between the holding
sixth mea?s oper?tively coupled to the second and fifth of the multivibrator in its first state and the arrival of the
means for performing said arithmetic operations on 35 marker pulse at the output transducer.
the bits of information in the second plurality, only 12. An electronic calculator as defined in claim 9, in
%n response :o ducti ¢ clock signal which the mlarker pu]s% and thle1 biréary “olne" value repre-
in response to production oI clock signais. sentative pulses are si stantially identical.
8. In an electronic calculator having a delay line mem-
ory, said memory having a capacity to store a predeter- 40 References Cited
mined quantity of plural digit values; UNITED STATES PATENTS
a transducer for entering said plural digit values in said
. each said digit havi ; i 3,328,763 6/1967 Rathbunetal .- 340—172.5
gﬁ““,j’eri‘fghif‘rfg; said digit having a corresponding ord; 3324456 6/1967 Brownetal _._ - 340—172.5
a transducer for reading said values, 45 g’ggg’?;é 3;;1323 Ib'/fkl‘jgn }-11_ """"" g:g:i;gg
means interconnecting said transducers for recirculating 302, 1 cLaughlil oo mme -
: : : 3,289,174 11/1966 Brownetal - 340—172.5
said values in the delay line, 171966 h 1 340—172.5
displacement means for discriminating the ordinal 3,289,171 11/19 Scherr et al. .- -
sope : P . s 3,275,993 9/1966 Bartlett et al. _____- 340—172.5
weighting of successive digits of said values, one digit
. g 3,273,131 9/1966 Strohm et al. .- 340—172.5
being discriminated for each pass of the complete 50 3231867 171966 Bartl 1 340—172.5
contents of memory past said reading transducer; and ’223,981 12/1965 F'fxrthett etal ————--- 140 172'5
a cathode ray tube operable under control of said dis- 3,223, ISCNeT oo oo e
: . : 3,219,802 11/1965 Franketal ... 340—172.5
placement means for continuously displaying suc- 3164817 1/1965 Flemi 340—172
cessive digits of a discrete quantity of said values, said 3,156’815' 11/}964 S enlnng """""""" 340 172'2
predetermined quantity of recirculating values being 55 .5~ meNzZer —— oo S
at least twice the discrete quantity of values dis- 3,107,344 10/1963 Bakeretal. _-.----- 340—172.5
played; and 3,064,241 11/1962 Schnider .——-—won- 340—172.5
switching means for eliminating particular ones of the 2,978,680  4/1961 Sc'hulte_: -------- 340—172.5
; . 2 1 2,978,679 4/1961 Dieterich .. 340-—172.5
first displayed values from said display tube and for 2831179 471958 Wright et al 340—172.5
displaying particular ones of the previously non-dis- 60 2,783: 455 271957 Hindall oo 340173

played values.

9. In an electronic calculator having a delay line binary
memory, a single input transducer, and a single output
transducer,

a multivibrator for generating clock pulses, said multi-

GARETH D. SHAW, Primary Examiner

UsS. Cl. X.R.
235—160
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CERTIFICATE OF CORRECTION

Patent No. 3,518,629 Dated: June 30, 1970
Stanley P. Frankel

It is certified that errors appear in the above-identified
patent and that said Letters Patent is hereby corrected as shown
below:

Change: Col. 6, line 13, "Y" to -- Y --. Col. 9, line 62, "T1"

to -- T- --. Col. 12, line 58, "t1" to -- tl --; line 63, equation
for '"'sM", "tl" to -- tl --., Col. 13, line 36, "Fig. 13" to -- Fig.
33 --; line 52, "P" to -- P --. Col. 14, line 75, "t12+4C1l4" to

-- t12C14 --. Col. 15, lines 2 § 7, "tl1l2+C14" to -- t12C1l4 --;
line 3, "K," to -- Dk --; line 4, "KP" § "tl2+Cl4" to -- KP -- §

-- t12C14 --, Col. 16, line 30, "light" to -- digit -- § "K" to

-- K --; line 54, "g13", first occurrence, to -- $15 --; line 74,
"X" to -- X --; line 75, "MO" to -- MO --. Col. 17, lines 2 & 16,
"X" to -- X --; line 17, "eo" to -- €0 --; line 41, '5d4" to

-- e5d --; line 65, "I" to -- I --. Col. 18, lines 24 & 34, "tl+"
to -- tl, --; line 66, "g0z" to -- $03 --, Col. 19, line 4,
1405,07)" to -- $05,07) --; line 5, "sX =" thru "05,07)" to

-- sW = UVXZKPCOt4E6(E4+E5)+ ... (Fig. 29) ($01,03—>¢11,13) --;
line 18, "E6t3(F1" to -- E6E5t3(El --; line 61, insert after
'"(Fig. 37)", second occurrence, -- (First advance-P cycle) --;
line 74, "C13-13" to -- C13-14 --, Col. 20, line 17, "d6a" to

-- d6d --; line 34, "ZK" to -- ZFK --; line 63, "e4d" to -- e4d --
§ "P" to -- P --, Col. 21, line 3, "F" to -- F --. Col. 22,
lines 23 § 25, "P" to -- P --; line 50, "(M§5)+" to -- (MFI)+ --.
Col. 23, line 59, "td4c " to -- t4_  --. Col. 24, lines 40 & 46,
"#C" to -- *C --; line 58, "cD3" § P tl" to -- cD3 -- §

== PCptl --; line 59, "*D4" to -- *D4 --; line 72, "FM 25" to

-- FM ¢25 --; line 73, "(d+F)" to -- (d+F) --. Col. 25, line 24,
"CplC)" to -- CthC) --3 line 39, "g¢27'" to -- $#25 --; line 41,
"#$25eP" to -- ¢#25eP --. Col. 26, line 44 (sixth equation of set),
"eD2" to -- ¢D3 --. Col. 27, line 16, "Cbtl" to -- Cbtl --; line
21, "tiC)+" to -- tlC)D2+ --. Col. 28, line 40, "KPCl4" to

-- KPC1l4 --; line 42, after "dh2", "(e#P)" to -- (e#P) --; line 46,
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'KPC14" to -- KPC14 --; line 56, '"(P#E5)" to -- (P#ES5) --. Col. 29,

.ine 25, "KPCO" to -- KPCO --; lines 43 § 48, "KPCO" to -- KPCO --.

o0l. 30, line 41, "Pp" to -- D --; lines 53 § 55, "KPCl4" to

- KPC14 --; line 57, "(E6H)" & "t1" to -- (E6#H) -- § -- t2 --;
ine 59, "KP11" to -- KPCll --. Col. 31, line 8, "dK" to -- dK --;
ine 33, "V = UN" to -- V= UN --; line 50, "dp" § "U" to -- gdp --
-- U --. Col. 32, line 3, '"(efH)" § "Eg" to -- (e#H) -- &

- KP --; lines 4, 6, § 8, "PC" to -- PC --; line 7, "KPCl-1lle" to
- KPCl-1le --. Col. 33, line 11, "2(efH)" to -- e2(efH) --; line
7, "XZ'" to -- XZ --; line 38, "rV" § "UW" to -- rV -- § -- UW --;
ine 53, insert "as shown by" after the equation; line 54, "bJ" &
tl-T5" to -- bO -- § -- t1_TS --; line 75, "J" to -- J --. Col.

4, line 13, "K" to -- K --; line 24, "YZK" § all six "E"'s to

- YZK -- § -- E --; line 39, "d'd10'" to -- d' = d10 --. Col. 35,

ine 51, "rU" to -- rZ --. Col. 36, line 65, "xX" to -- X --;

ine 72, "P" to -- P --. Col. 37, line 74, "U" § all three "E"'s

o --U--§ --E--, Col. 38, line 1, "E5" to -- E5) --; line 12,

P* § "IU" to -- P -- § -- IU --; line 18, "UV" § "K" to -- UV --
-- X --; line 27, "K" to -- XK --; line 31, "sw" to -- sW -- § "K"

© -- K --; line 39, "K" to -- K --; line 41, "YZK" to -- YZK --;

ine 44, "K" to -- K --; line 47, "(d+1)" to -- (d+I) --; lines
9-50, "pe-ior," should be -- per-iod, --; line 72, "C13-14—>" to

- C13-14+ --. Col. 39, line 43, "M5-g71P" to -- M5 = ¢71 KP --;
ine 64, "P" to -- P --, Col. 40, line 14, "Ch" to -- Cb --: line
), "sZ" to -- sZ --, Col, 41, 1line 5, "Cl3," to -- C13tl_ --;

ine 11, "rw = UVb7+" to -- W = UVb7P+ --; line 17, "J" to -- J --;

ine 22, after "significant digit of the", insert -- P register is
>t a zero by shifting the digits of the --; line 36, "sl1" to

- s8I --; line 37, “*I" to -- *I --; line 40, "ry" to -- rY --;
ine 75, "ru" to -- rU --. Col. 42, line 60, "*C" to -- *C --.

>1. 45, line 73, "t" to -- t --; line 74, " (KPk+PKq+KPq)S FE1EZE3E4"
> -- (KPk+Pkq+KPq)S_FE1E2E3E4 --. Col. 46, line 13, "YZ" to
* Y2 --; line 16, "e" to -- e --; line 20, "(e+T9)" to -- (e+T9) --;
lie 21, "KPk+Pkq+KPq" to -- KPk+Pkq+KPq --; line 34, "S+" to
'S, --; line 37, "8" to -- S_ --. Col. 47, line 6, "sU'" to
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-- sU --; 1line 27, "P" to -- P --; line 58, "Ptl" to -- Ptl --.

Col. 50, line 17, "quKP" to -- qugg -~; lines 21 § 36, '"tl1Cl2" to
-- t1C12 --. Col. 51, line 24, '@P" to -- @4P --; line 53, "t4" to
-- t4 --; line 69, "4D3" to -- 4D3 --; line 70, "M" to -- M --;

b4

lines 72 § 73, "The four bits" thru "(D3#M)." to -- The position is
formed as a linear combination of D1, D2, D3, and (D3#M). -- (not a
1ew paragraph). Col. 53, line 5, "f3=d3" to -- f3=g3 --; line 6,
'(a*4a%)" to - (a*#d%) --; 1ine 7, "(a%#a%ah)n to -- (a%padat) --;
lines 8 § 28, "(d%#a%a%a%)" to -- (a%#a3a*ad) --. col. 54, line
4, "D2" to -- D2 --; under column headed "Marked" of Table: line
I8, "TS5T6" to -- T5T6 --, 1line 50, "T6" to -- T6 --, line 52, "T5"
20 -- T5 ~--, line 56, "TST6T7" to -- TST6T7 --, line 58, "T6T7" to
-~ T6T7 --, line 60, "T5" § "T7" to -- TS -- § -- T7 --, line 62,
'T7" to -- T7 --. Col. 55, in the first column of the Table headed
'Marked', line 36, (first '"Right"), "D1D2M" to -- D1D2M --; lines

4 § 55, "P" to -- P --; line 60, "M" to -- +M --; line 69, "SC” to
- S¢ --. Col. 56, line 62, "T5T6", second occurrence, to

- T5T6 --. Col. 57, lines 3, 4, § 30, "t2'" § "t3" to -- t2 -- §

- t3 --; line 40, "T5", second occurrence, to -- TS5 --. Col. 59,
ine 20, "d.t4" to -- d't4 --; lines 34, 35, § 45, "004" § "000" to
- $04 -- § -- 600 --; line 40, "t1Cl2" to -- t1C12 --; 1line 53,
sM=(tl" to -- sM=(tl --; lines 53 § 54, "VWYZJ (KPq+KPk+Pkq)" to

- !E!EJ(§£q+KBk+PEg) --; line 60, "P", "F'", and all four "E"'s to
-P--, --F--, § -- E--; line 69, "J" § "P" to -- J -- §

- P --. Col. 61, line 37 (Claim 7), delete first "in response to".
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