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THE KDF 9 MULTI-LIER-DIVIDER UNIT J.R. ETLISON
PART A Ca2
Summary

This report is a description of the IDF J Hultiplier-Divider
Unit. The report comprises two parts:

PART A is an introduction to multiplication and division in &
digital computer and describe. the logical building blocks which are
required to effect these operations in KDT 9.

PART B is an engineering description of the Multiplier-Divider
Unit of KDF § with respect to the hardware, its timing and certain
aspects of its logical organisation. Special circuits which are used
mainly in the Multiplier-Divider Unit are also deseribed,
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__GENERAT

The KDF 9 Multiplier-Divider (¥.D.) Unit occupies one
cublcle; and may be regarded as an extension to the Arithmetic
Unit (4.U.), which is described in Report K/GD.y.77. The I.D.
Unit is provided with operands by the A.U. from the Nesting
Store (N.3.,, and a multiplication or division is started by
Arithmetic Control (ADCQ), which then waits until the operaiion
is complete. In this respect the il.D, Unit is'an autonomous
unit with its own timing and control section which restarts
4.0 when it has completed the desired operation, at the same
time placing the result(s) of that operation back into the
N.3.

Multiplication and division operations are controlled by
A.C. seguences. A.C. is described in Report K/GD.u.331. There
are seven sequences involving multiplication, namely :-

& XD XEHLESRIEE XDF
S g B A e e

and six sequences involving division:-

The sequences will be referred to in this report but are
not described in detadil. The sequences perform the major
portion of the tasks which do not involve multiplication or
division proper, namely exponent manipulation in floating point
working, rounding off of resulis and overflow detection. Many
of these functions are carried out whilst the multiplication or
division is in operation, altho.gh terminal operations upon
results, e.g. rounding off, are necessarily carricd out after
the results have been placed back in the A.U.

The M.D. Unit modifies its actions slightly in some
sequences, notably floatinzg point multiplications and divisions
and single or double-length fixed point divisions. These
modifications will be described in detail in this report.

PART A of this report is a description of the logieal
building blocks which are required to effect multiplication
and division with particular emphasis on the KDF 9 M.D. Unit.

PART B is an explanation of the timing of M.D. control
and certain aspects of its logical organisation, together with
a description of the special circuits used mainly in the I1.D.
Unit.

Abbreviations are used extensively in the report. After
the first use of any word which may be used again an abbreviation
will be given in brackets. Thereafter the abbreviation will
be used unless this is considered to be confusing. A list
of abbreviations follows on the next page:-
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2.0+ GLOSSARY OF ABBREVATIONS

Abbreviation

A.C.
A.R.
A, U.
Bale
B2
BIPD
(6

C1
Cla
G2
Dn
Dd
Dr
GeDe
leg.
M
M1

M2

M3

M4

M5
MoDe
MeSe
N.S.
NeSoLot

NeGoTlia2

°
°

.
— e

o

°
°

DPd"d"d:d‘”d:d"d
[N >R 5 B o2 B =s B v

Name

Arithmetic Control
Assimilated Remainder
Arithmetic Unit
Register in A.U.
Register in A.U.

Binary Point

Stored Carry

Sterad. Carry Register 1
Stored Carry Register 1a
Stored Carry Register 2
Digit n of a Register
Dividend

Divisor

Guard Digit

least (or less) significant

Multiplier (operand)

Register used to store M and

P or -Q

Register used to store M and

P or -0Q

Register used to store D4
(1.5.) or +Q

Register used to store D4
(1.8.) or +Q

Register used to store diiits

of P :
Multiplier-Divider Unit or
Register used to store
Multiplicand and Divisor
most (or more) significant
Nesting Store

Next Step Logic 1

Next Step Logic 2

Product

Partial Product
Partial Remainder
Partial Sum

Partial Sum Register 1
Partial Sum Register 1a
Partial Sum Register 2
Quotient

Positive part of Q
Negative part of Q
Truncation Error

Unshifted Partial Remainder

Register in A.U.
Register in A.TU.

X/GD.y.99.

Notes

or Mill
48 Bits
48 bits
between DO and D1

48 bits
4 bits

48 bits
0% n< 47

48 bits
48 bits
48 bits
48 bits

4 bits

48 bits

associated with
PS1 & C1
associated with
PS1a & Cla

48 bit
4 bit
48 bit

=P gD
48 bits
48 bits
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AN INTRODUCTION TO MULTIPLICATION AND DIVISION

The following sections of the report show how parallel
binary multiplication and division may be earried out in a
digital computer, with the emphasis placed on the methods used
ARG The multiplier and divider logics in KDF 9 are
intimately associated, but the common areas have been arranged
to optimise multiplication rather than division when speed of
operation is involved, since multiplication is regarded as the
more important machine instruction.

The i.D. Unit represents a compromise between speed of
opeération and the amount of equipment reguired. Thus more
simple methods involve less equipment at the cost of speed,
whilst more sophisticated methods, of which there are several,
were regarded as being too costly in proportion to the extra
operating speed obtainable.

BASIC MULEIPLICATION

Any multiplication method may be rezarded as the
formation of a Troduct (P) which is directly related to the
two numbers which are multiplied {op@rands) namely the
Multiplier (M) and the Muitiplicand (MD). The process of
multiplication may be regarded as one involving a series of
additions and shifts.

The normal pencil and paper method of decimal
multiplication affords a good starting point for the
explanation. It consists of producing several intermediate
results called Fartial Froducts (PuP,‘s)9 which as a final
step are added together to form the rfroduct (P). The P.P's
are formed by inspecting the digits of M one-zt-a-time, and
multiplying M.D. by the value of the M digits, taking account
of the power of 10 to which the ?.P. must be raised, by
shifting.

Jixample 1 546 x 279 decimal

MD 546

M 279 -

PP1 4914 =Gl 101 x 546
PP2 3822 e T
1230 1092 =2 x 10" x 546
1 152334

The process is more easily mechanised if the P.P's are
added as they are formed, since if the basic process shown
above was adopted a large humber of P.P's would have to be
stored and finally added together, if I was large.

A more practical process in terms of electronic
cireuitry would be :-

1 Make M.D. available in a register and M in
another register
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Inspect the lsast significant (L.S5.) digit

of M, and add M.D. intoc a third register PP
(which initially contains zero)9 the number of
times specified by the L.S. digit of IM.

Shift M and P.P. one place right (L.S.), losing
the digit of M just inspected. Store the Li.S.
digit of P.P. in the M.S, digit position of M which

was left empty when W was shifted right.

A8

A further decimzl example is given using the method.
M is placed in brackets in order to distinguish P.P. and M

digits.

Example 2

Initially we have in the registers:-

P.P. = 000 W= 2.0 %
W = Y I DIGIT
INSPACTED

Steps
1 RGN, =35 $0 PP, T, BB g B o b g%
2 Shift ¥.®. & I right 043 gfe o)
3 2da Do 0 to BB, 04 3 2(2 o)
4 Shift P.P. & M right 00 4 % 2
5 Add M.D. x 2 to P.P, 29 2 3 2(2)
6 Shift P.P. & II right 029 ous 5
7 Finish

Result Bae 2 ag 0 500

The example illustrates how it is possible to store
P.P. digits in the M register as a shift takes place. i
therefore is a double-purpose register storing both M and P.P.
digits, and thus effectively saving a register.

It is also easy to devise a multiplication method whereby
the digits of I are inspected starting at the i.S. end, in
which case F.P. and il are shifted left after each step. In
this case however, the addition of M.D, at any step will
involve a double-length addition, which in turn involves more
eguipment and tekes longer,
spills after the shift cannot be stored in the M register,
since untreated digits of M will be disturbed by the subsequent
addition unless this addition is made variable-length. An
additional register if therefore required so that a double-
length P.P, may be stored, For this reason and because of
adder complication the method may be rejected.

The method of Example 2 may be used equally well for
the multiplication of binary numbers, and in one respect
becomes more simple.
in binary either I.D. is not added to P.P. (M.D. x 0) or M.D.
is added to P.P. (M.D. x 1), whereas in the decimal case
digits of M may be O to 9 inclusive and I.D. may have to be

Finish when all diggg; of M have been inspected.

144 x 203 decimal

Also the digit of P.P. which

Since the digits of M can only be O or 1
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added up to 9 times at each step.
would be more romplicated if M had been 999, and several small
sub-multiplications of !I.D. would have had to be carried out.

Example 3

Initially we

mechanisation of xample 3 is shown :-

COMPUTER DZVEIOPMENT  Continuation to Report No. K/GD.y.99.
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In this respect Example 2

The following example shows a 6-bit binary multiplication.
@O O N SOR @RS 0 S i A

hayve in the registers :=

09 000 B W e e O

QRO TS =0

Add M.D. to P.P. P.P. = M= (
shift B.P. & M right
Add MiD. fo B.E,
Shilft PoP. & .

Do not add M.D.
Bhitt: Pols & M.

Add M.D.

Bhift PP &b

Do not add M.D.
sl BoPo& M,

Do not add M.D.
Shift P.P. & M.
Finish

—_— et

TN
P e Y e S S N O B P ) e
—
b LT el o) o) ) e

R T L T, T T e L

TN

SIGE @I O GO © EHEID
- 00 CO = =00

2 OO 0a = GO0 S0
OO0 22200 —=—-00 —

0
0
0
1(
1(
1
1
1
1
1
1
0

R U (A s Gl S S S o T e [ Y e

(@) s e @ I () e () ey
L e e ) (B) (@ e )
(g s e o i e O s T R NI S s

Result EESONOSONE = SENES OS]
In decimal this .opresents

= Bleam e 3 =t JAE TS
Significant points worth noting at this stage are :-

A single-length i.e. one word length adder, is required
to add M.D. to P.P. :

Digits of P.P, which are stored in place of M after each
shift remain unaltered by subsequent operations and
become digits of P.

The maximum size of P is restricted to two words,
namely the P.P. and M. registers. It will be shown
later in the report that this is adequate for a true
representation of P, except in one special case when anh
overflow is indicated.

The binary operands, if negative, arc in two's complement
notation, It will be shown in Sect. 4.4 that sign
correction is required to obtain a correctly signed P,

if M is negative.

A simple block diagram of the hardware required for the
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| BUFEER REGISTE 1,D. REGISTER
A
PARATIEL ADD (= 1)
ADDER .
X ( )
SFER | g TRANSETR (M =0
THSFER TRANSEER (M = E
P.P. REGISTER M. REGISTER
/ 1.8
- surfT  DIGIT
SHIFT RIGHT CONTROLS
1.s. ADD OR
digit TRANSFE]

A1l the registers and the adder are one word long (48
The m.s, bit is at the left of ecach register,
The buffer register is reguired in order to hold a copy of P.P.
shifted right one place, since a current P.P. cannot be used

to generate thenext P.P. if they are both required to be stored
The adder only adds ¥.D. to BUFFER if
the eurrent L.5. digitieoft N ds s onc, if i s gero BUFKER 15
Thus if the currént M

bits in KDF 9).

in the same register.
merely transferred to P.P. at add time.
digit is @ero P.P. i effectively shifted richt one place

BUFFER without involving i.D.

4eola Add and Shift Combined

The requirement for a buifer register is eliminated by

combining the add and shift operations and by the
introduction of a second adder.

operation.
The BUFFEL now becomes a second P.P, register and

all operations become useful ones, as shown in the
i Tollowing block diagram:-

The second adder is
used to speed up the overall multiplication by replacing
the shift right into BUFFER by n addition - plus-shift

via
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'I‘.’Ia D ] EGI STER

J

S ..-\" I( ~
) Y_ ¥ :
= .....4;,.| ADDER 1 S —
oy T Teas
. \ﬁ;ﬂm \{\_T'““}g aigit]
Py [PUPJ REGISTER lme REGISTER
N R— é =
> ADDER 2 E“""é it

e q !
END \\\SHIFT \\
Y

i
=

‘ Ay

lguPQZ REGISTER

|
taE )

The outputs of an adder are comnected one place to the
right into the P.P. registers to produce the shift.

P.P.'s are produced alternatively by alternate use of

the adders which are controlled by two hyp- thetical

pulses PA and PB which are assumed to be interlaced. The
digits of il are examined in the same way as before, and
when all the digits of M have been exzmined multiplication
is complote. The mechanism which shifts M one place right
at each step and stores digits of P in the M register is
more fully explained in Section 4.5. It is assumed in
the diegram that if the current M digit is O the
appropriate adder adds zero to the P.P. input, and if the
current M digit is 1 the adder adds M.D. to P.P. The
counter is used to determine how many digits of M have
been dealt with, and to terminate multiplication at the
right time.

il The Adders and Speed of Operation

It will be obvious at this stage that multiplication is
a fairly lengthy operation when compared with the time
required to add two numbers, or shift a number one place,
both of which may be regarded as two of the fastest
operations possible in KDF 9, It can be seen that

48 such operations are required in the multiplicetion.
Efforts have been made in the M,D, Unit to reduce the
addition time by the use of a redundsnt form of

number representation, which will be described in
Seetion 4.3, The resulting increase in speed is

only made possible because of the repeated nature of the
additions in the multiplication, redundant notation
camot be applied for example in the A.TU. adder, without
altering the whole logical structure of the A.T.
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The time required for the parallel addition of two
numbers which are stored in parallel form in registers,
depends upon two basic factors :-

a) The time required to set or reset the storage
clement which is used to store a sum digit. In
KUF 9 the register storage element is & transistor
flip-flop whose set or reset time depends upon
the circuit elements. Yhatever the final form
of the adder, the time required to store the sum
during the addition is therefore fixed by the
flip-flop design and can only be improved by the
use of faster flip-flops.

b) The time required to assimilate Mearries" arising
in less significant stages of the addition, and
which moy affect sum digits far removed from the
source of the carries. In the KDF 9 A.U. Adder,
the carries are propagated by special circuits
which allow = carry to be propagated from the
TS tbo the M.5. digit of “the sum an 2 total time
of approximately 0.15 udec. This time, together
with the set/reset timé of the sum flip-flop
which is 0.2 muSec, means that we mwst allow at
least 0.5 uSéec for each addition in the scheme
outlined 4n Section 4.1., if the multiplier is to
run synchronously with the basic IDF 9 clock
pulses. The multiplication time is now
48 x 0.5 = 24 uSec for & 48 bit M, The use of &
redunéint forﬁ?sf number notation eliminates the
need for carry propagation during multiplication,
and hence the time for each addition is now
limited only by the flip-flop speed. Allowing
0.2 uSec for the flip~flop to Switch we may allow
0.25 uSec for each addition, meking the total
time/ for synchronous multiplication 48 x 0.25 =
12/118@0°

Redundant Number Notation

Tn 2 decimal zddition such as 55 5 5 5 54+ 555 5 5 5,
each sum digit except the L.S. one, is affected by a
carry from a stage of less significance. The carries
arising in this addition are illustrated by writing them
down under the sum :-

Example 4
BEbL HE G h
SR D B
SUM 1 SRR
CARRTES e

In normal addition, as shown, the carries are
autonatically assimilated into the sum at each step.

In redundant notation the sum is represented by two
numbers called a Pseudo Sum (P.S.) and Carries (C).
In redundant notation the example becomes :-
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Example 5
g5 BRASEEE
e e Dl e )
Ba8s DEOEONEHEO SRR
Ce TEc s s

Carry digits arising in any stage are not added to P.S.
but are stored. A P.3. digit is derived only from the
two operand digits in the corresponding position, the
effect of carries from lower stages is ignored.
Similarly a C digit is only derived from the two operand
digits in the next L.S. position. Thus the formation
of P.S. and C are completely parallel operations, all
digit pnsitions being treated at the same time, whereas the
formation of a normal sum may be regarded as a serial
operation because carries must propagate from the L.S. to
the M.S. end of the sum. Thus P.S, and C representation
is basically a faster operation.

The true sum may be obtained by adding P.S. and C by the
normal method which propagates carries.

In most arithmetic operations the fact that the sum
consists of two parts P.S. and € would be a disadvantage
and would conplicate the arithmetic unit and the
assoclated store. In multiplication however the
elimination of the carry propagation time is a decided
advintage, because @ the repeated additions during
multiplication may be carried out more quickly in
redundant form although the final result will also be

in redundant form. Thus to obtain the normal form of
result at the end of multiplication a final carry propagatd
addition must be carried out. In order to save equipment
and because the A.U, adder is standing idle at the end of
miltiplieation, this final addition to form P is carried
out using the A.U. adder.

The boolean equations for the addition of binary numbers
in redundant notation are the same as for normsl addivion,
the carry being stored instead of propagated. Thus e=

P.S. digit =c #x &£y
C digit = elx 'y ¥ G %y

Where x and y are the corresponding operand digits
and C is the current carry digit.

These expressions are fully derived in Appendix I, with
particular reference to the multiplication operation.

The formation of P.B5. and C may also be carried out if
one of the operands is in redundant foxm. The binary
addition 13 + 25 + 7 + 6 may be accomplished in redundant
notation as follows, by applying the equations given
above for P.S. and C :-
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Example 6
O OO TR = 13

Inictiial @ a0 G OEERE =0

+ G QLT OS] = 25
Biret BoS. e I aE S ako)
First C BRG0G0

+ @00 =El =T
Second P.S. Ot o)A =0}
Second C A lE DR OE0

e RO OE ORI = 6
Mhded B.S. G e ala Tl
Phird € 00 0 500
True sum B ek = 51

Note that since the
form, the initial C

is zero.

K/GD.y.99.

initial operands are in non-redundant
The final true sum is

obtained by adding the final P.S. and ¢ in the normal way.

The scheme of Sect. 4,1 is now modified.

Each P.P.

register becomes two registers P.S. and C. The block

diagram becomes

MiCoadh
M,D. REGISTER
\‘— "
Pla ‘#’ 1; 2
oR [ |——>| ADIER 1 ~
P2a 15 Sie
\«SHIFT xi\‘*—'—('—'q, diglt
P.S.1.REGISTER MREGISTER
\ C,1, REGISTER -M“ES“
\.._..,_.__\\ SHIFT
COUNTER N N J
. ADDER 2 e
P1 \SHIE“I.‘ \ )
OR M :
P2  P52.FIGISIER
END 0.2. RIGISTER
L .

Y
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The adders produce P.S5. and C. digits. An addition of
M.Ds, P.S. and €, takes plaece if the L.S. digit of M is a
1. An addition of P.S5. and € only, takes place if the
L.S. digit of M is O. Both operations have a built in
shift to the right of one place by conneeting the adder
outputs to the next L.S. digit of P.S. and C. The
addition of P.8. to 0. when the L.S8. digit of M is 0, has
the effect of meintaining the C registers as single-length
numbers, i.e., digits previously stored in € camnot spill
off the L.5. end of the C register if during a shift
right the previous P.S. and C are assimilated. This is
an important effect see Sect. 4.6. Note that since the
C digits of an addition normally refer to the next II.S.
position, the shift right of one place means that the C
digit of any one bit position remains in that position,
whereas the P.S. digit is shifted right one place and
hence the L.S. digit of P.S. spills and is stored in the
MBS, hit of the M acgiBtcr:

It has already been indicated in Sect 4.2 that 0.25 /uSec
is allowed for each addition. The additions are
accomplished by means of four basic machine pulses P1,
Pla, F2 and P2a. There is a set of these pulses each
microsecond. Dach pulse occurs once per microsecond

and the pualses are interlaced so that their relative
spacing is 0.25 uSec. Thus P! and P2 are used to drive
one adder and P1a =nd P2a are used to drive the second
adder, This is shown on the block diagram. Each

adder is therefore used every O.5/nSec.

A further example of binary multiplication (6 bit) is now
given to illustrate the use of the P.5. and C registers :-

Example 7 SR o B R e G e
Initially :-
TR e e 00 T o
P.o-l 000006
1 DH O a0
Operations
Add NiD. . PST& el D0 B M =(Go 1 1.01)
P52 0.0 o I ST e S ()
€2 00 GO Lo F>
Add PS2 & C2 £ e
PS1 0000 10 =qilero 1)
C1 000000
Add M.D. G0 od
PS2 000100y w. 1 g oa
4 OG0
Add M.D. 00 101 1%
PS1 000 1 170 T eee)
01 0000 O
4dd PS1 & C1 5\““\\H
PS2 000 010 Sikae s 0 P o ()
c2 0000 oy ;
Add PS2 & C2 <
PS1 000000 o i A
c1 00010 :

Mruc.Brodiiet = 0000 0 1 0Dig 0t ] o
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The true Product P is obtained by adding P.S.1 and C.t,
to obtain the M.S. half, the L.8. half being obtained
from register M. In XDF 9 P.S.1 and C.1 are added in the
A.U. adder, this is more fully explained in Section 4.6.
The example given may be directly appliied to 48 bit
numbers, in which case the final P will be 95 bits in
length. The result sStill appears in P.S.1, C.1 and M.

Sign Correction

It has becen shown that the multiplication procedure
euslined in Secticn 4.5 produces the ecorrecn B if Gthe
operands sre positive. We must now consider the effects
of having one or both operands negative,

It will be seen that the correcti P will be produced if
M.D. is negative and M is positive provided that the

shiTt after each operation is an arithmetic one, i.e. the
sign is copied. Multiplication involves the repetitive
addition of M.D. and hence the final P must be negative in
this case.

If M is negative however, the simple process does not
produce the correct result whatever the sign of il.D.

For example the binsry number 1 1 1 1 1 0 = -2 would be
treated as 462 sinee all II digits which are ones produce
additions of M.D. te the Fartial Troduct. The proccdure
may be suitably modified to produce the correctly signed
and valued result for negative M, by a consideration of
the properties of a two's complement binary number.

Any two's complement binary number N may be represented
by the squation :--

I‘=1
= b e g i
i = ' A2 =A0 2

pd =

r=n-1

T

where N is a numnber with n digits numbered o to n-1,
digit o being the most significant and £- is the
binary vealue of the rth digit of N.

where 0<{r < n-1

In other words N may be considered positive up to, but
excluding the sign digit, iES sign and value being
determined by subtracting 2 if the sign (M.S.) digit
is a one, For example :1-

6 bits T O = e = R —22
5 bits T @ ae = =B = 13 —23
4 bits TeEgle T = e -2

If this method of representation is applied to the
treatment of M digits during multiplication the
multiplication procedure becomes 3-
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1 lizke MD available in a register and M in ancother
register.

2 Clear the PS1 and C1 registers

r,_B Inspect the L.S. diglit of M3 if it is O add P.S.

to G dt dtidg T add M D VRS and O,

Shift the result and the contents of M one place
right during the addition.

4 Have the L.5. 47 digits of M been inspected?

= no /\L yes

5 Inspect the L.o. digit of M; if it is O add P.S.
to C; if it is 1 (M negative) subtract M.D. from
P.5. and €. Shift the result and contents of M
one place right during the operation

6 Fn?l?SH

Thus the operation before finish becomes a subtraction of
M.D. if the eurrent L.5. digit of M as 1, This
corresponds to a negative M since at this stage the sign
digit DO of M has been moved into the L.S. digit position.

Since a subtraction of M.D. from P.S5.2 and C.2. involves
the redundant representation of borrows rather than
carries, it is best accomplished. by turning the
subtraction into an effective addition by inverting M.D.
and adding, the representation of borrow digits being
impossible, implying the storage of -1 in any digit
position of the carry register. If a subtraction is
carried eut by adding M.D. (inverse of M.D.) the L.S.
digit of the result must be modified to account for the
logs of a 1 when M.D. is inverted sinece 3-

M.D, = =ilcD. -1
A simple example is shown to illustrute the point.

Example 8

<

1
0 M.
1

(@] [©]
Q) —
Q)= —

is equivalent to :-

)

+e NG e T,

+ 1 ONE INSERTED
a oo 1

Spill digit not stored.

The logical conditions for subtraction during
multiplication are derived in Appendix 2, where it is
shown that a siuple change of rules can be made in order
te ingert the extra 1 in the L.5. digit position.

An example of 6 bit multiplication involving a negative
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M is given :-

Exemple 9 SR s e R e bt
Initially

M.D. e e i e
PS1 000000
C1 000000
V5 e e RS R B o
P.S5.2 119 0010 == (1 1060 1)
Ga2 O UL 080
e SRl T S e e T T
P.S.1 DG e B B
Gst 110000
Add PaSil & Cud s
el 1 D ST
G, 080000
Add P.5.2 & 0.2
P81 EEEE RS =G 1
e 000000
s e e R s I TR ol R B O e
Lo, 0 0°0 190 ok
Gediran el
v o ool TR SR cinle R SR e SR R T (0 (S
Insert+ 1 1
Pada T e e
Gty o]
True Product 9.0.000. 1 600 t- 11

The M registers

Although this section properly belongs to PART B of this
report, it is consid:red convenient at this stage to show
how the digits of M may be examined one-aft-a-time, and how
digits of P can be stored in place of M, by shifting M to
the right.

The system used in XDF 9 to carry this out is shown on
FIG SHEET 1, The system uses the basic machine pulses
P1, Pla, P2 and P2z winiech were briefly introduced in
Seetien 4.3 Fach pulse is 0.25 mSec long and occurs
every 1 uSec. The pulses are ihAterlaced as shown on
FIG SHERT 1.

Three flip-flop registers M1 (43 bit), M2 (48 bit) and

115 (4 bit) are used to carry out the shifting. In order
to show the transfer and shift paths more clearly the
registers arc drawn five times on FIG SHEEBT 1. Register
W5 is used to store the digits of P which are shifted
down from the adders after each shift or add/shift
operation. Digits D44 to D47 of M1 are exemined at the
sppropriate pulse time in order to dotermine the next
operstion. It will be seen that this is equivalent to
examining only the L.S. digit of ¥ on the simplified
shifting scheme described in previous sections of the
report. A flow diagrem of the events which take place
between the M registers is shown on FIG SHEET 2.

The multiplication is started at P2 time by the
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appropriate A.C. sequence. Following an initial
set-up microsecond which clears PS1, C1 and the counter
(see STEP 2 in multiplication procedure Section 4.4),
the multiplication laste for 12/p8ec before P 19
transferred back into the A.U.

Tt will be seen that the four L.S. digits of M1 are
examined in turn to decide the next operation. This
separation is possible because of the four basic machine
pulses., The timing problem is eased because of the

M would have to be shifted right every 0.25/uSec, which
is too short a time fur the flip-flops.

The fairly complicated system of interlaced transfers
and shifts has therefore been evolved. Let us examine
how one digit D47 of M1 is replaced after cxamination.
It will be seen that D47 is examined at P2 time. At the
next P1 time D43 of M1 is shifted to D47 of M2. At

Pla time D47 of M2 is transferred to D47 of M1, so that
at the next P2 time, D47 of M1 contains the digit
previously in D43 of M1. By this time also, D46, D45
and D44 of M1 will have been examined and will be in the
process of being replaced by D42, D41 znd D40 of Mi
respectively. The shifts and transfers are therefore
taking place after a digit examination, but are complete
before the next examination. In a similar way to the
replacement of D47 by D43, D43 is replaced by D39 and s0
on down the register, every 4th bit being shifted right
4 places.

A% the firsht examinatien of D45 ef Nl ot the #iwst Bl
time, M1 is shifted right into M2, whereas M2 is not
transferred to M1, since this would destroy D44 of M1
with the contents of D44 of M2 before D44 has been
exemined, This transfer is shown on FIG SHEET 1 as
BFIRST P1 transfer.

By a similar mechanism digits of P which are spilling
from the adders as a result of shifting right will be
progressively shifted along the M1, M2 registers after
they have been stored initially in M5. The replacement
of M by P in this way leads to & complication. After
12€uSec all the digits of M have been exemined, and the
actual multiplication is complete. If the shifts and
transfers between the M registers are also stopped at
this time, which they are, it means that they are not
complete since they lag on the examinztions of M1 digits.
In order to save time at the end of multiplication, the
outstanding shifts and transfers are not carried out,
and P, whose digits have all been formed, is recovered
from M2 and Mb. The outputs of M2 and M5 are selected
so that P is assembled in the correct order. The

final relationship between M2, M5 and P is shown on

FIG SHEET 3,

Product Representation and Assimilation

The result P of the multiplication, is restricted to a
double-length representation, since it must be stored
ultimately in the two registers at the top of the W.S.,
namely W1 and W2. A double-length number in KDF 9
has 95 significant bits. The M.S. bit DO of the }.S.
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half is the sign digit. The ¥M.8. bit of the L.S. half
has no significance and is maintained zero. D1 of the
I.8. half and D47 of the M.S. half are assumed to be
adjacent bits. Assuning 6 bit numbers for convenience,
the representation of a double-length number is -

Ma.Sa WOrd l.5. WOTG
P e |
NO OF \\\ \ \ \
DOUBRLE-LENGTH 45 61789 i0

2
DIGIT = 4\

The multiplier produces three words.of result which are
arranged to produce a true double-length P as follows :-

The contents of registers P.S.1 and C.1, which must oe
added to produce the M.S. half of P, are placed into
registers Bl and B2 respectively, shifted left one place.
Registers Bl and B2 wre those in the A.W. which are
associated with the A.0.Adder. D1 of M5 is placed in
DAY of Bl, D47 of B2 is set to zero.

in addition of Bl to B2 is initiated by the A.C. sequence.
The result, which is the [i.S. half of P is placed in 71
Digits of M5 and N2 are placed in the DI to D47 positicns
of W2 as explained in Section 4.5 and shown on FIG SHEET
3, DO of W2 is set to zero. W.2 now contains the L.S.
halif of B Ine block diegram shows the action
disgrammatically :-—

{' P.S,i l C1 : M
. A .
T .
feae - =
| A.U. ADDER l ZEFO
vy YV

W1 ] | o W2 ]

The transfer of information between P.S.1, C.1,

M5/M2 and B1, B2, W2 is controlled by the multiplier
control and counting circuits. The addition of B1 and
B2 is controlled by the 4.C. sequence.

Registers P31 and C1, which contain a redundant
representation of the M.S. half of P, have therefore
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to be added in order to form the true M.S. half of P.

It can be seen that it is importent to maintain the €
registers single-length during multiplication, in order
that two additi.ns, with a possible carxry from L.S. to
M.S. halves, are not required to form P from the two sets
of redundant numbers which would accrue. This would be
time-wasting and would involve more register storage and
shifting facilities in the M.D. Unit. The C registers
are maintained single-length by adding P.S. to C. when
the current M digit is O, instead of merely shifting P.S.
and C one place right.

Throughout the explanation of muitiplication, P has been
consid.red as being the result of the multiplication of
two integers. Since in the division operation it is
usual to treat the operands as binary fractions
(explained"in Section 5.1), the principle may be extended
to multiplication, This in no way alters the basic
multiplication procedure alrezdy explained. It merely
provides a more consistant &, proach between multiplication
and division.

A binary fraction is consider.d to have its Binary Point
(B.P.) between DO and D1. T.us the operands in
multiplication becime :-

il
1D

it

BeeRT D2, D5, cte. D4,
DO Dt D2, D3 eihice DAT,

And the Product P becomes :-

B = DOV R2 . D3, etes DATCBAS JBAG = — efhiey = Agul
It will now be shown, using a fractional notation, that in
one case, P cannot be correctly represented. The
argunent is equally true if P is regarded as being an

integer.

Product Overflow

The maximum and minimum values of P are limited by the
double-length representation, to the range :-

S B o

i.€., the maximum positive volue of P is the binary
number ;-

GEsS SRS e pa e RS R e s

202—1 2—94

and the minimum (most negative, velue is the number :-
T 000 0 che 0.0 0 ete 060

The maximum value of P will be obtained either :-

a) By multiplying the two maximum positive operands

or

b) By multiplying the two most negative operands.
The minimum value of P will be cbtained :-
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By multiplying the maximum positive by the most
negative operand.

se a) The maxi?um,pvsitive single-length operand is

1 -2
Henoe P = (1 = 2127)2 S
= 1 -2 + 2
and P will be with}§4range
singe B L -2 is satisfied.

se b) The nost negatﬁve single-length operand 18 -1
Hence P = (-1)° = + 1
and P will be outwgﬁ range
since P == 1 - 2 is violated.

Thus this is a failing cese. It is the only
failing case, since 1f one of the operands is
nade slightly more positive, P will be within
range. For exomple if we multiply

LR O O i4%_47)
2 12

el
apnd P S 1 -2 94

is satisfied.

2se ¢) Meximum positive operend multiplicd by nost
negetive operand :-

)
B oy o zg) L
e
and -1 «= P 1is satisfied.

The failing case -1 x -1, is detected by the
i.C. sequence during the addition of PS1 and C1,
and the overlow indicator is set. The result
of multiplication in the failing case, after
transfer 4o Bl and B2 will be of the form:-

B1 0. 4+ —eip 1510

0. 000 =8t — 010
and the A.U. adder detects that the addition of
two positive numbers gives a negative result,
thus setting overflow. '

Floating Point Multiplications

The mechanism of floating point multiplication has been
fully described in Report K/GD.y.83 sections o Al R
5.2,% and 3.2 and will not be repeated in this report.

The multiplier behaves in the some way as for fixed point
numbers except that :-

a) Digits D1 to D8 of M.D. are copies of D.G, and
replace the characteristic of M.D.

b) Digits DO to D7 of M are zero, digit DB becomes the
sign of the fractional part of M,

¢) Only 40 digits of M are exemined, and the active
multiplication time, ignoring the set-up microsecond
and terminal addition operation, becomes

e e W TR o ey
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The preparation of inputs to the multiplier and the
treatment of results ere carried out by the appropriate
A.C. sequence,

4.9, KDF 9 Multiplier Block Diagram

The block diagram of the multiplier is shown on FIG

SHEET 4. It incorporates all the salient points already
introduced and serves as a basis for the enginecering
description in PART B of this report.

BASIC DIVISION

For any two integeérs a and b, there exists another pair
of integers q and r such that :-

g = b + T
0

E= v b

where —

The process of determining g and r, given a and b is
knovn as division. The integers a and b, which are the operands,
are usually called the Dividend (D,d) and the Divisor (D.r.)
respectively. The results q and r are called the Quotient (Q)
and the Remainder (R) respectively. Division is carried out
most simply by reducing Dd (in modulus) repeatedly by Dr, until
the remaining pertion of Dd is so small that a further reduction
would change its sign. The number of operations performed
gives Q; Q is positive if Dd and Dr have the same sign, Q is
negative if Dd and Dr Lhave different signs.

If the signs of Dd and Dr are the same, the process
consists of a series of subtractions of Dr.

Feor example 3~

+ 1 f + 3 _ -11 2 =3

+ 11 1st sub = st anlh
=k ==

+ 8 2nd sub - 8 2nd sub
s S

D 3rd sub = 5 3pd sub
Luatg - =3

+ 2 aie
Q =

5 R = o @ =43 R=-2

If the signs of Dd and Dr are not the same, the process
consists of series of addiltiions of Br,

W)

For example:-

i a5 =11 % +3

+ 11 1st add - 11 st add
e e

+ 8 “nd add - 8 2nd add
= B Ena

+ 5 3rd add = B Bpdsadd
Fam D o

+ 2 £102

Q=—3 R = +2 O =5 R — 0
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The process becomes very long if Dd> D»Dr, since Dr must
must be subtracted (added) G times. It may be shortened by
shifting Dd with respect to Dr, and shifting Q as it is formed.
This is the normal pencil and paper long division progress, which
may be mechanised as frllowsj-

Align M.S. digits of Dd and Dr

Would a reductioh of the remaining

No e s
/ \a\

Reduce remaining Dd Score 0 as L.S.
by BelE s seeTEas digit of Q

TS, digit of O ,//,/’
=
\\\E& e

Is ©@ complete

No ///" “\\\gfilk
e

“nift remaining Dd FINTSH
and Q one place left

J

Note for decimal division 14€=n < 9 and for binary
ddivisden m = .

An example of decimal division follows :-
+ 42964 * 39

42964 Q=0000
- 39
396 4 G-0 a0
< g
6 4 g -0 01 |
- 3 9
6 4 Q== S0
= g
2°5 Q=1101
tmd 0 = 1101 IR =y

The example has been selected so that n = 1 in all
successful subtractions.

Binary division is somewhat simplified by the fact that
digits of Q can only be O or 1. If the above procedure is
followed, multiples of Dr will never be required in the reduction
operations. For example :-

s11110: dool00 (304

C 3
= 2o 4 M5, digits aligned.

Subiract = R0 Q=0 8000 1

De/2 001000
oY o= 0000

DA ES G0 00
GO0 e  9-000101
G000 1 0 R- 000010
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Mechanisation of the Division Process

It has been shown that division may be accomplished by a
simple recursive process, which is basically the long
division process of pencil and paper. Up to this point
only division of integers has been considered. Using
pencil and paper it is nn easy task to keep track of the
radix point, when numbers with integral and fraetional
p-rts are divided. This is not so easy in the computer,
gince there is no simple method of storing and keeping
track of, the Binary Point (B.P.) The position of the
B.P. will vary with the relative values of the operands.

In order to standardise the position of the Z.P. in the
result Q, it is convenient and usual in a binary computer
using two's complrment notation, to specify the position
of the B.P. in @ ™1 The B.P, is assumed to be between
DO and D1 of Q, where DO is the M.S5 (sign) digit. In
this case the range of Q will be ;-

~1£ Q< +1

TraEr nill v OO s e BEE = o O = ]
to Qo111 =« ete 111 = justie + 1

S

In order to preserve the position of the B.P. in §, the
initial restriction /Dd/=<,/Dr/ is imposed so that Q is
always fractional *2, This in turn means that the
relative magnitudes of /Dd/and/Dr/ must be preserved.
The initial operation to align the M.S. digits of Dd and
Dr, which is carried out before a pencil and paper
division, must not be carried out in the computer, since
the latbter has no mesns of remembering the relative
shift, and the resulting Q camnot be guaranteed
fractional. Keeping these restrictions in mind, there
ere two basic methods of carrying out divigion in the
computer :-

a) Restoring Division

Division using the restoring method involves carrying
out trial reductions of the Partial Remainder (P.R.)
by Dr. The P.R. is considered to be the remaining
portion of Dd after reduction operations have taken
place; it is the result of a reduction operation

shifted left one place. It is also convenient to
introduce the Unshifted Partial Remsinder (U.PbRn)
at this time. If the sign of U.B.R. changes

after a trial reduction, a 0 is scored in Q and the

reduction is cancelled by carrying out the r~pposite
operation before proceeding. Thus a subtraction

An alternative approach is given by the concept of
"Integral Places", See the KDF 9 Programmer's Manual
for a complete explanation.

The condition /Dd/< /Dr/ is normally a programmer as well
as a hardware restriction. The KDF 9 instruction * I

is an exception in which the A.C. sequence takes care of
the relative magnitudes of /Dd/and/Dr by scaling Dd.
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of Dr which makes the signs of the previous P.R. and
the new U.P.R. different, i.e, is non-successful, is
reversed by carrying out an addition of Dr to the new

U.P.R. before proceeding. The flow diagram of binary

restoring division becomes -

Reduce P.R. by Dr. = =

Is sign of new U.P.R. same as last P.R.

P .
no){//’ yes
Increase U.P.R.

by Lr Score 1 in 0

Score O in Q );///

Have all the dl“l a8
of @ been calculated

S

SRt Bos s and )
one place left

\__;,_‘ﬁL"__“.___/

The reduction operation implies a subtrection if the
signs of U.P.R. and Dr are the same, or an addition
if they are different. Since it is impossible to
inspect the sign of U.P.R. and at the seme time
possibly alter it by the next operation, it is more
convenient to inspect P.R. in order to determine
the next step. But U.P.R. ig shifted left to form
P.R. and unless an extra storage position is
provided at the M.S5. end of P.R., the sign digit
will be lost. The extra storage position is known
as the sign Guard Digit (G.D.), and hence the next
operation is determined by examining the G.D. and
the sign digit of Dr. In Section 5.3 the relative
positions of U.P.R. and P.R., and the registers
which are used to store them are more fully
explained. The first operation in division is a
reduction of Dd by Dr and in this respect Dd may

be considered to be the first P.R. The sign of

Dd is initially copied into the G.D. position of
the P.R. register so that the first operation may
be treated in the same way as the rest.

Restoring division is not an efficient way of
caleculating @, because non-successful reductions
and the consequent correction operations, are time-
wasting. A procedure known as non-restoring
division allows every reduction to contribute to
the formation of Q.

Hon-Restoring Division

In this method, non-successful reductions of F.R.
are allowed to take place and are corrected by
the next or later operations. Suppose at some
stage the G.D. of P.R. and sign of Dr are the
same and a subtraction of Dr is carried out. A
1 is scored in Q before Q is shifted, and U.P.H.
L ahiAhe d luft to form P.R. The G.D, of P.H,
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is now examined once more and if it is the same as
the sign of Dr, the previous operation was valid.
If on the otherhand it is not the same, an

addition of Dr to P.R. is carried out as the next

step and a 1 is subtracted from Q.

For example, if at some stage during division (six
bits only), P.R. and Dr are represented by :-

PR, = 000060 11
e g ol oA
(The G.D. is underlined)

Then restoring division would ultimately score O in G
since the trial subtraction of Dr would change the
sign of U.P.R. and would therefore be corrected by

an addition.

In non-restoring division however, a subtraction of
Dr from P.R., scoring +1 in Q, followed by an

addition of Dr to P.R. scoring -1 in O would be
carried out as follows :-

PRy = D000 0
Dr = 00 0s] 90
Subtract Sl et 0 =0000 G+
Shift e et Q=00004+ O
Dr Rt 90
Add f {9 SEE i Q0=00¢0 +1 -
Resultant Q S 000001

When the negative and positive parts of O are
assimilated the result is the same as for the
restoring method. The flow diasgram of non-restoring
division is :=-

Is G.D. of P.R. same as sign of Dr -

Add Drt to P8 Subtrqot Pr from P.R.
Score -1 in Q Score +1 in @

~ /

Have all digits of
0 been calculated

Yeg,f// o
V4
FINISH Shift U.P.R. and Q
one place left.

)& =,

A simple block diagram of a non-restoring divider
which forms a basis for the method used in KDF 9
is shown :-
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s

LBUPFBP = P.E. | Iz i_liGTSTER 5 -0 REGISTER [™).
! S e - PA E SRR
e
TRANSTIR PBJF
T B SCORE 1
ADDER | ‘ SUBTRACTER 1= TOR ADDITION

JJT

DA REGISTER | = 2R

J ,--}-E-{-Q REGISTER
= e b-&"f

BUFFER Lo J

- T SHIFT
STIM SUB. py! IEFD 1
SCORE 1 FOR

SUBTR:CTTION

if

SHIFT IEFT ONE

P_n
In the block diagram operations are carried out at one
of two pulse times. These pulses have been called PA
and PB and are assumed to be interlaced.

Digits of Q z2re stored in registers +Q and -Q. When a
subtraction takes place a 1 is scored in +0, when an
sddition takes place a 1 is scored in -Q. @ is split din
this way in order that a full length accumulator will

not be regquired to aid or subtract 1's. ~-1's could be
scored as 0's if a single register was used, end a final
recovery & process would be required to determine @ It
is more convenient however to score -1's in a separate

-0 register, since it will be shown in following

sections of the report that O's as well as +1's and -1's
mist be scored.

At the end of division the contents of -0 must be
subtracted from +Q to obtain (. This operation is
carried out in the A.U. adder and is similar to the
formation of the product after multiplication.

Both +Q and -Q are shifted left after each division step.
This is accomplished with the aid of buffer registers.
The Dd alsc has a buffer associated with it, for the

Same purpose.

Because much of the egquipment used for division is also
used in multiplication, and since the equipment is
optimised for multiplication, the divider is further
complicated. The major complication is that of the
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redundant representation of sum and carry, after an add
or subtract operation has taken place,

Redundant Number Representation in the Divider

It was shown in Section 4.3 how a redundant numbexr
representation is used in order to increase the speed of
multiplication, Because of cost and space
considerations, the KDF 9 divider uses a great deal of
the equipment used in multiplication, In particular
the circuits used to add/subtract/shift MD, PS2 and (2
(c.f. section 4,3), are also used in division to add or
subtract Dr from P.R., or to shiit P.R. This
introduces two basic complications into division :-

a) The add/subtract/shift operation produces results
which are shifted right one place, whereas division
requires a left shift of one place after each step.
The solution to this problem is described in Section
5. 3.

b) The add/subtract/shift operation operates upon and
produces separate sum/carry redundent representations
and thus the P.R. is in this form.

This could be regarded as a major drawback, since at any
stage of division P.R. will consist of two parts PS and
C; and it has been shown that in order to determine the
next step during division, the GD of P.R. and the sign of
Dr must be compared. But the GD of P.R. cannot be
accurately determinedwithatassimilating its P.S. and C
components in a carry-propagating adder. For example

at some intermediate step we may have :-

P e RS L G e i SRR
¢ = DU e ohe e S g )

In which case :=-

P.S5S. appears negative
C appears positive

whereas P.R. is in fact zero.

How are we to determine the correct value and G.D. of
P.R. without carrying out.a full-scale carry-propagating
addition? The answer is, that we do not attempt to
obtain the absolute value of P.R. and hence its G.D.,

we make a calculated guess by modifying the basic
division process.

It is shown in Appendix 3 that the correct value of Q
may be calculated if only the M.S. 4 digits of the P.S.
and C components of U.P.R. are examined in order to
determinz the operational procedures to be carried out
during division. It is also shown that the method
leads to a 3 choice system of division whereby +1, -1
or O may be scored in 9 at any step. The formation
of @ from the +Q and -Q components is explained in
Sections 5.5 and 5.6,
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Determination of the Next Step

Because the multiplier add/subtract/shift mechanism
between P52, €2 and PS1, C1 is also used during division,
the results of any division step are shifted right one
place, before they are placed in P51 and Cf. oince it
is necessary to shift the results left one place in order
to produce P.R., the following steps are taken i~

a) A division operation is carried out on PS2 and C2
and places the results in PS1 and C1 shifted right
cne place,

b) P51 and C1 are now shifted left two places into
P52 and C2 respectively.

¢) P.R. is now contained in PS2 and €2, and consists of
the results of the last operation effectively
shifted left one place,

d) The next operation is decided by inspecting the
4 M.S. digits of the component parts of U.P.R.,
which are now contained in D1 to D4 of PS1 and DI
to D4 of C1 together with the sign digit of Dr, as
explained in Appendix 3.

e) The next operation is carried out on P32 and C2
a8 in step a).

The next operation is determined by a circuit called the
Next Step Logic H.S.L., which assimilates D1 to D4

of ES1 and Ct and initiates an addition or a

subtraction of Dr to or from PS2 and €2, or a shift
(i.e, an addition) of PS2 and C2 only.

The N.S.L. generates the add/subtract/shift signal in
accordance with the rules outlined in Appendix 3, which
are restated in terms of PS1 and C1l.

a) If the result of adding D1 to D4 of PS1 and D1 to
D4 of C1 is 0000 or 1111, shift PS2 and €2 (note
shift implies adding PS2 and €2 without involving
Dr).

b) If the result of adding D1 to D4 of PS1 and D1 to D4
of C1 is not 0000 or 1111 compare the sign of the
result with the sign of Dr (DO).

¢) If the signs are the same subtract Dr fror PS2 and
C2.

a) If the signs are different add Dr to P32 and C2.

e) Score 0 in Q for shift
Score +1 in O for subtract
seore -1 in @ for add.

The N.S5.5L. is explained in Appendix 4. It consists
of an arrangement of N.0.R. gates (diode OR gates
plus D.C. inverters) and is shown in logic form on
FIG SHEET 6.
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A block diagram of the signal flow in the PS1, C1, PS2
and C2 area is shown :-

o ¥ .
A g2 | B Dr |
a2 Do l 48 :
——-—-—'\
96 |
ADD/SUBTRACT /
: SHIFT IOGIC
SHIFT RLGHT
BY
Di—pg  \(ONNECTION
Ll 4 v
= PSA __CONTATN
NSL i UPR SHIFTED
T = o1 RIGHT
Tl 1 PL. CE
i <
SHIFT =
TEFT 2 B
96

effective total shift is 1 place left

Numbcrs on interconnections indicate the number of bits
involved. :

Note that in the multiplier the Multiplicand (M,Do)
register is connected to the add/subtract/shift logic.
In division the M.D. register contains the Dr and hence
this register serves = dual purpose, as do the P51, C1,
P32 and C2 registers,

Since in the simplified diagram shown, PS1 and C1 are
providing inputs to the NSL and at the same time are
required to accept the results of an operation, the DI
to D4 positions of PS1 and C1 must be duplicated and
used alternately to drive two sets of NSL, which are
also used alternately. The duplicated portions of PS1
and -C1 are known as PS1la and Cla, each of which is a 4
Pit register, The two sets of N.S.L. are known as
Ne5.L.1 and N.5.L.2 and are connected to PS1, C1 and
PBla, Cls respectively.

In division the results of an operation are shifted
right one place and plaeced in P51 and 01, The
operation is similax to that in multiplication, and the
digit which spills off the L.S. end of P51 is stored in
register Mb. When PS1 is shifted left two places into
PS2, the digit stored in M5 is recovered and placed in
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D46 of PS2. There is no spill from C! and no
intermediate storage is regquired. Because of the left
shift of two places from C1 to €2, it will be seen that
digits D46 and D47 of C2 are always zero after they are
initially cleared.

Initial Operations

As in multiplication the first microsecond of division is
reserved for the initial operations of transferring

Dd and Dr into the divider and setting the ecycle counter
to zero.

Since Dd is in non redundant form when transferred to the
divider, its C component is set to zero. The initial
operations become :-

a) Transfer Dr to register M.D.

b) Trensfer DA to register PS1 shifted right two
places, copy the sign digit of Dd into D1 of P31,

¢) Clear C1 and D46 and DAT of G2,

d) Shift PS1, €1 into PS2, (2 respectively, to the
left two places. Thus PS2 now contains Dd and C2
alE EIERCh:

e) (Olear cycle counter,

i Start division proper by inspecting D1 to D4 of
PS1 and €1 via NSL1 to decide the first step,
which will be an operation on P52 and (2. Thus D4
which is contained in P82 is treated as the
Tirsh Bak,

The basic flow diagram of division now becomes :-
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Store Dr in register MD

Store Dd in register PS1 shifted right 2.
Glear C1, cycle counter and D46 and D47 of C2
Shift PS1 left 2 into PS2

Shift €l left 2 inte €2

fsesHy s QR0 G- o=l =T o]

yes / \q\l

Add BS2 to C2 result Is sign of sum
tor Bol and O, ame as sign of Dr

Score O in +Q

Seore O in “Q / \

subtract Dr. Add Dr. o
from BS2 & G2 PS2 and C2
result o P51 & C1 result to
Score 1 in +Q BSt & €1
Score 0 in -Q Score 0 in+Q

Score 1 in =0

_—

Shift PS1 left two places inte PS2
Shift C1 left two places into C2
Shift +0 left one place

Shift -Q left one place

Have all the digits of +Q and -Q
been calculated
(Cycle count)

no = yes

Finish
recover remainder
recover 0

After 48 add, subtract or shift operations Q will be
complete, but will be still in +Q, -Q form. The
formation of +Q and -0 is not as simple as has been
indiceted, it 48 doseribed in Scoetion 5.5. The
Remainder R is in redundant form and is contained in
PS1 and C1, its recovery is explained in Section 5.6.
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The formation of +Q and -G

Tt has been shown that if 1 is scored 1n +Q for a
subtraction during division, and 1 in -Q for an addition,
then the sctusl Q may be obtained by subtracting the
contents of -0 from +Q at the end of division. Note
also that the technique of partial assimilation described
in Appendix 3 alsec involves the scoring of 0 in both

+Q and -Q if the current operation is a bshift s

If this was the case +Q and -0Q could be (six bits only):—

+ Q 1

b

and Q

olo o
_.\C\

O fj— —
Slo ©
ol =
L e

Tt is more useful and just =28 easy to invert -Q as 1t is
formed, so that at the end of division -Q is added to +Q
to form Q. This is similar to the effective
subtraction of M.D. during multiplication. The
subtraction of ~Q is replaced by adding -Q +1, Yy a
consideration of the equality :-

Q =-(-q) -1

The +1 is added by foreing a carry during the adaition of
+0 and -Q, which tokes place in the A.U. adder. Thus
the exzmple would become :-

m
-

+.Q 0 1
IS

D +
)
—4
[®]
(D]
O

Spill not stored

The new rules for the formation of +Q and-zﬁ beconme:-
a) If Next Step is 'shift' score O in +0 and 1 in il

b) If Next Step is 'subtract! score 1 in + Q and 1
in -Q.

¢) If Next Step is 'add' score O in +Q and O in -Q.

Note thet if +Q and -Q are added at the end of division
without inserting a carry then Q-1 will be formed.

This is an important effect which is used in division
sequences to form the correct value of Q.

+Q and -Q are not named as such in the divider. They
are formed in registers M1 and M3 respectively during
division, and are recovered from these positions at the
end of division., The fomation of Q digits is shown
on the divider schematic FIG SHEET 7. M1 and M3 have
puffers associated with them which are M2 and M4 =
respectively. The buffers are used to shift +Q and -Q
digits to the lerft during division. Thus M1 and M2 are
olso used in both multiplication and division.
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Recovery of R and @

ffter the last step oFf divisdon tze smebhing
Temaindger g contained din FPS1 and €1 in redundant
forel, Secarse a division operation shifts the
results right one place, the compoinents of the machine
remainder must be shifted left one place as they are
transferred into the A.U. adder. it was shown in
sect. 4.6 that the paths from PS! and C1 into 31 and
32 in the A.U. also shift the componetnt parts of

the Zraduct left one place.  Thug, if these paths

are also used to transfer the nachine remainder

after division, the dizits of the component parts

will apoear in the correct position.

Also the coronent parts of @) are contained in
M3 and M1 at the end of division, Since there are
only two paths froa the MD Undit inte the A.U., fronm
TRl te 2l and €1 te B2, both of which shift left one
place, M3 and M1 are initially placed dn Cl1 and PS1
respectively, both shifted right one place. PSSl =znd
C1l are now placed in Bl and B2 shifted left, and am
A.U. additien is dinitiated

Diagrammatically:~

Remainder: -

’

! C1 -1 D)

PSS
S
B1

L—u‘l e —

ADD ————3| 4 ,U. ADDER J

i

| M.c. REMATNDER l

Quotient:—

M3 x M5

it L e
\ _&SAC.;_\_._L e

LAST M3
DG ET

e i
e S
: Ho

|
s =

AU ANDHI

B
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Nottethat the [,.S. digit of thke B.5. component

of R is contained in 115, at the end of division, and
is placed in 3147 when %he transfer to the 4,U. takes
place. Thils is similar to the transfecr of P after
multiplication. Also the 1.8, digit of Ml is

placed in M5 during the transfer of M1 to P8l and
recovered fron 151 when tkhe transfer to o, U, ﬁakes
place,

e B8 dhdaa t g f ‘i is placed in a register
stage "LAST M3 DIGTT”mﬂﬂa sfer of M3 to C1, and
“EART M3 DAOITY 35 transferrec to By wﬁen the
transfers to A.U. takes place.

The "LAST M3 JIGIT" is also connected to B247
during the transfer of P after multiplication and
R, after division, ‘In these cases a transfer of
0 to 3247 is ensured by mmmking sure that "LAST M3
DEGITY W peset ot O at the start ef cvery rmultipli-
cation or diwvision.

The transfer of R to the AJU. is5 controlled
By the divider. The transtfer of & te BPS1 and €1 dis
also controlled by the divider, but the transfer of
§ from PS1 and C1 to B1 and 32 is controlled by the
A.C. division sequence(s).

Divider Timing and Speed

Division basically consists of a series of
add/subtract/shift operations, each of which is
followed by a repositioning of P.R. and a next step
decision, Thus each operation duvring division
consists of two steps. It was shown in section
h.2 that ecach operation during multiplication
takes 0.25 usec, and hence 48 operations reguire
a basic 12 usec, In division however, because of
the intermediate operation, add/subtract/operations
can only take place at the rate of one every 0,5
usec, Thus the basic time for the forma tion of
4B dizits of Q is 48 x 0.5 = 24 usees,
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Divider block diagram

It is now convenient to refer to the divider block disgrem
FIG SHEET 7. The registers snd common equipment heve been
ghown in the same relative positions on the multiplier =nd
divider block diagrams, in order to show the correspondence.

Double~length Dividends

Certain division A.C. sequences, #D and £DF, regquire that

Dd be double ~length. It has besn shown that Dd is treated as
the first PR &nd is pl;C“d in PS2. Normally when = new FR is
formed by shifting a result (UPR) left one place, zeros exe
1nﬁrodu0bd into the l siedi gt of BO2, If Dd is double length

however, digits of the l.s. helf of Dd are introduced into the
1.5, digit of PS2 as the shift teakes plece, The 1.8, half oi
Dd is stored inigéplly in Tegister M35, which is also used to
store digits of -0. As M3 is shifted left one place into 14,
the current <0 digit is introduced into the l.s. bit of 114, end
the m.s. digit of the l.s. half of Dd is placed in BS247. Thus
Dd digits are repleced by -Q digits =md registers M3 and ¥4
serve & dual purpose,

If D4 is initially single-length M3 is set to zero by the
A.C. seguence, sc that zeros are introduced into PS247. fhe
sequence for + I also uses the double length DA facility. This

will be mo e fully explained in part B of this report.

The Functions of PSia znd Cla

Registers PSla :nd Cla, which were briefly introduced in
Section 5,3, duplicate the D1 to D4 positions of PS1 and Cl.
Digits D1 to D4 of the results of any =dd/subtract/shift operctions
are placed on zlternate occasions in PS1/C1 or PS1a/Cle, in
order that the outputs of the MS logic will not chenge whilst
the operation which they currvently specify is being carried out.
Thus there are two scts of NSL. NST1 has inputs from D1 to D4
of PS1 and C1, NSI2 from D1 to D4 of PSle and Cta. The NSL's
are used alternstely, so th:t & result produced vis NSL1 has its

D1 to D4 digits pleced in PSla and Cle, cnd = result producecd

via NsSL2 hes its D1 to D4 digits plaoced in PS1 =nd C1. The
operation of selecting the destinztion of the D1 to D4 digits,

is sutometic =nd is determined by the P-pulse time at which the
eper.tion is carried out. Since the edd/subtreoct/shift operstions
in multiplication are identical in form to those in division (but
ere selected by on excominetion of M éigits), P31e and Cla exe

elso used elternetely in multiplication, although the outputs

of NSL1 end ISI2 =re ignored. This is shown on the multiplicr
block diagram FIG °

Divigion exemple

M example of division using the KDF 9 method now follows,
The Bd is douole—lenntn, the l.s. helf being stored initislly in
the =Q register HB 9ix bit numbers and registers cie used for
the exemple end thus six operhtions are reguired to form Q
compared with 48 for the 48 bit, XDF 9 word. ~Note thot the
double-length Dd hos eleven sign1¢lcant digits, De of the 1.3,
helf being ignored.
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DIVISION BEXANPTE.

Dr - 0.106000 = 2=1 pd  0,01010 10101 = 341 z 2-10
l ' :

INITI LIY: N5 ‘ ‘
5 l Mg :

M 010000¢¥ J;

Ps1 OfFTOTl0 10 = R 2

ct - uibecole. - ey ;? ;13l2; 0

Po2 00T 010 SUBTRACT ' i

@ 00000

¥ 1.0.1.1 1.1

751 1100 110 O :

\/ =
gy el g N5L2 e }1010}/} +0
e 00T o0 ADD : et e
gz 101100
DL 06000
PS1 11 10 1]0 1 7 =
o1 ol 1000  wsm e S
15 O TR e ) SUBTRACT e &
g2 T00000
e e e
PST 1[T 0D 1100
; 0E o 10901 -0
ol 1810 1l NSL.2 M1 xxl0l +Q
BS2 0.0 1 00 ADD " o i
g 0 11090
M Q10000
esl T D o S
ol 0§09 onele NST1 |+ ﬂ; ?1?318 ;8
P5e 107070 SUBTRACT s :
g2 100000
D 3
Pt T OO0 i i e
G M0 WL FReTT M1 x10101  +Q
Peo- D RNEGD ADD ot e 1
@ 101100
YRS 0it o 000
PS1 . 010 ne A
G?T é é 1 T 1 M5 101010 -0

0} iaio1e g
Bet = 0000 101 =P8 + 0
B = 0,00107 Q = 0,90101 = M5 + Ut + 1

is the semc sign as Dr, cnd Q is formed by adding M3 cnd i1 with
carry of 1 introduced.

(i )
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Relztionship between R ond Dr.

It is desirable in the + R ond + I sequences, that ot the

end of division, R zné Dr hove the scme sign cnds=—
0L R Dy

The KDP 9 divider mey produce = remainder of either sign,
which mey or mey not be the scme sign &g Dr,

If =t the end of division the signs of R end Dr cre the seme,
the two holves of Q zre added with the introduction of - cerry
to form Q, =s indicated in Section 5.5.

If +he signs of R and Dr sre different, =n addition of R =nd
Dr is czrried out to form & remeinder which is less then Dr, end
has the same sign. This is clweys true since:-

where R ig effcctively the lzst U.R.E.
(sec Apsendix 3).

Besides moking the signs of R tnd Dr the scme, this operation
2lso effectively nullifies the last reduction operation of the
division, znd hence Q-1 is formed by cdéding the two halves of Q
in the L£.U. with the introduetion of & corry.

Unless the remeinder is spucifically required (+R +I), it
is rejected.

The divigion instructions 2 ond +DF ignore the remainder
altogether ond do not correcct Q. In this respect the Q can
have sn error of | digit ot the 1.8, cnd of Q. for floaFing
divisicn only.

The sequences #F .nd +DF bring into pley & "Remsinder Inhibit"
flip~-flop, which is normally cle:zred if the remainder is required
(e.g. +R), The Remainder Inhibit flip-flop prevents the P81
Bl B2 trensfer of R into the A4.U,

BExtre Step Division

Two division scquences nemely + ond +D require o rounded Q.
Rounding is ccheived by effcctively determining the 49th Q digit.
The 49th dizit is not zctuelly produced, but =fter 48 digits of
Q heve been cetermined en exti.. step of the division procedure
is carried out, without cltiering Q. This step is controlled by
an extra Dtbp flip-flop, which is set =t the st:rt of division
end reset by all division scguences other then + cnd +D. before
the 48th step. L% the end of &+ end <D however, tn extre s£tep
ig corried out vhich is determined by the NSL, and which Tirms
o new PR but does not change Q.

By cn excminction of:-

a

The signs of R znd Dr

o
)
(u

.t

e
o

b) The neture of the extr:s step it is possible
how Q@ shell be rounded.
e rnilles Srec

rmine
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Are the signs of Dr and the R produced zfter the
extre step the same?

yes no

Wes the extra Wes the extre

step & subtract : step a subtract

yes \\\\\\\‘ gc”//”/’ \\ﬁ
Eormias e form Q form Q -

- 1 is formed bJ &%%ng the component perts of Q with a;?EEEE
1ntroduc :d
Q is Fformed by adding with = czrry
Q@ + 1 is formed by ciding with o cerry to form O snd then adding
a further 1.

These operctions are corried out by the + :nd +D sequences.
The operation of extra step in the divider will be explained
in RAET B of “the Tenorth.

o

Tloating Division

division nd exponent determinetion ete, reference is :. ¢in made
to Report K/G.D.y.83 Sections 1.1.4,1.3.3, 2.2.4 znd 3.3.

Tor zn explenstion ef the mechanisation of floh*iﬂé point

The divider behcves in the stme wey as for fixed point
numbers, znd in faet the numbers celved by the divider =re in
fixed point ferm.

The division, unlike multiplicetion is not shortened for
floating point operotion,

References

ral books wnich explain beasie binary

There are severs
and division very fully. The following are

multiplication
recommended,

1. "Digitel Computer end Control Engineering" by J. S. LIDIEY
MeGreaw Hill.

2, "Arithmetic Operations in Digital Computcrs™ by R, K. RICHARDS
VAN Nostrend.,

3, "Digitzl Computer Design Fundcmentzls™ by YAOHAI CIU
MeGraw Hill,

//, ///zé/ —7 :’fx S

e s nll. ark. . JeReEllison.
Dr Develqpment RDF 9 Development.

Znclosures: Appendices 1 - k.
Figure sheets 4 ~ 7.
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Appendix 1 Addition

.

The truth tzble for the binary addition of PS1, C1 and M.D.
digits giving PS2 end €2 is:-—-

PS1 21 M. D. Ps2 c2
0 0 0 0 0
i 0 0 1 0
0 @ 1 1 0
1 0 1 0 1
0 1 0 1 0
1 1 0] 0 1
0 1 1 0 1
1 1 1 1 1

The following Roolean equations may be derived from the table:—

P32 = €1 # MD # P8
c2 = 01 (D # PS1) + MD.PS1

1l

If the digit positions of the registers are numbered 0. 1. 2uivsaee
Nessos.47 from the m.s. end, then zsllowing for the shift right of
one place of the PS and C results:-—

PEPn = (g M, Daq = ES{n

2n = Cln (MDn # PS1n) + MDn,PS1n and
PS2n = Clp~1 # ¥MDn—1 # PS1n-1

Ton = Cin (MDn # PS1n) + IDun.PsSin

pimilerly when 252, C2 and MD are added the following ecuations are
obteined: -

PS1n = C2n-1 # MDn—1 # PS2p.1
Cln = C2n (MDn # PS2n) + MDn.PS2n and
PSin = €Pn-q # MDpi. # PS2n1

0in = Con (MDn # PS2n) + MDn.PS2n

Note that digit O of & new PS is the seme as digit 1 because of the
arithmetic shift right.

If the ecurrent M digit is O, M ig not =dded, The truth teble for
the addition of PS1 and C1 giving P32 and C2 becomes:-—

s o1 PS2 o2
o 0 ) A
1 0 = 0
) 1 1 0
1 1 0 1

giving the equations:-
PR BB, & 2w = Cln . PSin
ES2n = @i % PSln g PS2n = C’ih-f f PS’F!-‘
Con = Cin + PSln

ends -
PS1n = 02n-1 # P82n.
Cla = C2n.B32n
PSin = €2, 4 # Pionid
Gln = 0Pn & B8N
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Appendix 2 Subtraction

A subtraction of ID from PS2 snd C2 tzkes place when the m.s.
dight of M is a 1 during Iultiplication, i.e, M is negative, It
is accomplished by inverting 1L.D. and adding MD in &1l digit
positions except the l.s. The following truth table refers to the
47 mi.s, positions:-—

PS2 ce 1D PS1 c1
0 ] 0 1 0
1 ) 0 0 1
0 0 1 0 0
1 0 1 1 )
0 1 0 0 1
1 1 0 1 1
0 1 1 1 0
1 1 1 0 1

The following Boolesn expressions are derived, allowing for the
shift right of ore place of the PS znd C results:-

PS1n = C2n-1 # ¥MDn~1 # PS2n~1
Cln = C2n (MDn # ES2n) + 1MDn.PS2n
PSIn = (2n-1 # MDn-1 ¥ PS2n-1

Cln = 02n (Mn # PS?n) + MDn.PSon

Digit O of P81 is the same as digit 1 because of the erithmetic shift
right.

The truth table for the l.s. digit of the subtrzction is different
because the method of subtracting MD is %o invert MD end =d a furthed

1 into the l.s, digit of the subtroction, The truth teble becomes:-~

PS2

@
(S
=
S

PLU

w0

1 B C1
0

2O =002 0
= = 0000
— =200 =200
PO A R (R S
- OO = O - =
.._x.._\‘[\_'}__\._LO-_.\_L

—_

-

It cen be seen thst in one cese four 1's must be =dded. This
1s showm as a carry of 2, i.e, a carry into the next but one m.s.
position, It will be shovm that this is an impossible casge in
prectice,

Lto the feiling case fthe L.s. digit of M.D. is O, those of PS2
end €2 ave both 1. The only way that the l.s. digit of €2 can be
.1 is thet 2t least two of the previous aperzands must have had 1's
in thedr 1.8, digit positions, whether the previous operation wes
gn zddition of 1.D. to PS snd ¢, (Wote the previous operction
could not have been e subtrection in ﬁultiplication).

Now the l.s. digit of ID is O =2s steted,

Therefore the l.s, digit of both PS snd C must heve been 1's
before the previous operzition.

It is z2lso itrue that the C registers must slways have had 1
as their l.s, digit.
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This is impossible sinece €] is dnitislly set to &ll O's at the
The failing case is therefore impossible.

stert of multiplication.
oolean expressions may be derived for the 1l.s.
=ge from

=
cud

The Tfollowing :
digit of the subtraction by eliminating the impossible ¢

the truth table:-
PSin = (2n-1 # Fon-1 # PS2n-~1

Cln =
PSin = Cen~-1 # Min-1 # Ps2n-1

C2n + P52n + MDn

Cln = (2n.PS2n.l10n.
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Appendix 3 Divider Next Step Determinztion

This appendix shows that it is possible to determine the nature
' the next operation during division, by zdding together only %
top few digits of PS end C, which together form = pseudc-sum/stored-
cerry representation of the current unsiifted Tartizl _emeinder
(Uol.ﬂ), shifted right one place, It is also shown that the
division slgorithm becomes a thrse-choice method,

Initiasl Conditions

Initially:-
{da | <for | Condition 1
in ordexr thet Q be fractional.
Also if Dr is normalised to D1 before starting division:-
r €~ (Dr<0) condition 2

<+1 (Dr>»0) condition 3

1
kT

[

Intermediate Condition

At eny stage of division the relationship:-
erl < 2jpr) Condition 4
mist be satigfied, in order thatl
only ocne reduction ofP.R. by Dr is allowed at any step, since it is
only possible to score &= '(or O) in @ It will be proved that

condition 4 is alweys satisfied, providing thet condition 1 is
satisfied,

Partial Assimiletion

It is more convenient :nd less confusing in the snalysis which
follows, t0 consider the Unshifted Portial Remainder (U.P. R), which
is the result of eny intermediate division operztion before eny shift-~
ing of that result tekes place.

U.P. R consists of two parts P8 end C, both of which are 48 bits
long. The actuel sign of W.P.RE must be known in order to determine
the next division step. Let us assume that a partie] assimilation
of PS end € will suffice, Suppose only the n most significant

digits of PS and ¢ are added (i.e., the digits O to n-] inclusive):-

Gl editinays R n-1 n nt+t 46 47
PS i A g A -
c e S

The result would be U.,P.R if n = 48, but if n € 48:-
U.P.R = AR + TR

where AR 1s the assimilated portion of U.P.R, i.e. sum of
digits O to n-1,

and Tw is the Truncavion Brror end is the sum of the digits
{ <
of PS end C which are not sssimilated.,

: If AR is the portion of U.P.R which is used to determine the
next step, TE may be regp“ded s en error introduced by the
incomplete nature of the assimilation.
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The largest error TE IAX is obtzined for the following cese:-

1 Q2 n-1 n 4647
PS . e i
C . el (RS
TE MAX [ESma gl ek

The worst ccge ig:-
TR MAX = 2-(n-2)_p-46_p=47
TE cmn algo be zero but never negative
thus 0 & TB g 2-(0-2)0~46_5-47  condition 5.
Having established the meximum value of TE, we must now

determine a velue for n, and the steps to be taken during division
besed on the velue of AR,

Case where the next operation mmst be a shift

If U.P.R, end hence P.R., is zero at any stage, the next
operation must be & shift of P.H. one plece lett, singe af Dr is
subtracted or =zdded (depending upon relative signs), and the new
U.P.R is shifted left one place:-

prew 2.8l = 2)or|

end condition 4 is violated.

It is vital that when U.P.R = O then AR, which is the sum of
digits O to n-1 of PS5 and C, shall indicate a shift of P.R. one
place left. (Note shift in this context means adding just PS
and C).

There are only two ceses of A.R. when U,P.R is D0ssibly zero:-

a) Yhen the digits of A.R, sre 211 zero snd TE = O:e

01253 n-1 n 4647
AR 000E5 R 0w D
TH = 000 .. 00
b) 'When ‘the digits of AR, are all onel!s end TE = 2—(n-1):_
o205 n-1 n 4647
AR = e
S T8 s 00

Although there are only two cases of AR when U.P.R is zero, there
are many combinations of values of PS znd C which will produce these
values of ALR,

Thus if AR is &ll zeros or =1l ones, a shift of P,R. is
indicated as the next step. But suppose AR indicated = shift and
U.E.R iz not zero, M error will b? ingroduced by inspecting only
AR, beceuse TE mey not be zern or 2-\1=1)  Wnat is the effect of
Just shifting PR in this case? We must ensure that after shifting:-

| New P.R.| <2A Dr uIn
vhere Dr MIN is the minimsm value of Dr.

* FOOTNOTEH D47 the ¢ component of U.P.R is alweys zero in division
because z cerry zlweys refers to the next m.s. digit.,
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The meximum value of the new PR will be obtained if when U.P.R
ig inspected A,E., is all zeros znd TE is a maximum,* Since if we
Just shift:—

old PR

apgs Sl duPR =0 e alld SRR

then new BR = 4 x old UPE

end 4fold UPR ILX{< 2| Dr MIT{
Hence 473 MAX}C 2{Dr wIw) .

ow p1m mazf = o-(n-2)-2-46-p-47

new PR = 2

b4

1

il

end |D- yn| = 2-1 (Dr = ~%)

Hence 4(2-(n-2)-0-46-0-4T)< 2(2-1)

Thig is satisfied if:-

2 x 2=(z-2) = 2-1
and 1-nt2 = =7
n=1=%4

Thus =t lecst 4 digits of the PS and C components of U.P.R must
be assimilated to form AR, if the PR produced by a shift operation
is to sztisfy condition 4. Since a reduction of PR by Dr duves not
take place, O must be stored In Q.

The range of TE now becomes:-—

0 £ TE< 2-2_2-46_2-47 condition 6.

Cases where Dr must be subtracied or zdded

In normel non-restoring division, the signs of U.P.R ¢nd Dr are
compared in order to determine the nature of the next operction.
It will now.be shown thet the result of a pertisl & similation of
the PS =and C components of U.F.R. i.e. AR, will give = true indication
of the nsture of the next divisin operztion.

It is required to show thet f AR is positive U.P.R is positive,
znd if AR is negative U.P.T is negative, except when AR is 0000 or
1111, when, &s slready shown, & shift is indic=zted.

It hss been shown th:t TE is z_weys positive.

* POOTNOTE When r is all ones it mey be seen that the meximum value
of the new P.R. is 2/AR/, since TE is zlways positive
end AR is negetive in this case;

i.e. 2faR] = 2}-2-(n-1) | = 2-(n-2)
end hence 2 AR &L 27 MAx{.

T I T B . = L
Hence 2(TE hAK{ when A.R, is &ll zeros, yields the
maximum value of the new P.H.,
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Hence if AR is positive, U.P.R must be positive sinces:-
UPR = AR + TE*

If AR is negetive we must prove that UPR is negative. This
is true if:=-

2} <]
2irce UPR = AR + TR
end AR is negative

emd TE is always vositive,

o

The worst cese occurs when !Ll{ is = minimum value of AR, when
AR is negetive, is given by the pattern:-

AR = 1,110 (1.111 means "shift')

Thus AR MIN NEGATIVE = -2~
and fAR] = 22

But {1 mex| = 2=2-2=46_5-47  (condition 6)

e ”“f 2| for &R negetive

end in ell cases 2 negative AR gives a true indication of the sign

(B iR AR R

Thus .f AR is not 0000 or 1111, its sign is the seme as the
sign of U.P, R, The sign of AP may be used in conjunction with the
sign of Dr to determine the next division step.

The rules for the next step become:-

a) If AR ig 0000 or:1111 shift old PR left one plsce to form new
PR (add PS to C), end score O in Q.

b) If AR is not 0000 or 1111 and its sign is the same zs that of
Dr, subtract Dr from PR, shift the new PR left =nd score +1 in
Ql

¢) If AR is not 0000 or 1111 end its sign is different to that of
Dr, adé Dr to PR, shift the new PR left and score ~1 in Q.

IPgﬁﬂthgj is always

ot

e

It has been shown that if the top 4 digits of U:P.R are
determined =nd are 0000 or 1111, a shift takes place, @nd

Jew PR} < 2|Dr|

It cen also be shown that if Dr is subtracted or added, the
relationship is still true,

* FOOTNOTE In order that this be true U.P.R must be < + 1, since
i Gk E{>>-+ 1 the two's complement repres Cnt’thl will
make U, L.R appear negetive, because a2 spill will ocecur

inte Do, But, since it is always true that:-

jupn| < |Dr|
and IDr A Ha ]
then {UPR| <+ 1
and hence UER MiX POSITIVE <+ 1
2lso since UPR = AR + TR
then AR + TH & +

and z cese such as:i- AR = 0.111

13 = 0.001
UPR = 1.000 is impossible,
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If AR (ana hence U?E) znd Dr have the seme sign, Dr is

ed from PR =nd the result is shifted left (multlullﬂd by 2)
to forﬁ the new PR.
In this czsei=

[PR = Drl = _‘k}?',:'—,,IL}rf (seme signs)

If AR and Dr have opposite signs, Dr is added to PR and

the result

ig shifted,
In this case:—
173 - Dr| = 'PR‘—’DT‘ (opposite signs)

Hence in both cases:~
tew 28| = 2 pR- foz ||

PR|# O or el %

for| < 2|Drj

before the @dd or subtrect thens-
‘New PRf <2 ford

which satisfies conditicn

Nowr

I~
N

Thus if the BEE &

fter the first division step is«i,?fDr,, all
successive P.R.'s will

8
be within renge.

Now initially, from condition 1; if:-

lDdI < foz}
and DA is the first PR, then it is certeinly true thet:-
]1 st PH, < 2,Dr[

end tihe PR after the first oper.-tion will be within renge.

U J

In oRter G 1 T"<:2,Urf, it is necessary thst Dr is
normolised before the sctual division, so that the partiel
sseimiletion which is carried out will indicate the next step
correctlys, Dr is normalised by the A,C. divide sequence(s), and
in order to maintain the correct relationship Dd is shifted left
by the szme number of nlaces. Normelisetion involves shifting Dr
to the left until DO =nd D1 are dirferent, so that:-

-1 € Dr & % Dr negstive

+ & Dr &+ Dr positive

would heve been indicated, =nd assuming:-—
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Divider Next Step Logic

In order to determine the next division step it is necessary
10 sze¢gimilate the 4 m.z. digite of the PS and C components of U, I R
The result of thisg assimilation is A.R. @8 described in appendix 3.
The circuit which forms AR is called the Next Ste: Logic NSL, The
NSL consists of = tree of WOR circuits (diode OR gates plus DC gete

inverters), which has 3 outputs, one of which determines the next
step sccording to the rules:-—

a) Shift PR one place left if AR is 0000 or 1111.

e plzce left if AR is not 0000
e ssme as the sign of Dr.

1

o) Subtrect Dr from PR and shift or

1111 and the sign of AR is Tt

¢) Add Dr to PR =nd shift one place left if AR is not 0000 ox
1111 end the sign of AR is different to the sign of Dr.,

,_)

The Kermeugh map of the recuired conditions is shown on FIG
EHERT 5. It must be nobted th:t the FS end C components which sre
agsamileted, Lie in DI te D4 of BST1 amd D1 wo B4 of 1.  TPhis
srises because thie result of zm operation during division upon PS2
and 02 is'shifted right one place into PS1 and C1, and thus the sign
or m.s, digits of the P53 end C components lie in the D1 position of
the registers. Ihis is explained in Seectien 5.3 of the magn
report.

The following Boolean cquations, representing the appropriste
next suvep conditions, mey be derived:-—

SHIPT = (PS1q # C19)(PS1p # C12)(PS13 # C13) (PS14 + Cly)
+ (PS11-# C11)(BS12 # €12).PS13.013.P5142.C14
+ (PS14 # 011)4PS13.015.P515.015.5512401

= (It = 011) PS15.C15.P8154C15.P51,.01,
ADD = UFTD“{ fc IH(PS14 = G14)+C IN(PS1¢ # C1 )] £ MDo
SUBTRACT = ._IDT{[(JIE(PS11 = 1y )+0 TI(PSY # Ol ﬂ = }

a9 .- L

wiere MDo is the sign digit of Dr, Dr being stored in register

el

Where C IN is o term defining the presence of a carry condition
into the m.s, digit position of the addition.

¢ IN

[35?4.014(t~13+c13)+ﬁs13 01§[§s1o+07u +PS12.C12

]

C IN E?14.014(p 13+013)+P815.CL§E5 o+ CTpl +P515. Cl,
<. lm e

The logical arrengement of gates which forms the NSL is shown
on PIG SHART 6, together with the logical conditions, Thi
errangement ensures that there are & meximum of 3 D.C, gate circuits
in series,
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At P2 time examine DA7 of M1, if "one' add PS1, C1 and 1D,
zero add PS1 and 1.
Plece L.S. digit of result in M5, (P digit)

At P2a time exemine D46 of M1, if '‘one" add PS2, 02 znd 3D,

zero add P52 and C2.
Elgee L. 5. digid of wesuld in 115z

At P1 time exemine D45 of M1, if "one' =dd PS1, 01 and MD,
Zero add PS1 and €.

Place L.8. digit of result in Ii5s

Carry out FIRST P1 trensfer between M1, M5 and 12 (see FIG

At Pla time exemine D4 of M1, if "one" zdd PS2, C2 and ID

zerc cdd P52 and 601
Plaee- T S diloit afras

ween 1, K2 and M5,

)

70

step 1 and
between il M2 and M5,

At P2 time do sziie &
Carry out P2 transfe

!J 0

At P2a time do s:ime as step 2 @nd

Cerry out P2a tremsfers between M1, 32 and I5.

At P1 time do same as step 3 except

erry out NORMAL P1 trensfer between 1M1, 12 znd M5.

)

Finish when a total of 48 steps hove been coanleted.
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