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SUMMARY

The number systems used have great impact on the
speed of a computer, At present at least 4 number systems
(binary, negabinary, ternary and residue) are in use either
for general purposes or for special purposes. The carry
propagation delay wﬁiéh is inherent to all weighted systems
(binary, negabinary and ternary) is a limiting factor on the
speed of computations. Unlike the weighted system, the
residue system is carry free which is the main attractive
feature of this system and therefore its potentiality in a
general purpose computer, in the light of present day tech-

nology. has been investigated.

As the background of the investigation the binary and
negabinary arithmetic have been thoroughly studied. A new
method for fractional negabinary division, and a correction
on negabinary multiplication have been proposed. It has
been observed that the binary arithmetic operations are fas-

ter thai these in negabinary system.

The residue system has got problems too. The sign
detection, operations involving sign detection (comparison,
overflow detection, division)} and the residue-to--decimal con-
version are difficult. Moreover, the residue system, being
an integer system, makes floating point arithmetic operaticns

very difficult. The details of the existing algorithms/



methods to solve those problems have been thoroughly inves-
tigated and drawbacks of those algorithms/methods have been

discussed.

This thesis proposes a new method on multiplicative
overflow detection in the residue system, a technique for
the determination of the first approximation for residue
integer division, algorithms for floating point arithmetic
operations in the residue system and a method for the res-

idue-to-decimal conversion.

In order to verify those proposed methods and algor-
ithms a 16-15 moduli residue arithmetic unit has been
designed using LS1 components. The unit together with (in
this case) an SDK-80 microcomputer can perform all the

integer and floating point arithmetic operations.

It has been observed that the binary system still main-
tains its predominance over the residue system in general
purpose digital computers. However, the residue system is
faster where there is no operation involving sign detection,
and also the carry free property, in very large systems, is
of great importance in minimising the chip connections and
inter chip delays. In future, investigafion should be carried
out on the possibility of using VLS1 components which may up-
set the present conclusions which are generally in favour of

the binary system.
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1. INTRODUCTION

1.1 Introductory Note

The number system has a great impact on the speed of
computer arithmetic which, together with other factors -
access time of memories, memory hierarchy and computer
architecture, influence the speed of a computer as a whole.
Scientific problems such as the solution of large sets of
linear equations, problems embracing the field of structural
design, traffic flow, signal processing etc. are associated
with a great deal of computation. A number system with its
associated arithmetic algorithms can greatly effect the

speed of computation.

The choice of a number system depends on the availab-
ility of efficient arithmetic algorithms. Technology also
influences the choice a great deal. For example, a decimal
system would be preferable to a binary system if technology
could provide low cost reliable ten valued logic circuits.
One number system can offer advantages on a particular oper-
ation, but may be unsuitable from the consideration of over-
all speed of computation. For example, in a residue system,
multiplication is faster, however, other operations such as
sign detection, comparison and overflow detection are slow
processes. It is, therefore, worthwhile to investigate which

of the existing number systems can offer the greatest overall
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speed advantage in computer arithmetic for general purpose
computers. The rest of this chapter is an overview of the

existing number systems and their advantages and disadvan-
tages.

Chapter 2 discusses the arithmetic operations in binary
and negabinary systems. The existing arithmetic algorithms
in the residue system have been discussed in Chapter 3. A
few improved techriques and algorithms for residue arithmetic
have been proposed in Chapter 4 and the design of a residue
arithmetic computef}"on the basis of the proposed techniques
and algorithms, has been shown in Chapter 5. Chapter 6 gives
conclusions on the comparative studies of binary and residue

systems.

1.2 Number Systems ~ an overview

To represent all numbers, a number system must have
unique sets of representation. A number system may be a
weighted system or a nonweighted system. Some examples of
the weighted systems are the binary system, negabinary
system, and ternary system; whereas the residue system is a

nonweighted system.

A number in a weighted system can be expressed as

where ai are the sets of integers and w; are the sets
of weights. If wi are the successive power of radix w, the

number system is called a fixed radix system; otherwise it

is a mixed radix system. The binary system (w=2), negabinary
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system (w=-2) and ternary system (w=3) are in the family of
fixed radix systems. Examples of a mixed radix system have

been given in Appendix 5.

Number systems which have found use in digital com-
puters are the binary system, negabinary system [1], [2],
ternary system [3] and the residue system. In subsequent

sections brief discussions now follow on these number systems.

1.2.1 Binary Number System

The binary number system is a two digit (0,1) number
system havirng a radix +2. The decimal value of a binary
number depends on the position of 1. Thus for example

(11011), 1.2%+1.23+40.22+1.2%+1.2°

(27) 10

Due to easy conversion from binary number to octal
number (w=8) and vice versa, some digital computers such as
the IBM-7099, Data General Nova-1, Nova-2 and many others,
use the octal system for easy input-output operation. The
conversion of binary number to octal number is done by for-
ming groups of three consecutive bits and expressing each
group as an octal digit (0 thrcugh 7). Thus above binary
number can be expressed in octal form as

(011, 011), = (33)s = 3.8'+43.8° = (27)1,

The octal number is converted to binary number by
simply expressing the octal digits in binary form. Thus

(75)s = (111,101), .
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Presently some computers - IBM-360, IBM-370 and many
microprocessors make use of hexadecimal numbers (w=16). The
sixteen digits of hexadecimal numbers are 0,1,2,3,4,5,6,7,8,
9,A,B,C,D,E,F. A binary number is converted to hexadecimal
form by taking groups of four consecutive bits and represen-
ting each group by a hexadecimal digit. Thus

(1101, 1111)2 = (DF)1s = 13.16'+15.16° = (223) 1,
When hexadecimal digits are represented in binary form, it
gives equivalent binary number. For example

(92a) 16 = (1001, 1010),.

Another code which is often used is the binary coded
decimal number (BCD). This number is really a decimal number,
the digits of which are expressed in binary form. Thus

(789),0, = (0111, 1000, 1001)BCD

Binary states (0,1) are easily realisable in a physical
system and is one of the main advantages of binary systems
and this is the reason why almost all present day computers
use binary number systems. The obvious disadvantage which is
inherent in all weighted systems is the carry propagation
delay which limits the speed of computation - for example, in
addition and especially in multiplication which is a process
of additions and shifts. Another disadvantage is the sign
correction required in complement (1's or 2's) multiplication.
These are the reasons why the potentiality of other number
systems should be investigated. The speed of arithmetic is
particularly important in the growing field of real time
processing in which a wide range of digital computers/micro-

processors are being applied.



1.2.2 Negabinary Number System

A negabinary system, like a binary system, is a two
digit system. But unlike the binary system the radix is -2.

For example

(a) (11011)_, 12 (=2) %41+ (=2) 340+ (=2) 241 (=2) 141+ (=2)°

16-8+0-2+41 = (7) 15

(b) (01001)._, O¢ (=2) "+1(=2) 340 (=2) 241+ (-2)°

0-8+0+0+1 = (=7) q,

The advantage of this system is that no sign correction
is needed for multiplication. The disadvantages are: (1)
during addition dcuble carries are generated (to be discussed
in Chapter 2) and therefore it is difficult to maintain speedy
propagation of carries, (ii) from examples (a) and (b), it is
seen that when the most significant 1 is in an odd position,
the number is negative and if it is in an even position, the
number is positive. This means that the sign is implicit.
The detection of implicit sign is not so easy as that of
explicit sign as in the case of the binary system, and (iii)
from the example (a) it is clear that to represent (7)1 ,
this system needs 5 bits, whereas the binary system needs only
4 pits (3 bits for magnitude + 1 bit for sign). Furthermore,
some of the arithmetic operations are not easy. Chapter 2

will discuss its arithmetic operations.

1.2.3 Ternary Number Systems

A ternary integer number can be expressed as
N z
- 1
X —'Z a13
1=0
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where a; (i=o, 1, .....,N) are the coefficients and can
have any value of the set (0,1,2) in an ordinary ternary
system or any value of the set (-1,0,1) in a symmetric system.
This number system, specially the symmetric one, offers poten-
tial advantages for the following reasons (i) sign conversion
is easy (simple inversion) (ii) rounding is done by simply
truncating the number to the required number of digits (iii)
since the ternary system needs 58% less digits than equivalent
binary number, addition and multiplication will be faster [4],

[5] and there will be a potential reduction in wiring cost[6]-

The Russian 'SETUN' is an example of a symmetric tern-
ary computer. It used magnetic cores [22] to realize three

state logic.

A handful of papers is available on arithmetic algor-

ithms [4], (5], [7] and ternary switching functions [8]-[12}

The ternary system sounds promising for the future and
interest is rapidly growing in the hardware realization of

three valued logic, [6], [13] - [24].

1.2.4 Residue Number System

The 1esidue number system is not a weighted system.
Therefore its arithmetic operations are carry free which is
the main attractive feature of the system. Since carry does
not propagate from one residue to the next one, the speed of
addition, subtraction and multiplication is faster than the
equivalent binary system. Moreover, in the case of multip-

lication, the storing of the partial product is not reguired.
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However, sign detection and operations involving sign detec-
tion (comparison, overflow detection and division) are not
so easy as in the binary system. Furthermore, since residue
arithmetic is an integer arithmetic, floating point arith-
metic is very difficult. So far as it is known there is
only one residue computer developed by RCA [28]. Limited
uses of residue numbers are found in error detection and
correction algorithms [25] - [27]. The details of residue

arithmetic operations will be discussed in Chapter 3.



24 INTRODUCTION TO BINARY AND
NEGABINARY NUMBER SYSTEMS

As has been discussed earlier, the binary number system
is a two valued (U,1l) number system with its radix (base) 2;
whilst the negabirary system is a two valued system with
radix -2. Since two state physical entities are readily
available the binary system has an advantage over all other
systems. However, carry propagation delay is the main dis-
advantage of the binary system; specially in multiplication,
which involves a series of additions and speed is limited by
the carry propagation delay in the additions. For complement
numbers, multiplication needs sign correction for negative

operand/operands.

In the negabinary system the sign is implicit therefore
multiplication does not need correction for negative operands.
However, this system has got a twin carry problem which is
even worse than that of the binary system, and also due to
the implicit nature of the sign, the sign detection is not so

easy as in the binary system.

Later sections give a review of arithmetic in binary

and negabinary systems.

2.1 Binary Arithmetic

Any of the standard books | 36, 37] can give the back-

ground to binary arithmetic. Binary numbers are presented
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either in signed 1's complement form, or signed magnitude
form or 2's complement form. However, whatever be the form
of representation, the sign is always represented by the most

significant bit (MSB).

2.1.1 Binary Addition and Subtraction

Tables 2.1, 2.2 and 2.3 show the algorithms of binary
addition/subtraction of numbers in 1's complement form, signed

magnitude form and 2's complement form respectively.

Table 2.1

Algorithms for binary addition/subtraction
in 1's complement form

Method Operation Remark
(i) Direct Addition Z=X+Y Treat sign bit as a number
as long as the register
(ii) Direct Subtraction I=X-Y capacity for the number is

not exceeded.

(iii) Addition by Subtraction Z =X -V

Add (or subtract) end round

X+V carry (or borrow), whenever
it occurs, to/from least
significant bit of sum (or
difference).

~N
I

(iv) Subtraction by Addition

V is 1's complement of VY.
Example: Addition of (+9), and -(6) ;,in 1's complement.

0,1001
01,1001
End Round Carry —1 0 0010
1
0 0011 (sum) .
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Table 2.2

Algorithms for binary addition/subtraction
in signed magnitude form

Signs of X and VY Operation Sign of Sum
Addition Same Z¥ = X* + ¥*  sign (z) = sign (x)
Different Z¥ + X* —~ y*  sign (z) = sign (x), if it

does not overflow
sign (z) = sign (x), if it
overflows

Subtraction Same 2% = X* - y*  sign (z) = sign (x), if it
does not overflow

sign (z) = sign (x), if it
overflows

Different ¥ = X* + y*  sign (z) = sign (X)

In Table 2.2 negative number Z* (after operation) is in
2's complement form. To change negative Z* to the signed

magnitude form the magnitude of Z*is 2's complemented.

Example: Addition of X = 40101 (+5) and V¥ = -1001 (-9).

0101
1001
1 1100
overflow
Therefore, the sign of Z* is 1 [= sign (x) |

and the sum is 2's complement form of -4. This must now be

converted back to signed magnitude form, i.e. to -0100.
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Table 2.3

Algorithms for binary addition/subtraction
in 2's complement form

Method Operation Sign bit
(1) Direct Addition I=X+Y
(ii) Direct Subtraction I =X~V Treat sign bit as a number bit
. . . by 1 i C i
(1iii) Addition by subtraction Z =X -V as long as register capacity

for number does not exceed.
of 2's complement

(iv) Subtraction by Addition Z = X +

Y is the 2's complement of VY.

Example: Addition : +(10), and —-(7) 1
(0,1010) »
(1,1001),
(0,0011), = 3z

From the study of algorithms in Tables 2.1, 2.2 and 2.3
it is obvious that 2's complement addition/subtraction is
easier than in any other form of representation. However, it

is more difficult to form than 1's complement representation.

2.1.2 Binary Multiplication

Binary multiplication is generally a repeated addition
and shifting process. Multiplication can be performed by using

one of the following widely used methods [36].

(i) Direct Multiplication Method

(ii) Burks - Goldstine - Von Neumann Method
(iii) Robertson's First Method

(iv) Robertson's Second Method

(v) Booth's Method

(vi) A Short Cut Multiplication Method.
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Binary multiplication with signed magnitude form of
number is much easier since it does not need sign correction:
the sign of the result is the Exclusive OR function of the
signs of the operands. The magnitude of the result is simply
the product of two magnitudes (operands). In the case of
signed complement numbers, the system needs correction if any
one/both of the operands are negative. The Direct Multiplic-
ation Method and Short Cut Multiplication Method are most
suitable for signed magnitude multiplication. All the other
methods are suitable for signed complement multiplication and
these algorithms have the property of needing correction for

signed complement multiplication.

A variation of the above techniques is a multiple
digits multiplication method [36]. In this method the two
LSB of the multiplier are examined at a time and a decision
of operation/no operation is taken according to the Table
2.4. This technique is suitable for signed magnitude

multiplication.

Table 2.4

Table for decision modes in multiple
digits multiplication

Multiplier digits Operation Shift Right
00 No operation 2
01 Add multiple 2
10 Add 2 ¢ (multiplicand) 2

11 Add 3 ¢ (multiplicand) 2
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In guatenary techniques [37] three consecutive bits are
examined and decision of operation/no operation is taken
according to the Table 2.5. An extra one bit of storage is
needed at the LSD position of multiplier which is shifted
two bits right afcer each examination; while the partial

product is not shifted.

Table 2.5

Table for decision modes in
guatenary multiplication

Multiplier bits Operation

000 No operation

001 Add 1 * (multiplicand)

010 Add 2 - (multiplicand)

100 Subtract 2 ¢ (multiplicand)
101 Subtract 1 * (multiplicand)
110 Subtract 1 * (multiplicand)
111 No operation

Example: Quatenary Multiplication with

Multiplicand X = 1100 : Multiplier ¥ = 1111
Initial Partial Product: 00000000
Extra storage
Multiplier Register: 1111 ; 0 11110100 Subtract X
0111, 1 11110100 No operation
]
00001 1 10110100 Addition of

16X

Simultaneous multiplication [36] is a method of hardware

multiplication in which the shifted multiplicand is simultan-
eously added to the previous partial product. This technique
is fast but expensive. Plenty of literature references [38Nl -

[52] are available on this technique.
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ROM multiplication [53], [54] is another approach to

multiplication.
Integrated circuits for multiplication [55] - [58] are
also available. These I.Cs can be cascaded to accommodate

numbers of large word length.

2.1.3 Binary Division

Binary division is commonly performed using one of
three methods [36] <-—- (i) Comparison Method, (ii) Restoring
Method (iii) Non-restoring Method. The most commonly used
method is the non-restoring method. The algorithm for the

non-restoring method has been given in Table 2.6.

Table 2.6

Algorithm for binary division by the
non-restoring method

Remainder R, = 270
Partial remainder rnp = 2rp-, + (1-2q4)Y
dnp = 1 if ry_, and ¥ are of same sign
dn = o if rp-; and Y are of different
. . sign
Quotient Q= (142" + I qj >—(i-1)
i=1
Correction Add (-1+271)

Array divisions implementing non-restoring division
method have been proposed in [59] - [64]. An integrated

circuit for binary division [77] is also available.
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2.2 The Negabinaryv Number System

2.2.1 Negabinary Number Representation (Integers)

General expression for a negative radix integer

number is
n
a’(-'B) = .§ a‘i (_B) “- e n (2.1)
i=o

where 0 < a; £ B-1

where 0 £ a; < 1

Thus (11011) _, = 1x(-2)*+1x(-2) *+0x(-2) *+1x(-2)’

+1x(-2)"°
= 16-8+0-2+1 = (7)10

and (01111) 0x(-2) "+1x(-2) *+1x(-2) *+1x(-2) "

2

+1x(-2)°

= -8+4-2+1 = -(5)

From above two examples, it is seen that, if the non-
zero MSB is in an even position, then the number is positive;
and if the non-zero MSB is in an odd position, then the

number is negative.

The conversion of integer number of positive base to

negative base and vice versa has been shown in [66] - [68].

2.2.2 Negabinary Number Representation (Fréction)

No literature on the representation of fractional neg-
abinary number is available, however, the general expression

of fractional number in negabinary system is given by

n .
a(-2) = I a_ ., (-2) ceeen (2.2)
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where ai D (0,1)

The representation of fractional negabinary number
thus needs two extra bits before negabinary point.

Thus
1x(-2) 1+1x(-2) +0x (-2) "1+1x(-2) "2
+1x(=-2) 341x(-2)"*

f13)
tORE

(11.0111)-

2.2.3 Polarisation of Negabinary Number

Similar to the ‘'complement ‘of Binary Numbers there
exists a 'Polarisation' [70] of Negabinary Numbers. The
procedure to polarise a negabinary number can be stated as

follows: Starting from the LSB complement immediate

next bit following a '1l°'.

Example: (a) Polarisation of (5)33= (0101)-, is
(ll.];]-)‘Z = —(5) 10
(b) Polarisation of (-3),, = (1101)-, is

(0111) -5 = (3) 1

2.2.4 Negabinary Addition/Subtraction

A truth table for negabinary additicn, as presented in

[65], has been shown in Table 2.7.
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Table 2.7

Logic table for negabinary addition

Number
X v Sum, S Carry Ci1 Co
0 O 0 0 0
0 1 1 0 0
i 0 1 0 O
i1 0 1 1 Twin Carry

The twin carry grows to unmanageable numbers as the addition
moves towards the MSB position. However, carry-borrow tech-
nigues [69] and [72] can minimize the twin carry accumulation.
The technigque can be summarised as: A carry generated in any
bit position is considered to be a borrow to the next bit

position; a borrow generated in any bit position is consid-

ered to carry to the next bit position. Example:

(5) 10 = 0 0 1 0 1
+ (3) 1 = 0 0 1 1 1
(8) 10 1 1 0 0 0

Truth tables of addition arnd subtraction, according to
carry-borrow technique, have been shown in Tables 2.8 and

2.9 respectively.
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Table 2.8

Addition - Truth - Table

Numbers Carry Borrow _ Sum Geggii;ed Gegiiizid
X Y Ci Bi S Ci+1 Bi+i
0 0 0 0 0 0 :
0 0 0 1 1 1 0
0 0 1 0 - 0 0
0 1 0 0 1 G 0
0 1 0 1 0 0 0
0o 1 1 0 0 0 1
1 0 0 0 1 0 0
1 0 0 1 0 0 0
1 0 1 0 0 0 1
11 0 0 0 0 1
1 1 0 1 1 0 0
11 1 0 i 0 1
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Table 2.9

Subtraction - Truth - Table

Numbers Carry EOTEON S fig;;;;if EEEZ£;g§j
X Ci Bj < Cin k
0 0 0 0 0 0 0
0 0 0 1 1 1 0
0 0 1 0 1 g 0
0 1 0 0 1 1 ’
0 1 0 1 0 1 g
0o 1 1 0 0 0 0
1 0 0 1 0 0
1 0 0 1 g £ 0
1 0 1 0 i 0 !
11 0 0 0 0 ¢
1 1 0 1 1 1 0
101 1 0 1 0 0

Subtraction can also be performed by the method of
addition of the polarised subtrahend [72]. This technique
is like subtraction by addition of a complemented subtrahend

in binary subtraction.

The addition and subtraction methods discussed so far
have been of a 'ripple carry' type. For fast addition, a

carry look-ahead adder has been proposed by Agrawal [76].
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2.2.5 Negabinary Multiplication

The methods of multiplication in negative base have
been discussed in [70] and [74]. However, a variable-bit-
shift negabinary multiplication process [73] is an interes-
ting method. In this method two consecutive least signif-
icant bits of the multiplier are examined at a time and the
decision of arithmetic operation/no operation is taken

according to the Table 2.10.

Table 2.10

Table for decision modes in
negabinary multiplication

Two bits of Arithmetic operation Number of right
multiplier required shift

Yielr Yi

0 0 No operation 2

0 1 Add Multiplicand 2

1 0 No operation 1

1 1 Subtract Multiplicand 2

However, this method does not work when two bits of the mul-
tiplier are 10. Multiplication of a non-zero multiplicand
with the multiplier 10, will produce zéro result according
to table 2.10:; whereas the actual result should be (-2 x
multiplicand). Therefore, this method needs correction. A

correction has been proposed in section 2.2.7.

2.2.6 Negabinary Division

Elaborate discussions on integer division in the neg-

ative base system have been given in [70] ana [71 1.



Agrawal has presented

division in [75), and

Let a, b, and ¢
pelarised divisor and

q can be expressed as

be the non-zero dividend,

quotient respectively.

m .

—_ o { = 1

a = iéo a;i(=2)

m .

b= % bj(-2)
i=o

m-n+1 ]

g = Z qi(-2)¢

(o]
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the method of negabinary integer

this has been described below.

non-zero

The a, b and

The division is started with a leading zero added to a and

the most significant bits (MSBs) of b aligned to a.

quotient bit is

divisor one bit to the r

if the addition of the polarised divisor is possible.

ally any one of

ight.

The

evaluated after shifting the polarised

The quotient is taken to be 1

Gener-

the following conditions exists after shif-

ting the polarised-divisor one bit right when the 4ith guotient

is being evaluated.

(l) O ai_,_n
Eh En—l

(ii) Aij+n Qi+n
Bﬁ Bﬁ—l

(iii) Aspnel %4
ba

If condition (iii) exists,

possible. If condition

is never possible.

ion is possible when the magnitude of P, ;

a s

_1 8 % 1
w4 ‘5.0

-1 Ai+n-2
55—2

+n %i+n-1
En—l

(ii) exists,

If condition (i) exists,

. ao
a4 Ay

L BO
ai+n_2 DU aO
bn—2 s oe s .5-0

the polarised addition is always

the polarised addition

polarised addit-

is equal to or
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smaller than the dividend (or the partial remainder). P.ri

is given by the multiplication of b by ¢cri, where qerp; is

given as:

Bit No i i-1 i-2 i-3 .... 210

Value of q.,; ‘o) 1 1 1 .... 111
the rightmost bit is 1 when i is even; otherwise it is zero.

Pcri = E'qcri

However, the method described above is not applicable
to negabinary fractional division. Therefore, one method for
negabinary fractional division has been proposed in section
2.2.8.

2.2.7 A correction proposed on variable ghift
negabinary multiplication

Except for one correction, the method is the same as

that discussed in section 2.2.5.

Table 2.11

Algorithm for negabinary multiplication

Two bits of

multiplier Operation Right Shift
Yi+1 Yi
0 0 No operation 2
0 1 Add Multiplicend 2
1 0 Add (-2-Multiplicand) 2
1 1 Subtract Multiplicand 2

[—2°(multiplicand) is obtained by shifting multiplicand one

position left. ]
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The correction is only for Yij4; Vi = 10.

Example: Multiplication of (3) 3, by -(10)y -

(0111) -,

(1010) -»
01110

1110
(Negabinary Addition) (100110)-, = (-30)

]

(3) 1w
(-10) 10

1l

According to the proposed correction, the multiplier
is a 2-shift multiplier and algorithm is same as that of

binary multiple digits multiplication (Table 2.4).

2.2.8 Method Proposed on Negabinary Fraction Division

The proposed method assumes that both divisor and
dividend are fractional and divisor is greater than dividend
(i.e. X<Y). The quotient Q can be written as (from negabin-
ary representation of fractional number section 2.2.2).

2

0 = a=2) “+a (-2) “+a_, (<2)7 4a_,(-2) P+ .... +d-p(-2)7n

n
- . .
-a (2) +ao (2) +i§1 a_;(-2)71

Let -a (2);+a0(2)° be represented by two bits qi1q
) 190

Therefore
. n v —
Q= qi1qy+ 2 a-j(-2)"1
i=1
5 -i -i
= q,qp*, L, (-1 a-5(2)
If a_y = 1, then
(1) (—1Y&'G—i = -1 if 1 is an odd number.
(ii) (—1fﬁ'a—i = 1 4if i is an even number.
If «a = o0, then

-1

(iii) (-1 La-;

1l
o
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In the negabinary system -1 is represented by two bits,
1 1. Therefore, at least two bits are needed to represent

the set (0,1,-1) in negabinary system.

In other words Q can be written as

n .
Q= ¢i1q0 + T La, (=2) Y+ay(-2)°]-2"1
1=

-1 1
(~a72” " T +ap2”h)

ne~g

q1qo +

1=1

—a12—i+1+a02_i can be denoted by two bits

Q-3+, q9-i

nespB

Then Q = qi1qo + Q-i+14-3

1=1

(The negabinary point lies just after ¢, bit)

Fig 2.1 shows the flow chart of negabinary fractional
division process, and it is similar to the non-restoring

fractional division in the binary system.

Example: Divide - [léi by é]
64 ) 1 8) 10

3
X = _[li (00.110001) -,

4Jm
- |
10

|

il

(01.101) _,

0w
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00.11001
01.101 Addition, since sign does not agree

00.011001 sign agrees with the sign of Y. Therefore
e:) @190 = 11

left shift

00.11001
:) polarisation

00.01011
01.101 subtraction

00.00111 sign disagrees with that of Y. Therefore
Qoq-1 = 00
left shift
00.0111
;) polarisation
00.1101
01.101 addition

¢-14-2 = 01

left shift

00.111
:) polarisation

00.011::) sign agrees with that of Y. Therefore

01.101
01.101 subtraction
00.000 (for zero remainder q_,G_3 = 11,

since i=3 is an odd number)

Therefore Q G1qo+Goeq-1+¢-14¢-2Tq-2q-3

11.
00
01
11 .
00.101 = - %.

Il



[m(x,\()

X « pPat{T(1)]

T €= X+Y
i — B+

X e Pol[T(N]
T e X+ Y
i e— it 1

Yes

ls
l odd

q, q. «<— o1 «— 11
~j+y -l -Ivl ‘i

R

Fig.2 .1 Flow chart of negabinary fractional division proccess.
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2.3  Conclusion

The details of binary and negabinary arithmetic
methods have been discussed in the preceding sections. It
is clear from this study that all the methods of binary
arithmetic can, with slight modification, be used in neg-
abinary arithmetic. However, the twin carry propagation is
the main disadvantage of the negabinary system. The carry-
borrow technigue of addition/subtraction is serial in nature:;
therefore, it is inherently slow. The negabinary carry look
ahead adder is complex and has no speed advantage over a
binary adder. Polarisation, similar to complement in the
binary system, is a serial type of operation; therefore, it
is a slow process. Negabinary multiplication does not need
correction, but additions of partial products (PP) are
slower, since negabinary addition is slower than binary
addition. The proposed negabinary fractional division |
method is similar to the non-restoring binary fractional
division, however, since polarisation and negabinary addition
are slow in comparison with the complement and binary add-
ition, the process of negabinary division is slower than that
in the binary system. Above all it can be concluded that the
negabinary system has no speed advantage over a binary system.
Therefore, other number systems which are carry free are well

worth investigating.



3. RESIDUE ARITHMETIC -
- LITERATURE REVIEW

3.1 Int oduction

Due to the carry free property of residue arithmetic,
addition, subtraction and multiplication are all faster in
the residue system than in the binary system. However, sign
detection, operations involving sign detection (comparison,
overflow detection) and division are slow processes. Also
since residue arithmetic is an integer arithmetic, residue
floating point arithmetic is very difficult. Similarly out-
put translation (residue to decimal) which, although less
frequently used, is still a problem. However, due to the
carry free properties, residue arithmetic systems are well
worth investigating as an alternative to the conventional
(binary) system. A comprehensive knowledge of residue arith-

metic can be gained from [28], [29].

To be of use in any general purpose computer any number
system needs efficient algorithms on sign detection, overflcw
detection, division, f£loating point arithmetic and output
translation. Later work in this thesis investigates suitable

improvement in some of these areas for the residue system.

The remaining sections of this chapter discuss residue
addition, subtraction, multiplication, existing algorithms
on division, overflow detection, floating point arithmetic

and output translation.

28
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3.2 Integer Residue Arithmetic - an outline

3.2.1 Addition, Subtraction and Multiplication

If (Pyx, Pux, Pax, =---- ¢ Ppx) and

are the residues cf the operands X and Y respectively in
the residue system of moduli m, (i=1.,2,3, «.... , n), then

addition/subtraction and multiplication can be expressed as
(i) Addition/subtraction:

IXiV!M = Iplxiply‘m13 Ipzxipzylmz,

1Py 2Paylp, s - oo AP #2y
where M = ﬂ?_ m,
1=1 1

(ii) Multiplication:
IX'VlM = |P1x'p1g|m1, |p2x'sz|m2,
Ipsx'P3y|m33 .....,Ipnx'pnqlmn
Combinational logic or look up tables in suitable mem-
ories can be used to implement addition-subtraction and mul-

tiplication processes. The modulus which needs the most time

in operation determines the speed of each overall operation.

3.2.2 Division

3.2.2a The types of division

There are three types of division [28 ] each of which

must be considered in contemplating possible implementations.
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Category 1l: Division Remainder Zero : In this category
of division, the dividend is a multiple of

divisor.
Category 2: Scaling : Division by factor/factors of M.
Category 3: General Division : Division by any arbitrary

numbers,

General Division is of particular interest, since in
a general purpose computer both divisor and dividend are

arbitrary numbers.

3.2.2b Methods of General Division

There are at least two methods for accomplishing this
in a residue system - General Division I [28], BO] and

General Division II [ 28].

General Division II process is slower than General
Division I and is restricted by a special requirement.
General Division I needs a look up table which contains the
numbers 2% (i=0,1,2, ...., N) in residue form. (N is the
highest power to 2 contained in (% -1)). The ook up table
is formed in memories, where the address represents the
exponent (power) to 2 and the contents give the value ot 2i
in residue form. This method assumes that the dividend X
and the divisor Y are positive and nonzero. The details of

the procedures are given below.
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(i) TFind G(V)=2k. (Starting with the highest address
number (N), the contents of each location of the table is
compared with Y, until 2k_5 Y < 2k+1).

2N N
(ii) Find the first approximation, F = Tk (Since 2
and G(Y) are the numbers of powers of 2 and G(Y) < 2N, F

can be found by division of Category 1.)

(iii) Follow the iterative process shown with the flow

chart of Fig. 3.1.

To determine G(Y) by logarithmic search technique

[30 ], it requires on the average

n

5 log, c modular operations [30] ..... (3.1)

(Where n is the number of moduli; ¢ = log, (M/2-1))

After G(Y) has been obtained, to find F it requires
(on the average) additional

(n+2) modular operations e (B 2)
Iterative process needs on the average
% (n+1) modular operations sssss (3.3)

Therefore total division process requires, on the
average
log, ¢ + n + 2 + % (n+1)

modular operations sesee (3.4)

n
2



START

L «— L
Q< F F <« F/2

No

F « F/2 L
Q < >Q,

Y RJ . k=0
END

Fig.3.1 Flow Chart Of Iterative Process in
residue integer divisicn .
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The first approximation F can be determined by fast

division technique [30] from the value of E(X) and E(V).

"The steps that are followed are:

(i) Convert X to its mixed radix form (Appendix-5)
and pick up the most significant nonzero digit

@y (say).

(ii) Find G((aux+1)wp) and G(aux-wp) from a look up
table which contains the value of
2% (i=1,2, .... N), where N is such that
2" < m-1) < 2P0 (mp = F m). also find

E((aux+l)ﬂp) and E(auxwp) from another look up

table.

(iii) Find X~ = X- G((aux+1)ﬂp) and determine the sign
of X by another mixed radix conversion. If sign

is negative G(X) = G(auxﬂp) and E(X) = E(au Tp) o

X
Otherwise G(X) = G((aux+1)ﬂp) and E(X) =
E((aux+l)ﬂp) (E(X) = i where i = 1,2,3, ....N).

Similarly find E(Y).

The F is given by

E(X)-E(Y)

F = 2 (in residue form)

If two mixed radix converters and associated look up
tabhles are available, F can be obtained in 2n nmodular oper-

ations.

3.3 Overflow

If m, (i=1,2,3, .... n) are the moduli of a particular
residue system and the moduli are pairwise relatively prime,

then the range of the numbers that can be uniquely represented
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is given by M = ﬁlllni. If one of the moduli is even, then
the range of the positive numbers (positive half) and that
of negative numbers (negative half) are defined by

{0 to M/2 -1} and {M/2 to M-1} respectively.

An overflow is said to have occurred if the result of
an arithmetic operation exceeds M or the range of positive

half or negative half.

3.3.1 Qverflow due to addition/subtraction

An additive overflow can occur if two operands X and
Y are of same signs. If operands are positive and overflow
occurs, the result falls in the negative half. For negative
operands, the result falls in the positive half. Therefore
additive overflow can be easily detected by detecting the
incorrect sign of the result. Subtractive overflow can occur
if the signs of the operands differ. Since subtraction can
be reduced to addition (X + (-Y)), subtractive overflow

detection is similar to the additive overflow detection.

3.3.2 Multiplicative Overflow

When multiplicative overflow occurs, one of the two
following phenomena occurs - (1) the result is of incorrect
sign (exceeds the range of positive half or negative half) or
(ii) the result is of correct sign, but incorrect magnitude

(exceeds M).

The overflow of first category can be detected by
checking the sign of the product whether the sign is incor-

rect). When overflow is of second category, the following
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relation [ 28] is valid.

¢ | Xlw | 2 ceee. (3.5a)
X
First llem is calculated by techniques of General
X
Division I. Then G [ lfilﬂ and G(Y) are obtained by log-
X

XY . g
[ |M is a division, more

X

time will be needed to find it. However, if the expression

arithmic search technique. Since

(3.5a) is written as (3.5b), the division JXV|M can be
X
avoided.
G((XY)m) .
G(X) % G(y) " 88 s s (qub)

G((XY)M), G(X) and G(Y) can be obtained by fast technigue
proposed in [30]. If two mixed radix converters are available,

the overflow of second category can be detection with

4n modular operations ceaes (2.50)

Multiplicative overflow can also be detected by using
a redundant modulus [28]. The time required is at the most
3 MRC (Mixed Radix Conversion; Appendix-5) with n+l1 moduli
plus 1 modular cperation. This is equivalent to  3n+l
modular operations. (1IMRC is equivalent to (n-)) modular

operations [Appendix-5] with n moduli).

3.4 Floating Point Arithmetic in a Residue Number System

At present it is difficult to perform floating point
arithmetic in a residue number system. There is a limited

amount of published work on this problem, for example, [33]
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has proposed 2 as the base of the exponent, while [32] has
proposed a base cf 10, However, no details of floating
polint arithmetic operations have been given. The algor-
ithms proposed in [31] are of particular interest, since
details of arithmetic operations have been presented with
illustration. Furthermore, the format used is different
from the conventional format. The details of the algor-

ithms have been given in the following sections.

3.4.1 The representation of floating point numbers

A floating number can be represented as

k . M . MA
where |k| < %‘(M—l); ¢ is an integer
)
M, = T mj (4 # 0)
MA = 1 (4 = 0)
M = T]'n my
1=1

and m; < My <Mz <svewaes <M

3.4.2 Floating Point Arithmetic

ey ey
k. M" M, _and Y =%k M7 M
X y 5

Let X -

Y
e,
F1(X @ V) = kz M M where © denotes

and Z e

arithmetic operations (addition, subtraction,

multiplication or division).

3.4.2a Algorithms for floating point addition/
subtraction

(It is assumed that e, 2 eg and X, Y are positive)
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(3)

(4)

(5)

(6)

(7)
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]
©

Find Ae = e If Ae > 2,

X y*
X.

F1(XtVY)

If Aeg = 1, test whether AX > Ag.

If it is true Fl(XtY) = X, otherwise scale [28]

Let the result be KR.

If Ae = 0, test whether Ax = Ay. If it is true
Kp = kg' Otherwise, scale ky by méy+1 méy+2
..... m and the result be K_.

5y R

Find k, = k, = Kp and set ¢, = ey ; 47 = by,

[%ddition is done using redundant modulus mp4; .
1

m,4+1 1s so chosen that (M-1) < B M . mpep - 1)
and my < mp4 ]
Find the mixed radix digits ai (i = 1,2,3, ....,

n+l) of kz which is associated with moduli mji.

If a; are zeros, set e, = 0, b = 0.

Otherwise, denote by au the most significant non-
zero digit. If U = n+l, scale kz by mA . and
increase éz by 1. If 4 = n, set Az = 0 and

increase ez by 1.

bdz4+n

If U < n, maltiply k Dby T, .., M3

which can be read from a permanent table by using
U and AZ, decrease ez by 1, and increase Az by U.

If AZ < n, go to step 5. If 52 > n, lncrease 2

by 1 and decrease 4, by n, go to step 5.
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If U = n, test whether Az = 0, If it is true,

. . iy
k, is normalized. If 4 # 0, fetch ((Mlmbz)
, . . 1
+1) from look up table. Find |kz|— B ((Mfm, )
+1) and determine the sign. If sign is negative

multiply kz by mg and decrease 52 by 1.
z

3.4.2b Algorithms for floating point multiplication

(1)

and
(2)

(3)

(4)

(5)

Find |kx| and |k (i = n+l, n+2, ...., n+p)

mi ylmg

by method of base extension [28].

E%ultiplication is done using p numbers of redun-
dant moduli to prevent loss of information due to
multiplicative overflow. The redundant moduli

are so chosen that p < n and

.l 2 < J—_ -
4 (M-1) -m 25 (M . moyoe T, e mn+p 1).
Mty € Mpyry, < aens <"h+p:]
Set e = e + ¢ ;0 A = 4
z X Y z X
If 4 =0, find k_ =k, . k , nd if 4 =1,
y - X y' Yy

find kz = kx . kX, . m;, where the residue repres-

Y
entation of m; is read from look up table. Other-
wise, increase ezkw'l, find kx g ky and scale the

result by m/‘sy+1 c M L, eees Ty to get kz.

Find the mixed radix digits (Appendix-5) aj
(i =1, 2, ...., n+p) of kz' If all the digits
are zeros, set éz = 0, e_ = 0. Otherwise denote

7

the most significant non-zero digit by ay.

If U > nt+2, replace kz by kz T m,
1
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and increase éz by u-n. If AZ = n, set AZ = 0

and increase e, by 1. Go to step 4.

If U = n+l, replace kz by (kz|m¢z+1) and increase
5, by 1. If AZ = n, set Az = 0 and increase e,
by 1. Fetch % (M-1) (in residue form) from a
table, compute |kz| - %-(M—l) aind find the sign.
If sign is positive, replace kz by (kz|m62+1)

and increase Az by 1. If A7 = n, set AZ to zero

and increase e, by 1.

3.4.2c Algorithms for floating point division

Let X and Y be the dividend and divisor respectively.

(1)

(2)

(3)

Find Ikxlmi and lkglmi (i = n+l, n+2, .... n+p)
by method of base-extension.

Multiply kx by A which can be read from a look

up table.

[:The value of A depends on Ax and bg'

a I£f 4 > 45 and 4 =0, A =M
) X = 4 Y

b) 1f 4 ZAyandéy;ﬁO, A = B.C

X
n A
where B = 7 mjy and C = 1w m;
i=4 +1 i=8,-5 %1
1 y x4y
c) If Ax = Ay and Ay #0, A =M
a If s, < 5 A =M . B . D where
X y by
n
D= mmjy :l
i=n+Ax—Ay+1
If Ax < 6g' decrease ¢_ by 1 and increase bz by
n.
e b — . \ I: ]. .
Find k, (X, A|kg) by scaling

(If kz = 0, division is undefined)
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3.5 Translation of Residue Numbers to Decimal Numbers

A number in residue form is not readily understand-
able. Therefore the residue system needs a provision for
translating residue numbers to decimal numbers. Since
output translation is less frequently used, more time can

be allotted for translation than for arithmetic operations.

The Chinese Remainder Theorem [28] can be used for
output translaticn provided that the system has the fac-
ility of mod-M operation. The A(X) method [34] does not
need mod-M operation, however, it needs super modulus to
determine A(X), and the method is applicable only if the

base w (in this case 10) is pairwise relatively prime with

m;. Benerjee and Brzozowski [35] pointed out that the
method of base extension [28] can be used provided (i) gcd
(w,mi) =1 or (ii) gcd (w,mi) # 1 for only one modulus and

w > m; for that particular modulus.

[gcd stands for greatest common divisorJ

3.6 Conclusion

It is obvious from above discussions that addition/
subtraction and multiplication are straight forward operat-
ions; and delay is equal to the delay of one modular cper-
ation. The operations can easily be implemented with memor-
iec (look up tables). Therefore there is no real problem in

practical implementation of these operations.

Division, however, is not so easy as addition/subtrac-

tion and multiplication. Determination of the first approx-
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imation F which needs P%log2 c + n+2] modular operations

using logarithmic search technique is obviously a time-
consuming operation. However, fast division technique can
reduce that time (for determination of F) to 2n modular
operations. This means that the division process will be
faster. Still an investigation, whether a fast division
technique can be implemented in a different way with speed

improvement, is wceirthwhile.

Multiplicative overflow detection irn redundant res-
idue system is faster (3n + 1 modular operations) than in
non-redundant system (4n modular operations). However, a
redundant system needs an extra modular operation which may
not be desirable. The choice of redundant modulus may be
critical. This means that if the redundant modulus gets
large, implementation of operation with that modulus may be
difficult and operation may get slow. Again, the introduc-
tion of a redundant residue decreases the available range
of the system which may not be appreciated. Therefore an
alternate approach is to choose the non-redundant system
and carry out an investigation for faster overflow detection

technique.

As discussed earlier floating point multiplication
and division need p numbers cf redundant moduli to prevent
loss of information due to multiplicative overflow. This
compels the system to have the capacity of (n+p) modular
operation units and the capacity of MRC with (n+p) moduli.
If p is large e.g. {(p=n), then MRC with (n+p=2n) may be

difficult. If p is chosen to be smaller, each redundant
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modulus will get larger (to meet the requirement stated
before) and mechanisation will be difficult. Therefore it
is worthwhile to investigate alternative floating point
algorithms and particularly those which can be implemented

within the integer residue arithmetic environment.

In output translation, the Chinese Remainder Theorem
needs arithmetic with mod-M which is a costly affair. The
A(X) method is restricted by the reguirement that (w,mi)
must be pairwise relatively prime. In conversion of residue
numbers to decimal numbers, the base is 10 which is a com-
posite of 2 and 5; and a residue system generally has one
even modulus to have well-defined positive half and negative
haif; therefore the above requirements cannot be fulfilled.
The method of using base extension covers a wide range of
situations. However, in a system where w < m, and gcd
(w,mi) # 1, the base extension method is not applicable.

In that situation an alternative method must be investigated.

The next chapter proposes a few algorithms relating

to the above problems.



APPEND TO CHAPTER 3 OF THESIS

"Residue Arithmetic in Digital Computers"
R.C. Debnath

FURTHER RELEVANT PAPERS

Jullien [82] establishes that the residue operations like
addition, subtraction, multiplication and scaling can be easily
implemented with Took-up tables in currently available ROMs., He
also contends that scaling by the metric vector estimate process is
either equally or more highly efficient than the exact division
technique. Residue arithmetic operations (addition, subtraction,
multiplication and scaling) implemented with look-up tables in high
density ROM can allow for a high speed digital processor.

The conversion of a residue number to a binary number is not an
easy process. The method based on the Chinese Remainder Theorem requires
residue arithmetic operation with Modulo-M, and is therefore a costly
method. A more efficient method is to use the Mixed Radix Decoding
technique [83]. This technique needs less memory locations and can
also be implemented with currently available ROMs or PROMs.

Additional References:-

[82]1. G.A. Jullien, "Residue number scaling and other operations using
ROM arrays", IEEE Trans. on Computers, Vol.C-27, No.4, April
1978, pp.325-336.

{83]. A. Baraniecka and G.A. Jullien, "On decoding techniques for
residue number system realizations of digital signal processing
hardware", IEEE Trans.on Circuits and Systems, Vol.-CAS 25,
No.11l, No. 1978, pp.935-936.
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from the following groupings of the numbers from 0 to M/2.

U

Category 1 : Group-0 (0,1);

1
3

Group-1 2 (2,3, ... , (M)*-=-1)

1 1
Group-2 = ((MY*, (M)*+1, .... , M/2)
Category 2 : Group-0 D (0,1);
1
Group-1 =D (2,3, ... , (%)2—1)
M 5 M
Group-2 ((5) AR PR M/2)

From the groupings of the numbers, it is clear that
no overflow occurs for (Group-0) « {(Group-1) or (Group-2)}:
but overflow will occur for (Group-2) « (Group-2). However,
there is no certainty whether overflow will occur for
(Group-1) « {(Group-1) or (Group-2)}. Even if overflow
occurs, it is not clear whether the product exceeds P(%) or
N(%) or (M-1). This is due to poor resolution of numbers in
groups 1 and 2. Therefore a 'Logarithmic Distribution' which

gives high resolution of numbers in groups is proposed.

4.2,1 Logarithmic Distribution of residue numbers

The numbers 0 to M/2 (positive half and the highest
negative number) are distributed among several grocups accor-

ding to the table 4.1.

If g(x) and g(Y) are the group numbers of X and Y res-
pectively, then it can be shown from Table 4.1 [ Appendix-1;

(AP1 (a))] that
Case (1) : 1if g(X) + g(¥Y) < y, no overflow occurs;
Case (ii) ; if g(X) + g(Y) > y, overflow must occur.

Case (iii) : if g(X) + g(¥) = y, overflow may or may not
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occur; however, if it occurs, the product will be of

incorrect sign.

Table 4.1

Distribution of Numbers

Numbers Group
0 0
1 1
w.2%72 syt 2
w2 -ﬁw.2‘5+"—1 3
e R UL S S s-1
w28 oy oyl 3
w2 At (art) —> w.2 Aty A+1
: !
wop Aty M/2 i

[Where y = n+l, such that 2" < M<:2n+1; in other words y is
the highest power to 2 contained in 2M. When y is even,

1 Mt
W= (M)*, and 4 = y/2 + 1. When y is odd, W = (3)°, and

s = (y+1)/ZJ
. P Mk .
However, in most cases (M) or (5) is not an integer
number. In those cases the closest higher integer value of

1 3
(M)? or (%)Zis chosen to be the value of W. The lowest
number in the (A—i)th group (i =1,2, .... , 45-1) is the
rounded integer value of L/2, where L is the lowest integer

number in (/5—i+l)th group. The lowest number in the (/5+k)th
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group (k = 1,2, .... , 4-3) is given by 2k .w. However, in
Case (iii) in some situations, multiplication of two high-
est numbers in two separate groups may be equal to or
greater than M (due to rounding error and choice of the

L L
closest higher integer value of (M)? or (=)J* for W). Under

T

these circumstances a minor adjustment of the highest int-—
eger is needed. The highest number of the higher group of
the two is decreased by a minimum number, say o, such that
the product of the decreased numbér and the other highest
number becomes less than M. The lowest number of next

higher group (with respect to the higher group of the two)

is decreased by the same number o.

1 1
If (Mji or (Mfi is an integer number (i.e. M or M/2

is a rational number) and even, then the lowest number of
(2&—1)th group is to be increased by 1 and the highest num-

ber of the (A—Zfﬁl group is increased by 1.

Example 1: If m = 16, m3 = 15, m2 = 13 and m1 = 11,
4

congtruct a 'group table'.
Solution:
(i) M = 16x15x13x11 = 34320

(ii) 2¥ < M < 2¥® ; therefore y = 16.

1
(iii) (M)* = 185°256; therefore W = 186.
(iv) 5 = 16/2 + 1 = 9
(v) M/2 = 17160

(vi) Table 4.2



Table 4.2

Group table for Example 1.

Numbers Group
0 0
i 1
2 2
3 — 5 3
6 —> 11 4
12 — 23 5
24 —> 46 6
47 —> 92 7
93 — 185 8
186 — 271 9
372 — 743 10
744 —> 1487 11
1488 —s 2975 12
2976 — 5951 13
5952 — 11903 14
11904 — 17160 15

Example 2: For m3 = 2, m2 = 3, and mu = 13,

construct a 'group table'.

Solution:

(iii)

(1) M = 2x3x13 =
(ii) 2% <M < 27
12~ 6°24
(iv) & = (y+l)/2

(v) M/2 = 55

(vi) Table 4.2(a)

~0

~e

therefore y
therefore W

4
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Table 4.2 (a)

Group table for Example 2.

Numbers Group
0 0
1 1
2 - 3 2
4 — 6 3
7 —> 13 4
14 — 27 5
28 =~ 55 6

It is seen from the table 4.2(a) that the product of
6 (the highest number in gFd group) and 13 (the highest
number in 4P group) is equal to 78(=M). Therefore the
highest number of 4th group is replaced by 12 and the low-
est number of Sth group is replaced by 13. The correct

'group table' is shown in table 4.2(b).

Table 4.2 (b)

Correct group table for Example 2.

Numbers Group
0 0

1 1

2 —> 3 2

4 — 6 3

7 — 12 4
13— 27 5
28 — 55 6




Example 3:

construct a

Solution:
(i)

(ii)

(iid)

(iv)

(vi)

Ifm =
3

49

2, m =11, and m = 5,

2 1

'group table'.

M= 2x11x5 = 110

2% < M < 27 ; therefore y = 7
(%fi = 7741 ; therefore W = 8
5 = (y+1)/2 = 4

M/2 = 55

Construct Table 4.3

Table 4.3

Group Table for Example 3.

Numbers Group
0 0
1 1
2 — 2
4 — 3
8 — 15 4
16 — 31 5
32 — 55 6
Therefore multiplicative overilows can be detected by

(a) testing for

incorrect sign of the product, and (b) com-

paring the sum of group numbers of multiplicand and multip-

lier with the total numbers of groups y.

If sum is greater

than y, overflow must occur; if it is less than y, overflow

will not occur.
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4.2.2 Design Ideas for Qverflow Detection

Since the group numbers described previously are
assigned to the positive numbers and to M/2, and a number
may be positive or negative, the information of sign and
magnitude of the number is essential. The MRC (Appendix-5)
is the only way to get sign and magnitude information.
From the mixed radix digits (MRD) of a negative number it
is possible to form the MRDs of its positive 'counterpart'

[ Appendix-1, (aP1(b))].

When number of MRDs gets larger, a partition between
them is essential. This partition divides the MRDs into
two parts - the most significant part (MSP) and the least
significant part (LSP). If the modulus Mﬁ is chosen to be
even, and is placed at the most significant digit (MSD)
position a,, then ap contains the information of sign and
falls in the MSP. With the sign information and MRDs of
the LSP, a look up table is formed for the group numbers
of positive/'counterpart' positive numbers in the LSP. (The

table is formed from the decimal value (DV) of the MRDs.)

When the number is negative the MSP needs the infor-
mation whether the LSP is zero to form the MRD of the pos-
itive 'counterpart'. From this information (zero-LSP), the
sign and the MRD of MSP a look up table is formed, assuming
the MRDs of the LSP are zeros. (The table is formed from

the DV of the MRDs.)

The group number of a number depends on the DV of all

MRDs (MSP + LSP). From the observation of the range of
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numbers in a group of the MSP and the DV of the MSP, it
will be clear that the group number of certain MRDs of the
MSP will transit to the next higher group number if certain
minimum number from the LSP is added to the DV of those
particular MRDs. Those MRDs may be termed as 'transition'
MRDs and the minimum number required for transition as
‘transition' number. The transition number is identified
by observing whether the number, obtained as a result of sub-
traction of the DV of the MRDs in the MSP from the lowest
number in the next higher group (with respect to the group
of the MRDs in the MSP), falls withirn the range of the LSP.
Therefore along with the group tables for the MSP and LSP,
there must be one table containing the transition numbers
and another table giving the negative binary values (2's
complement) of the LSP. (The transition number of the non-
transition MRDs is taken to be zero.) The transition num-
ber is added to the negative value of the binary number of
the LSP. The carry from the moct significant bit (MSB)
position indicates that the group number of the MSP must
transit to the next higher group. Therefore the carry is
added to the group number of the MSP. The group number of
a number is given by the group number of the MSP, or the
group number of the MSP plus one if transtion occurs, or the
group number of the LSP if the group number of the MSP is

Z€ero.

overflow is detected by comparing the sum of the group
numbers of operands witch the total number of groups and det-

ecting the incorrect sign of the product.



4.2.3 Design Example on Overflow Detection

The moduli m, = 16, m,6 = 15, m, = 13 and m, = 11
have been chosen for this design example. The MRDs are

designated by a,, «a a, and a,. The range of the LSP is

37 2
13x11 = 143 (0 to 142) and that of the MSP is 16x15x13x11
- 13x11 = 34177 i.e. from 143 to 34177. The highest number

in the LSP is 142 and the MSP is non-zero for a number

greater than 142.

Examining the Table 4.2 and the DV of the MRDs in the
MSP, Table 4.4 which shows the 'transition' MRDs and

'transition' numbers, can be formed.

Table 4.4

Transition MRDs and transition numbers

Transition The pV.of the Corresponding The 10W§St Transition
Transition MRDs number in
MRDs Group of the Number
a . a =a,.15.13.11 MRD the next
k23 +a,.13.11 higher group
0, 1 143 8 186 186- 143 = 43
0, 2 286 9 372 372- 286 = 86
J, 5 715 10 744 744- 715 = 29
0, 10 1430 H 1488 1488- 1430 = 58
1, 5 2860 i2 2976 297¢- 2860 =115
2, 11 5867 13 5952 5952- 5863 = 83
5, 8 11869 14 11904 11904-11869 = 35

Figure 4.1 shows the circuit for multiplicative over-
flow detector. The circuit in the so0lid lined box detects
incorrect sign of the product. If the Exclusive OR of the

sign of the X, ¥ and Z (SX,SY, and 8Z) is '0', the sign of
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Fig-4.1  Schematic diagram for multiplicative overflow detection
in the 16-15-13-11 residue system.



Fuinction of PROM-1 ; (256x4)

It forms a table of D1’ where

D = |a

1 +a|
1 1'16

2

where a, and a, are the MRDs of the LSP.

a, = |X|11

Q
1

Fig 4.2(a) : Function of PROM-1

Function of PROM-2 ; (256x4)

It forms a table of D2, where
D, = |a, . 11 + a,|,,, where

a, and a, are same as in Fig 4.2(a).

Fig 4.2(b) : Function of PROM-2

Function of PROM-3 ; (256x4)

It forms a table of D3, where

16

r ,
b, = | K L . ’[X[ -D
3x11 L6 16 1

186

Fig 4.2(c) : Function of PROM-3

54



Function of PROM-4 ; (256x4)

It forms a table of a4, where

| 4 I
ay = | BFe=={ = ||X],. - D
|13 s b Ml
- 15
D, = lag| = a,, since 15 < 16
16
Fig 4.2(d) : Function of PROM-4
Function of PROM-5 ; (256x8)
It forms a table of «,, SX, I(X), where

L* |
== - |D; - D,
+15 16 : * 16

"1 ifa, > 7 3 10O = '1', if

16

and D, are nonzero

Fig 4.2(e) : Function of PROM-5

It forms a table of group number of the MSP.

@ .15.13.11 + D,.13.11.

Function of PROM-6 ; (512x4)

D, is nonzero, the decimal value, DV(1) = (15-au)

.15
and
.15
the
.13

the

.13.11 + (15-D,).13.11.
D,
.13.11 + (15-D,).13.11.
decimal value, DV(3) = (15-¢,).15.13.11
.11,

+

is zero, the decimal value, DV(2) = (16-a,)

If NZ(X)
= '0' or '1l' and SX = '0}, the decimal value, DV(0) =
If SX = '"1', NZ(X) = '0'" and

If SX = '1', NZ(X) = '0'

If SX = '"1', NZ(X) = '1',
+ (14-D,)
The group numbers arc assigned according to

Table 4.2.

Fig 4.2(f) : Function of PROM-6



It forms a table of 'transition' number

according to the table 4.4.

Fig 4.2(g) : Function of PROM-7

Function of PROM-8 ; (512x8)

It forms a table of negative binary value of the
LSP from its decimal value. If SX = '0', the
decimal value, DV(4) = a,.11 + a, . If Sx = '1°
and a, is zero, the decimal value, DV(5) =
(13-a,).11. If SX = '1' and a, is nonzero, the
decimal value DV(6) = (12-a,).11 + (11-a,). a,

and a, are same as shown in Fig 4.2(a)

Fig 4.2(h) : Function of PROM-8

Function of PROM-9 ; (512x4)

It forms a table of group number of the
LSP from its decimal value (shown in Fig

4.2(h) according to the Table 4.2.

Fig 4.2(i) : Function of PROM-9

56
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Function of PROM-10 ; (256x4)

It forms a table of overflow (not final

overflow) according to

(1) Overflow = '0', if g(X) g(y) <16

(ii) Overflow = '1', if g(X) = g(¥) > 16

Fig 4.2(j) : Function of PROM-10

the product is correct; otherwise the sign is incorrect.

However, false indication of overflow is given if one oper-
and is negative and another is zero. The circuit right side
of the circuit in solid-lined box detects whether any of

the operands is zero.

Since |X|,s and |X|;: contain the information on a,
and a; it is not necessary to generate a, and a;. This
saves use of one PROM. The circuit in the dash lined box
generates the sign of X (SX), the MRD (a,) and the informat-
ion of nonzero ¢, and D,. Two additional circuits are
required - one is for generation of the sign of ¥ (SY), the
group number of ¥ (g(¥)) and NZ(Y) and the other one is for

the sign of the result Z (SZ).

Performance:

Delay in overflow detection is the delay through the
longest path which, for the circuit in Fig 4.1, is through
the circuit required for overflow detection by the 'group-

ing technique'. Theretfore
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Delay, D = (D; = delay in sign detection)
+ (D, = delay in getting Group Number of the LSP)
+ (D3 = 8 bits adder delay + 4 bits adder delay
+ 2:1 multiplexer delay)
+ (D, = delay in PROM-10)
+ (Ds = delay in OR-gate at the last stage).
Again D, = 2T, + T, where

T; = access time of (256x4) PROM

T, = access time of (256x8) PROM

Let TADD = delay in a 4-bit full adder.
TMUX = delay in 2:1 multiplexer.
TOR = delay in OR-gate.
Therefore
D= 2T; + T, + T3 + 3TADD +TMUX+ T, +TOR
= + + + +
3T, To Ty 3TADD TMUX + TOR
ceee. (4.1)

where T,; = access time of (512x8) PROM

However, delay in generating group number (Dg) 1is the

delay in generating g(X). Therefore Dg can be expressed as

I

Dg D1 + D2 + D3

Il

2Ty + T2 + T3 + 3TADD + TMUX

ceeas (4.1a)

Using TTL components (Table 6.3(a)), the delay in

multiplicative overflow detection is given by

D = 3+« 40 + 60 + 60 + 3 « 7 4+ 4 + 4
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= 120 + 120 + 21 + 8

= 269 ns. ceeee (4.1b)

The delay in generating group number is given by

Dg = 2+40 4+ 60 + 60 + 3 « 7 + 4
= 80 + 60 + 60 + 21 + 4

= 225 ns. .. (4.1c)

4.3 General Division

The method of division consists of two processes -
(i) determination of first approximation F, and then (ii)
iterations using successive approximation. (The successive
approximation is the number which is equal to the previous
approximation divided by 2 ). Since the group number con-
tains the information on the magnitude of the number, it is
possible to use the same piece of hardware,used for gener-
ation of group numbers, for determination of first approx-

imation.

The F determined from the group numbers of the oper-
ands is always positive, however, division is not limited
to positive operands only. The detail of the technique for
determination of the first approximatioﬁ and successive

approximation has been given in section 4.3.2.

4.3.1 A Division Process

The division process can be best described with a flow
chart in Fig 4.3. The sign of the result of division is the
Exclusive OR function of the signs of the operands X and VY.

(X is the dividend and Y is the divisor.)



IN (X, YY)
- ]
i «— O |
qi-e—- V]

|
Get F. (Generated by
hardware)
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? =l 2y
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the sign of
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F < F/2. (F/2 is
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Fig. 4.3 Flew chart of  residue integer
division process .
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4.3.2 How to find the first approximation
and successive approximations

Two look-up tables are required to obtain F and
successive approximation; one is used to get F and other
one to get successive approximation. The value of F

depends on the group numbers g(X) and g(Y) as shown below.

(1) If g(X) > g(X) p = 29(X) -g(¥)

=

~e

(11) If g(X) < g(¥) F =0

(F or successive approximation is tabled in residue form.)

Fig 4.4 is a schematic diagram of the computer cir-
cuitry required to get F and successive approximation.
The dotted line in Fig 4.4 indicates that either X or Y data
bus can be used to issue 'previous approximation' to the
multiplexer. The function of the computer is to perform
iterations and to issue X and Y to get F or successive

approximation from previous approximation.

If the address liines of an available are equal to or
less than the sum of bits of each of the moduli, then the
circuitry in Fig 4.4 is not feasible. An alternate approacﬁ
which needs a smaller number of address lines to FPROM is
shown in Fig 4.5. 1In this case the PROM forms table of F
(which also gives successive approximation), according to
the number output from the subtractor. If the (n+1)th bit
is 'l' (i.e. negative), the PROM gives zero value; otherwise
it gives the residue number of 2k (where k is the positive
coutput from the subtractor). The computer receives two sets
of information - one is F or successive approximation and

th

the other is the value of C”. For i iteration the
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computer issues the value of C (through the data bus X or

)th iteration

Y) which is equal to C” obtained during (i-1
and receives a new value o©f C” which is (C-1), and the

approximation.

Since the number of bits required to represent the
group number is far less than the sum of bits of each mod-
ulus, it is possible to use PROM with less address lines.
For example, in the case of the residue system of moduli
16, 15, 13 and 11, the sum cf bits of each modulus is 16.
Since a 64k PROM (16 address lines) is not yet available,
the circuit in Fig 4.4 is not feasible. Whereas the circuit
in Fig 4.5 can be implemented with a PROMs with 5/more than

5 address lines.

Performance

Delay in obtaining F by the circuit in Fig 4.4 1is

given by

delay in forming group.

g
5
0
H
o
v}
i

=
il

delay in 2:1 multiplexer.

access time of the PROMs.

H
1l

According to the circuit in ¥Fig 4.5, delay is given

by
D(2) = Dg + Tyyx ¥ Tgyg T Tp rove- (4.3a)
where TSUB = delay in subtraction.
Again TSUB = TINV -+ 1ADD'
where TINV = delay in Inverter; and TADD = delay in

addition.
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Therefore equ. (4.3a) becomes

D(2) = Dg + Typx + Togy + Typp * Tp cocee (4.3b)

For 16~15-13-11 moduli system, and using TTL components

(Table 6.3(a)), Dg = 225 ns (from 4.1c) and

D(2) 225 + 4 + 3 + 7 + (TF = 35)

274 ns i aae (4.3¢c)

* [;TF = 35 ns for DM7577, a (32 x 8) PROM [80]-}

4.4 Floating Point Arithmetic

This section proposes a new form of representation
of floating point number; it is represented by an integer
multiplied by a suitable base of exponent depending on the
moduli of the residue system. An advantage of this form
is that floating arithmetic can be performed within the
integer residue arithmetic environment without the need for
any redundant modulus. The implementation is therefore

economical.

4.4.1 Theoretical concept

If R is the highest absolute value of mantissa of a
computing system, and B is a pousitive integer such that
(B=1)%2 < R < B?, then any number A within the range from 0

to R can be represented by

A

il

{[alB]}e' + {a-([a]e])BIB®

=a, B! + a; B® cooes (4.4)

Where a, and G, are the co-efficients of 8! and Bo,

i.e. a, = [A|8] and a, = (a-{[A|B8]1B).



66
The range of the co-efficients is from 0 to (BR-1).

Similarly R can be represented by
R=r, B +r evees (4.5)

Case ( i) : For B? = R, r, =B and r, = O.

Case (ii) : For (B-1)? < R < B?, the maximm and minimum

values of R that can satisfy the above condition of $ can

be denoted by RMAX and RMIN respectively and expressed as
RMAX = (B-1)B + (B-1)  .... (4.6)
i.e. r, = (p-1) L. (4.6a)
r, = (-2  Li... (4.6Db)
. 2 .
RMIN = (B-=1)° + 1 = (B-2)B + 2  .«.... (4.7)
i.e. B = (p-2>  a.... (4.7a)
r. =2  iee. (4.7b)

4.4.2 Floating point representation of a number

A number X can be represented in floating point form

by X =ag" ... (4.8)
Where A is the mantissa, and lies within the range
from 0 to R. R is the base of the exponent which must sat-

isfy the conditions stated previously, and n is the exponent.

4.4.3 ¥loating Point Arithmetic with
zero-cxponent

4,.4.3a Floating point addition/subtraction
with zero-exponent

1l

ARY = A

>
Il

a, B+ a, (say) «.... (4.9)

y = BR® = B

b, B+ b, (say) s s (4.10)
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Therefore

= c, B+ c, swanam: (4.11)
Where

c, = (a2 * bz) ..... (4.11a)

c, = (a1 * bl) ceves (4.11D)

4.4.3a(i) Floating point normalisation
(definition)

A number is said to ke normalised if overflow occurs

when the number is multiplied by the base of the exponent.

4.4.3a(ii) Normalisation in floating point addition/

subtraction (zero-exponent)

The process of normalisation in floating point
addition/subtraction has been shown with the flow chart in
Fig 4.6. The exponent generated during normalisation may
be termed as 'generated exponent' and denoted by g. In
case of addition nonzero value of g is 1.

4.4.3b Floating point multiplication
(zero exponent)

Z = F1 (X-Y) wwwiow (4.12)

From (4.9) and (4.10)

2
7 = (a. - b2)6 + (a2 . b1)8 + (a1 . bz)B

2

+ (a1 . bl)

- 2
= AuB + A36 + A28 + AI veenas (4.13)
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overflow

»

T f-—[(c‘—[BIZ])/B] T «[ic,+[3/2])/A]

P &—c + T

# These are the steps

END
for rounding .

Fig.4.6 Process of normalisation in floating
point residue adddition /subtraction ,
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Where A = a . b )
4 2 2
A, = a,. b1
ceeee (4.13a)
A = a . b
2 1 2
A= a . b1 ,
Again Z can be written as
2 - -
Z=(an, +D +D,)B +c, B+c] ..... (4.13b)

Where D = [A3|B]

D,= [a,]8]
veeee (4.130)
c, =[A, -DB] +[A, -D,B]

(o RS A1
Finally Z = &l B + c, B + c, cae.. (4.14)
Where c, = (A, + D, +D,)
c, = ¢; + [c7]|8] cee.. (4.14a)
c; =cj - [ec7[B] * B

4.4.3b(i1) Normalisation in floating point
multiplication (zero-exponent)

Figure 4.7 shows the flow chart of normalisation for
floating point multiplication. The generated exponent, ¢,

in case of multiplication, ranges from 0 to 2.

4.4.3c Floating point division (zero-exvonent)

z

F1(X|Y) = A|B=A + (1|B) ..... (4.15)

-X

1|B = KB (say)

Where K is the mantissa (within the range from 0 to R),
and X is the exponent. The values of X (except for B = 0 or
1) lie between 2 and 3. The conversion of 1|B to its equiv-

alent floating point number can be done by a look-up table.
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[ See Appendix-2 for the evaluation of 1|B.]

A« KB ¥

Therefore Z

an - KB XY ... (

(A * K) can be evaluated by floating point multiplic-

ation. That is

F1 (A « K) = vgY (say) ..... (4.17)

-X

Therefore 7 = vgY « 7% = vpg¥y™* = v

ssssw (4.18)

Where m Yy-x

4.4.4 Floating point arithmetic with non-zero
exponent

¥

Let X = AS)3 and ¥ = BB
where 4 and £ are the exponents of X and Y

respectively.

Also X and Y can be written as

Il

X (a,B + al)BA ceee. (4.19)

y

(b,8 + b,)8" ceee. (4.19a)
Without loss of generality it can be assumed that

5 > &

4.4.4a Algorithms for alignment and floating point
addition/subtraction (non-zero exponent)

Case (i) : if k = 0, then

1st step : Compute D Fl (A+B)

cpd  (say)

H
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2nd step : Compute p =4 +g.

[z = cBP].
END
Case (ii) + If k = 1, then
*1st step : Compute D = [{bl + [i6|2]}|€]

(If b, is negative, add [-B|2];
otherwise [+8]2])
*2nd step : Compute D” = a, + D; [The
aligned mantissa takes the form of

(0«8 + D7) .]

Fl1(A*D") = CBg (say)

3rd step : Compute T

s+t; [7 = CBPJ.

4th step : Compute p

LEND

Case (iii) : If k = 2, then

*1st step : Compute D

[{bl +[18|2]}|E€l

[%f b, is negative, add [-B8|2]:
otherwise [+8|2]. The aligned mantissa

takes the form of (0B + D{].

2nd step : Compute T = F1 (A*D) = CBg (say)

3rd step : Compute p 5+G [Z = CBP].

END

(These are the steps for making the aligned mantissa a

rounded figure.)

Case (iv) : If k > 3, then I = ABA.



4.4.4b Floating point multiplication
algorithms (non-zero exponent)

7 = FL(X-Y) = (a-B)p>"%

Il

l1st step : Compute D F1(A*B) = CBg (say)

i

2nd step : Compute p s+t+g ; [Z = CBp].

END

4.4.4c TFloating point division algorithms
(non-zero exponent)

Z = F1(X|Y)

1st step : Compute D = F1(Al|B) = CBg (say)

2nd step : Compute p s+g-t ; [1 = Cep].

END

4.4.5 How to find the co-efficients of a mantissa

The co-efficients of a mantissa A (in residue form) can

be obtained by following steps:

lst step : Compute a, = [%] (residue integer
division)

2nd step : Compute a, A-a, (residue

subtraction)

4.4.6 Error in the proposed floating point
arithmetic operations

Errors in floating point addition/subtraction, and mul-

tiplication are introduced during rounding process (Fig 4.6

and Fig 4.7) in normalisation. 1In floating point division
error may originate from (i) error in approximation of
floating point number of % and (ii) error in floating point

multiplication.
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4.,4.6a Error in floating point addition/
subtraction

The maximum relative error , Max(e) in floating

addition 1is

[812]

Max {e) = R eeees (4.20)

(Appendix-4 (9))

-8

4.4.6b Errecr in floating point multiplication

The maximum relative error in floating point multip-

lication, when B8 is odd, is given by

g 2 2])7? 3 2
[U(eo)] = (Le| ]).R+ Lef2l (4.21)
MAX

(Appendix-4 ; (26))

When B is even, the maximum relative error is given by

_ 2([R]2])?

= creaen (4.22)

Uee)

MAX
(Appendix-4 ; (27))

4.5 OQutput Translation

The method proposed here requires that w < m, for at
least one of the moduli. (w is the base to which con-
version is to be done.) However, there is no restriction
whether ged(w,m;) = 1 or not. The method can be applied for

conversion to any base provided above condition is satisfied.

4.5.1 Theoretical Aspects

Any integer I, can be expressed in base W as

N K o
agw  t+ An-aW o A el + oa.w

o
il



The coefficients or digits a, (n=0,1, .... N) are
given by a,_, = I,., - wI, forn=1,2, ...., N
In-a

where In = p” F

{iN—l

w

Special case a4y =

'N+1' gives the number of digits regquired to repres-

ent the maximum range of a computing system.

4,5,2 Conversion Procedure

The co-efficient (digits) in the base w can be found

by repeating the following 3 steps N times.

For n =1, 2, ceaoey,

In-i
lst step : Find Ip = -
2nd step : Find Iy = wI,
3rd step : Find a,_, = In_l - Iy
_ T
Last step (special) ay = "
-—

To convert a residue number to its equivalent decimal
number at least one of the moduli must be greater than or
equal to 10. The residue cf that particular modulus will
represent the co-efficient (digit) after third step of the
procedure. Therefore only one residue is required to be

extracted.
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Example:

Let 8, 7 and 11 be the moduli of a residue system.
The highest positive and negative numbers that can be
handled are (307),, and (308),, respectively which are

three digits figures.

Take for an example a residue number (0,5,10) which

represents 208 in decimal system.

The procedvre to get decimal digits out of the residue

number is

(The residue representation of 10 is (2,3,10))

For n =1
First step : Il = (015;1O)|(2I3110) . (416/9) . (20)10
Second step: Ilb = (4,6,9)x(2,3,10) = (0,4,2) = (200)1_0
Third step : a4 = (0,5,10)-(0,4,2) = (0,1,%) = (8)10
For n = 2
First step : I, = (4,6,9)\(2,3,10) = (2,2,2) = (2),
Second step: I2b = (2,2,2)x(2,3,10) = {4,6,9) = (20)10
Third step : a, = (4,6,9)-(4,6,9) e (0,0,%) e (O)10

T,ast step for 3rd digit is

ady = (2,2,%) [;N =| E%%Ll]

L

Therefore the decimal number is 208 (=a2x102+a1x101+a0x10°)

[Division in the first step in each iteration is a gen-
eral residue division. The arrow indicates the digits in

the base 10.)
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The arithmetic operations required for conversion
are multiplication, division and subtraction. Therefore
arithmetic unit must have the provision for subtraction,

multiplication and division in the residue number system.

According to the proposed method, multiplicative
overflow detection in 16-15-13-11 moduli system is consid-
erably fast (2¢9 ns). 1In conventional fast technique,
using PROMs of 40 ns access time, the delay would be 640 ns
(= 4.4.40). The hardware requirement is not insignificant,
however, since same piece of hardware can be shared for
sign detection and determination of first approximation,
the overall cost will not be much. The delay in obtaining
the first approximation, according to the proposed technique
is 274 ns (eq 4.3c); whereas in conventional fast division

technique, the delay would be 2.4.40 = 320 ns.

Floating point arithmetic which was difficult in
residue system, now can easily be implemented using proposed
method. The preliminary requirement is the existence of
residue integer addition, subtraction, multiplicative,
division, comparison and multiplicative overflow detector.
Provided circuits for those operations and a look-up table
for approximate floating point number of % exist, floating
point arithmetic operation can be performed in software
(residing permanently in PROMs). Therefore implementation
of floating point operation will be cost effective. One
departure from the conventional floating point format (where

2 or 10 is chosen to be the base of the exponent) is the
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choice of the base of the exponent which depends on the
moduli of the residue system and will differ from system
to system. The malin advantage of this choice of the base
is that addition/subtraction/multiplication among the
co-efficients does not produce overflow. Therefore the

cost of using redundant moduli is saved.

Since output translation is a less frequently used
operation, more time can be allotted for this operation.
Where there exists all the basic residue integer operations,
the proposed method for output translation can be implemented
with no extra cost of hardware. Moreover, in a situation
where base extension cannot be applied, the proposed method

is the only choice.



5. DESIGN OF A REAL TIME RESIDUE
ARITHMETIC COMPUTER

5.1 Introduction

The aim of the design of the Residue Arithmetic Com-
puter (RAC) is to verify the algorithms proposed in the
Chapter 4, and study the feasibility of residue system in a
general purpose computer. The functional blocks of the RAC
(Fig 5.1) are (i) Intel SDK-80, 8 bit microcomputer (Fig
5.2(a)) and (ii) Residue Arithmetic unit. The microcomputer
acquires and manipulates data, while the RAU does all the
basic residue arithmetic operations. The design of the RAU,
floating point arithmetic and residue to decimal conversion

are the main topics of discussion in this chapter.

From the consideration of bit efficiency, moduli 16
and 15 (total 8 bits) have been chosen for the test svstem.
This gives the range of the system from 0 to 239 (M=16x15=
240). The positive half starts from 0 to 119, and negative

half from 120 to 239 representing = . -120to -1respectivelv,

The RAU has been designed on (22.5cm x 17.8cm) vero-
board (Fig 5.2(b)) with wire wrapping technique (Fig 5.2(c)) -
There are altogether fifty IC chips and seventy-six resistors

(Fig 5.3 and Table 5.1).

The microcomputer cormmunicates with the RAU through a

programmable peripheral interface (PPI) of the microcomputer

79
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(Fig 5.4). The A-port of PPI issues operation codes (Table
5.2) and operands, while B-port receives the results from
the RAU. The lower three lines (CO, Cl and C2) of C-port
gives the information of the sign of the result (C0), the
" overflow (Cl) and the Exclusive OR of the sign of divisor
and dividend (c2), and the higher three lines (C4, C5 and C6)
address the latches (Table 5.3 and Fig 5.5) assigned to the
operands and operation codes. The operation codes and oper-—
ands are each eight bits long. Of the eight bits of each
operands, the most significant 4 bits represent the residue
of module 16 (mod-16) and the least significant 4 bits rep-

resent the residue of module 15 (mod-15).

The I/0 device specifies operations with alphabetic
symbols (Table 5.4) and issues operands to the microcomputer
which makes decision on the type of operation (decode),
enters the operands and operation code to the RAU and then
gets the result from the RAU. The final result is displayed
on the I/0 device in both residue and decimal forms with
overflow character (if any by '?') and sign character ('+'
or '-'). In case of comparison, the character > Oor =, or <,
representing X is greater than, or equal to or less than VY,

is displayed.

The programmes required for all operations reside in
PROMs from locations 400H to 49F H and from 800 H to FEFH,

of the SPHK-80 microcomputer memory.

Later sections discuss the RAU in detail.
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RAC

The

RAC .

of the

blocks

Functional

Fig. 5.1
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Fig- 5.2 (a)

The SDK-80 microcomputer.
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Fig. 5.2(b) Top view of the RAU. board -
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Fig. 5.2I(c)

Back view of the RAU board .
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Table 5.1

The list of components and their
type number/specification

86

Functional .
Description of Typg Numbgl/ Locftlon G te Quantity
Specification RAU Board
Components
Quad Latch DM 7475 (1) — (6) 6
Intel Bipolar 3601 (7Y — (23) 17
Prom [7 9]
4 Bit Full ADDER DM 74LS83 (36) 1
Dual 4:1 DM 74153 (30),(31),(37),(38) 4
Multiplexer
Quad 2-input 9322 (34),(35) 2
Multiplexer
8 Channel DM 74151 (24) — (29), 8
Multiplexer (32),(33)
Quad 2-input AND DM 74HO08 (39),(40),(47) 3
Triple 3-input AND DM 74511 (41) 1
Quad 2-input OR DM 7432 (45) — (47), (50) 4
Quad 2-input DM 74586 (43), (44) 2
Exclusive OR
Hex Inverter DM 74504 (42),(48),(49) 3
Resistors 1.8 K Q &) Rl —— R76 76

[}ll the I.C. components used, exccpt PROMs, are of National

Semicouductor [81] Z]
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Table 5.2 88

Operation Codes and their definition

Operation Codes

Definition
$7, 96, ¢5, ¢4, $3, ¢2, ¢1, ¢0
0o 0 o0 0 0 1 1 0 (i) Add
o 0o 0 o0 o 1 o0 1 (ii) Subtract
o o o0 o 1 o0 1 1 (iii) Multiply
0 1 0 0 0 0 0 0 (iv) Compare (Unsigned)
1 0 0 0 0 0 0 0 (v) Compare (Signed)
6o o0 0o o o0 O o0 1 (vi) Get Tirst Approximate of
Quotient (Integer Division)
6 o0 0 0 1 0 o0 1 (vii) Get a number divided by 2
0 0 0 0 0 1 1 1 (viii) Get the equivalent mantissa

of the reciprocal of divisor
(floating point division)

0 0 0 0 0 0 1 0 (ix) Get the exponent of the
reciprocal of the divisor

Table 5.3

Addresses of latches

Latches Address
c7, c6, C5, c4, C3, C2, C1, CO
Latch of X 0 1 1 0 0 0 0 0
Latch of V¥ 0 1 0 1 0 0 0 0

Latch of Operation Code ¢ o 1 1 0o 0 0 O
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Table 5.4

Alphabetic symbols and operations

Alphabet Operation

Addition (Integer)
Subtraction (Integer)
Multiplication (Integer)
Division (Integer)

Comparison (unsigned, Integer)

H B O Qo oo

Comparison (signed, Integer)

Addition (Floating Point)
Subtraction (Floating Point)
Multiplication (Floating Point)

g H I @

Division (Floating Point)

5,2 Addition, Subtraction and Multiplication (Integer)

Addition, subtraction and multiplication are performed
simultaneously by means of six look up tables (Tables 5.5(a),
5.5(b), 5.5(c), 5.5(d), 5.5(e) and 5.5(f)) stored in six
(256x4) Intel Bipolar PROM (3601), each having a 70 ns
access time. Two PROMs are assigned to each operation; one
is for mod-16 and the other is for mod-15 operations (Fig

5.6(a), 5.6(b) and 5.6(c)).

The lower 4 address lines (pins 5,5,7 and 4) are
connected to the 4 data lines of operand X; while the higher
4 address lines (pins 3,2,1 and 15) are connected to the 4

data lines (corresponding residue) of operand VY.

[ The program listings have bheen shown in Appendix-6;

AP 6(a).]



Table 5.5(a)

Look up Table (Addition in Mod-16)

Each hexadecimal digit represents
'lower 4 address bits'

/™

0t 2 3 4 5 6 7 8 9 A B C

Each 6 6 7 8 9 A B C D E F 0 1 2
hexadecimal

digit 7 7 8 9 A B C D EF 0 1 2 3
represents

'higher 8 8 9 AB CDEF 0 1 2 3 4
4 address

bits'. 9 9 A B CDEF 0 1 2 3 4 5




Each
hexadecimal
digit
represents J
Thigher

4 address
bits'.

1

Table 5.5(b)
Look up Table (Addition in Mod-15)

Each hexadecimal digit represents
'lower 4 address bits'

AN

_J
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Table 5.5(c)
Look up Table (Subtraction in Mod-16)

Each hexadecimal digit represents
"lower 4 address bits'

Each 6 A B C D E F 0 1 2 3 4 5 6
hexadecimal

dipgit 7 9 A B C D E F 01 2 3 4 5
represents <#

'higher 8 8 9 AB C D EF 01 2 3 4
4 address

bits'. 9 7 8 9 A B C D EF 0 1 2 3




Table 5.5(d)
Look up Table (Subtraction in Mod-15)

Each hexadecimal digit represents
'"lower 4 address bits'

Each 6 9 AB C D E 01 2 3 4 5 6
hexadecimal

digit 7 8 9 AB C DE 0 1 2 3 4 5
represents

'higher <§ 8 7 8 9 AB C D E 0 1 2 3 4
4 address

bits'. 9 6 7 8 9 A B C D E 0 1 2 3




Table 5.5(e)

Look up Table (Multiplication in Mod-16)

Each
hexadecimal
digit
represents
'higher

4 address
bits'.

Each hexadecimal digit represents
"lower 4 address bits'

P

2 3 4 5 6 7 8 9 A B C

95



Each

hexadecimal

digit
represents
‘higher

4 address
bits'.

Table 5.5(f)

Look up Table (Multiplication in Mod-15)

<

Each hexadecimal digit represents
'lower 4 address bits'

96
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5.2 (a) Delay in Addition, Subtraction and
Multiplication

The delay in addition/subtraction/multiplication

it

1 PROM delay

70 ns (access time of 3601 PROM)

I

SYC) Comparison

There are twvo types of comparisons - comparisons with
signed numbers and comparisons with unsigned numbers. Com-
parisons with signed numbers involve either no operation or
subtraction; whereas comparisons with unsigned numbers
involve either addition or subtraction. Table 5.6 is a truth
table showing the comparisons, operations required and dec-
ision modes. It is clear from the Table 5.6 that subtraction
is required (in both types of comparisons) if the signs of X
and Y agree; while addition is required (comparison with

(EE}igned number) if the signs of X and Y do not agree.
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Table 5.6

Truth table for decision modes in comparison

Signed |Unsigned;Sign of Sipnug;ﬂ_* i Zero | Sign of .
Numbers |Numbers X JV Operation Result the\result Decision
1 0 0 0 SUB. 0 0 X>Y
! 0 0 0 " 0 1 X <y
1 0 0 0] " 1 0 X =V
1 : 0 1 No Op. - = X>Y
1 0 1 0 No Op. - - X<V
1 0 1 il SUB. 0 - 0 X>Y
1 0 1 i ) 0 1 X<y
il 0 1 il " 1 0 X =Y
0 1 0 0 " 0 0 X>Y
0 1 0 0 " 0 | X<y

0 1 0 0 " 1 0 X =

0 1 0 1 ADD 0 0 X>Y
0 1 0 1 " 0 1 X<y
0 1 0 1 " 1 0 X =Y
0 1 1 0 N 0 0 X<y
0 1 1 0 " 0 1 X>Y
0 1 1 0 " 1 0 X =

0 il 1 1 SUB 0 0 X<y
0 1 1 1 " 0 i X>Y
0 1 1 1 " 1 0 X =Y

[Note: SUB = Subtraction; ADD = Addition]
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Comparisons require the sign of X, Y and the sign of the
result of addition or subtraction. However, the results of
addition, subtraction and multiplication are generated sim-
ultaneously. Therefore, depending on signs of X and Y, the
result of addition/subtraction is to be selected for sign

detection.

The sign is detected by a look up table (Table 5.7)
implemented with a PROM. There are altogether three sign
detectors; one is for X, one for Y and the other one for the
result (one of the results of addition, subtraction and mul-

tiplication).

Fig 5.7(a) and 5.7 (b) show the circuits used tor sign
detection of X and Y respectively. The data lines of the
residue of mod-16 are connected to the lower 4 address lines
of the PROMs and that of mod-15 to the higher 4 address lines.
The most significant bit of the output indicates the sign
('1' for negative, '0' for positive) and the least signific-
ant bit indicates zero/nonzero of the number ('l' for zero-
number). Thus SX and ZX give the information sign and zero/

nonzero of X respectively. Similarly so for V.

The appropriate result is multip]éxed to the sign
detector by two bits (¢3, $1) of the respective operation
code (Fig 5.8). However, ¢1 is not connected directly to the
selection pin (pin-14) of the multiplexers (two dual 4:1
multiplexers), since in case of comparison, the result of
either addition or subtraction is to be selected. Table 5.8
shows the states of the selection pins and the selected in-

puts.



Table 5.7

Look up table for the sign and zero-nonzero

Each
hexadecimal
digit
represents
'higher

4 address
bits'.

ﬂ

of a number

Each hexadecimal digit represents
'"lower 4 address bits'

™ _J
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Fig. 5.7la) Circuit for sign detection of X
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Fig. 5.7(b) Circuit for sign detection of Y
in the 16-15 residue system .
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Table 5.8

The states of the selection pins and
corresponding selected inputs

States of colected '$3' and '¢1' (inverted '¢1)
Selected Pins ‘*&n Lts of operation codes (Table 5.2)
2, 14 B ' |¢3|' |¢1|
0 0 Addition 0 0
0 1 Subtraction 0 1
1 0 Multiplication il 0
1 1 Not used

From the Table 5.8 it is clear that '¢3' and '¢1' can be
directly connected to the selection pins 2 and 14 respec-
tively. However, since in comparisons the sign of the res-
ult of addition (if the signs of X and Y do not agree) /
subtraction (if the signs of X and Y agree) is required and
the '¢3' bit of addition, subtraction and comparison codes
(Table 5.2) is same (zero), only '¢3' bit is directly conn-
ected; whereas '¢1' is gated through the Exclusive OR (44,
1,2,3) to change conditionally the logic state of '¢1' to
select the result of addition/subtraction for sign detection

during comparison.

For addition, subtraction and multiplication '¢7' and
'$6' of the operation codes (Table 5.2) are zeros; therefore
the output of the AND gate (39,2,1,3) is '0'. The '¢1'
passes out through the Exclusive OR (44,1,2,3) without inver-
sion. In case of comparison, subtraction and division, the

'$1' which is the input to the Exclusive ORs (44,5,4,6) and

(44,1,2,3) is '1'. The output from the Exclusive OR (44,5,
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4,6) is therefore the inverted SY. The actual Exclusive OR
of the signs of X and ¥ (SX,S8Y) is the output from the inver-

ter (48,1,2), since 'SC' = 1 ® SY ® SX = SV & SX = SV & SX.

Therefore the SC' is also the Exclusive OR of the signs of
divisor and dividend. In comparisons, the output of the OR
gate (45,1,2,3) is '1'. 1If the signs of the X and Y does
not agree 'SC' will be 'l' and the output of the AND gate
will be 'l' which inverts '$T' (='1'" in comparison) to '0'.
Therefore the states of the selection pins 2 and 14 are '0
and '0' respectively and the result of addition will be
selected. However, if the signs of X and V agreés 'SC' will
be '0' and so the output from the AND. Therefore the output
of the Exclusive OR (44,1,2,3) will be '¢1' (='1' in compar-
ison); the states of the selection pines 2 and 14 are '0'

and '1l' respectively and the result of subtraction will. be

selected for sign detection.

The outputs from the multiplexers are connected to the
sign detector (PROM (14)). 'SZ' gives the sign of the result
(addition/subtraction/multiplication) Z and ZZ gives the in-

formation of zero/nonzero of the result.

[Note that the Exclusive OR (44,5,4,6) and the inverter (48,
1,2) could be omitted by connecting SY to the pin 10 of the
Exclusive OR (44,10,9,8) and the output from it ('SC') to the
pin 2 of the AND gate. However, it has not omitted, since
this circuit is also part of overflow detector (Fig 5.10)
where the sign of the subtrahend is to be inverted by 'af'

(='1' in subtraction) for subtractive overflow detection].
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The final decision in comparison is done with a look
up table (Table 5.9) formed in the PROM (23) (Fig 5.9).
Altogether 32 locations (locations DOH to DFH and FOH to
FFH) are required. The contents of the odd locations give
the decision modes of comparison with signed numbers, where-
as the contents of the even locations give the decision
modes of comparison with unsigned numbers. The '¢7' bit of
the operation code determines whether the locations read are
even or odd. If '¢7' is 'l', the odd locations are selected:;

otherwise the even locations.

The output C¢0 = '1' indicates X is less than Y:
C$l = '1' indicates X is greater than Y; while C$2 = '1°

indicates X is equal to VY.

Table 5.9

Look up table for decision modes
in comparison

4 bits of each hexadecimal digit represent
'Sy, Sz, 'ZZ' and '¢7°
N\ )
01 2 3 45 6 7 8 9 A B CDE F

The second D 2 2 4 4 11 0 0 2 2 2 4 2 1 00
bit of each
hexadecimal
digit
represents
18X F 111 4 1 2.0 0 2 1 4 4 1 2 00
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5.3(a) Delay in Comparison

From Fig 5.8 and 5.9,

Delay in comparison = 1 PROM delay for operation

of addition/subtraction.
+ 1 Multiplexer delay

+ (3 Exclusive OR + 1 inverter
+ 1 AND) delay.

+ 1 PROM delay for sign detec-
tion

+ 1 PROM delay for decision
modes.

= (704+20+3x7+10+9+70+70) ns

= 270 ns (for the elements used
.in the test facilities).

5.4 Overflow Detection

Fig 5.10 shows the circuit for overflow detection in
addition, subtraction and multiplication. The circuits in
the dash-lined box detect additive/subtractive overflow;
while the rest of the circuit is needed to detect multiplic-

ative overflow.

5.4 (a) Multiplicative Overflow Detection

When multiplicative overflow occurs the product may
be of incorrect sign or may be outside the range of the
system. .

An overflow characterised by incorrect sign is detec-
ted by the circuit shown in the solid-lined box. The signal
1SC' is the Exclusive OR of the signs of X and Y (Fig 5.8).
In Fig 5.8, 'ET' is '0' for multiplication and addition.

Therefore the output 'SS' from the Exclusive OR (44,5,4,6)

is really SY (sign of Y) and the output 'SC' from the Exclus-
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ive OR (44,10,9,8) is the Exclusive OR of 'SY' and 'SX' (the
signs of X and Y). Table 5.10 is the truth table of overflow

characterised by incorrect sign.

Table 5.10

Truth table of overflow characterised by
incorrect sign

Sign of X, SX sign of VY, SY sign of Z, S1Z Overflow
0 0 0 0]
0 0 1 1
0] 1 0 1
0 1 0 0
1 0 0 1
1 0 1 0]
1 1 0 0
1 1 1 1

From the Table 5.10 the overflow {(¢”) is given by

SX.SY.S82 + SX.SY.SZ7 + SX.SV.S7 + SX.SY.SZ

§(07) =
= SX ® SY & 87 vee.. (5.1)
From Fig 5.8 SC = '¢1' e 'SY' @ 'SX° ceee. (5.2)
For multiplication and addition, '¢l' is '0', therefore

SC = S8Y o SX.
The expression (5.1) becomes

§(7) = SC ®» SZ s simios (5.3},
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In Fig 5.10, the output from the Exclusive OR (43,1,
2,3) is the Exclusive OR of 'SC' and 'SZ'. However, a false
signal of overflow occurs when a negative number is multi-
plied by zero. The zero operands are detected by the
inverters (49,3,4) and (49,5,6) and AND gate (39,6,7,8). If
one of the operands is zero the output from the AND gate
(39,6,7,8) will be '0'; so is the output from the 3-input
AND gate (41,5,3,4,6) (ET is 'l' for multiplication).

This means no overflow indication will be given.

The circuit outside the boxes (Fig 5.10) detects over-
flow by 'group technique'. The PROMs (18) and (16) form look
up tables (Table 5.12) of group numbers of Y and X respec-
tively (where X and Y are the numbers from 0 to +119 and -1
to -120) corresponding to the Table 5.11. (The number of

groups is 8, since 27 < 240 < 2% and w = 16.)

Table 5.11

Table of numbers and their corresponding
group number

Numbers Group Number
0 0
1 il
2 — 3 2
4 — 7 3
8 — 15 4
16 — 31 5
32 —63 6

64 —120 7




Each

hexadecimal

digit
represents
the
residue
of mod-15.

S

Table 5.12

Look up table of group number of X or Y

Each hexadecimal digit represents the residue

of Mod-16
/\

l o1 2 3456 78 9 ABGCDE F
0| 0 4 56 6 7 7 7 7 7776 6 5 4
1|5 14566 7 7777776 65
2| 6 5 2 456 6 7 7 777776 6
3l 6 6 5 2 45 6.67 7°77 7776
4l 7 6 6 53 45 6 6 7 7 77 7 77
5| 7 7 6 6 53 456 6 7 7 7 7 7 7
6| 7 7 7 6 65 3 45 66 7 7 7 7 7
717 7 7 7 6 65 3 45667 7 77
8| 7 7 7 7 7 6 65 4 356 6 7 7 7
9| 77 7 7 7 7 6 6 5 4 356 6 7 7
Al 7 7 77 7 77 6 65 4356 6 7
Bl 7 7 77 7 7 7 7 6 65435 6 6
cle6é 6 7 7 7 7777 6654 25 6
D| 6 6 6 7 7 7 7 7 7 7 6 65 4 2 5
E| S 6 6 6 7 7 7 7 7 7 7 6 6 5 4 1
F| 0 4 56 6 7 7 7 7 7 776 6 5 4

111
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If the sum of the group numbers of X and Y is greater

than 8, overflow must occur, if less than 8 overflow does
not occur, if equal to 8 overflow may or may not occur, but

if overflow occurs, the sign will be incorrect.

The group numbers are added with the Full Adder. If
the sum exceeds 8, the M.S.B. (at Pin 15) will be 'l' and at
least one of other three bits will be nonzero. The first
two OR gates (46,2,1,3) and (46,5,4,6) detect whether the
least significant three bits is nonzero. If it is nonzero
and the M.S.B. is '1l', the output from the AND gate (47,5,

6,6) will be 'l' i.e. overflow has occurred.

In multiplication '¢2' is '0'. This means that the
output from the additive/subtractive overflow detectors
(dash-lined box) is '0'. However, '¢1' opens the AND gate

(47,1,2,3). The output from the OR gate (46,13,12,11) gives

the information of multiplicative overflow ('1l' indicates
overflow).
5.4 (b) Additive and Subtractive Overflow Detection

After inverting the sign of the subtrahend, the sub-
tractive overflow is same as the additive overflow detection.
The inversion is done by the Exclusive OR (44,5,4,6) of Fig

5.8. 1In subtraction '¢l' is '1'; therefore the output 'SS'

Y. In addition 'ET' is '0'; therefore the output is 'SS'

|
175 7]

Y. An additive overflow is said to occur if the sign of
the operands are same and the sign of result is incorrect.
The Table 5.13 is a truth table of additive/subtractive over-

flow decision modes.
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Table 5.13

Truth table of additive/subtractive
overflow decision modes

'SS' = 8Y/SY  Sian of X, SX Sign of Z, SI oOverflow

0 0 0 0
0 0 1 1
0 i 0 0
0 1 1 0
1 0 0 0
1 0 1 0
1 1 0 1
1 1 1 0

From the truth table the additive overflow {(¢) can be
expressed as

§(¢) = 'SS'. SX. SZ + 'SS'. SX. SZ  ..... (5.4)

This function is to be ANDed with '¢2' to signify that
the overflow is due to addition/subtraction. Therefore the

actual expression becomes

£(0) = '"¢2'. §(d) = '$2'. ('SS'. SX. S7 + 'SS'. SX,. §7)

The implementation of the expression (5.5) needs - three
inverters, two 3-input AND gates, one 2-input OR gate and One
2-input AND gate. Assuming 'SS' exists, the total delay,
according to the delay characteristics of the components used
in the test circuit, is --- One 2-input AND gate delay (8°8

ns) + One 3-input AND gate delay (4°75 ns) + One 2-input OR
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gate delay (12 ns) = 25 ns.

The actual circuit of additive/subtractive overflow
is shown in the dash-lined box of Fig 5.10. The logic

expression {(A) of the circuit is

§(A) = ("$2'. SX. 'SS') @ ('¢2'. SC. S2)

sewes (5.6)

where C = 'SS' & SX (Fig 5.8)

To form ('SS' ® SX) does not need any extra Exclusive
OR, since this signal already exists (for multiplicative
overflow detection). Only requirement is to invert to form

'SS' @ SX.

Therefore implementation of expression (5.6) needs --
One Inverter, two 3-input AND gates, and One 2-input Exclus-
ive OR. The gate counts are less than that would be required
to implement the expression (5.5). Assuming 'SS' exists, the
delay is —--- One Inverter delay (3 ns) + One 3-input AND gate
delay (4°75 ns) + One Exclusive OR delay (7 ns) = 15 ns. The

delay is less than that would be for the expression (5.5).

However, the expression (5.6) can be reduced to the

expression (5.5)

("¢2'. SX. 'SS') ® ('¢2'. SC. S2)

Il

'$2'. [(SX. 'SS') ® (SC. S7)]

= '$2'. [SX. 'SS'. (SC. SZ) + (SX. *'SS'). SC. SZ]

1
<
N
| |
2|
>
+
ol
n
»
><|
€]
wn
0l
(75
N
+
(75
>
N
n

(SX ® 'SS' + S7) ]
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= '¢2'. [(SX + 'SS') (SX. 'SS' + SX. 'SS').
S

+ S7) ]

S

SZ + SX. 'SS' (SX. 'SS' + SX. '

= '¢2'. [SX. 'SS'. SZ + SX. S8S. Sz].

In addition/subtraction '55' is '0'. therefore the out-
put from the multiplicative overflow detector is '0'. The
output from the OR gate (46,13,13,11) gives the information

of additive/subtractive overflow ('l' indicates overflow).

5.4 (c) Delay in Multiplicative Overflow Detection

Multiplicative overflow detection needs two processes
(i) detection of incorrect sign of the result and (ii) detec-
tion whether the product is outside the range of system

(using group technique) -

(i) The detection of incorrect sign of the product

involves in detection of the sign of the result, 'SZ'.

Delav in finding 'SZ' is (from Fig 5.8)

Dg, =2 Ty + 3 Tyop + T1 + Tyup + Tyux swmmas (5.7)
(0f 2 T3, one T3 is needed to form product term)
where T3 = +the access time of (256x4) PROM.
XOR — the delay in the exclusive OR.
TI = the delay in the Inverter.
TAND = the delay in 2-input AND gate.
TMyx = the delay in 2:1 multiplexer.

For the components used in the circuit in Fig 5.8

T, = 70 ns ;: TXOR = 7 ns, TI = 10 ns ; T = 8.8 ns

f&UX = 20 ns. Therefore
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DSZ = 140+21+10+8.8+20 = 200 ns.

From Fig 5.10 (circuit in the solid-lined Box), the delay in

detecting incorrect sign, D is given by

IS
Dig = Dg, + Taanp T Txor * Tor ceee. (5.7a)
where T3AND = the delay in 3-input AND gate.
TOR = the delay in OR gate.

(since delay in forming 'SC' (2 T ) is less than the delay

X0OR
in detecting 'SZ', delay in forming 'SC' has been omitted.)
TOR = 14 ns (for the OR-gate used in the circuit 5.10)
Therefore
D = 200+7+8.8+14 = 230 ns eeses (5.7b)

IS
(ii) Delay in overflow detection by 'grouping tech-

nique'’ DGT is given by (from Fig 5.10)

DGT = Ty + Bonn = 4 Tor *+ 2 TAND ceies (5.7c)

where Tapp = the delay in adding 4 bits. For the

adder used in Fig 5.10, Tapp = 25 ns. Therefore

D 70+25+4x14+2x8.8

1l

~ 169 ns = c.... (5.74d)

From (5.7b) and (5.7d4), it is seen that'the overflow detec-
tion by 'group technique' is faster than by 'incorrect sign
detection' technique. This is due to the fact that the sign
detection is not needed for the formation of group number.

The (5.7a) gives the actual expression for delay in multiplic-

ative overflow in the present system.
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5.4 (d) Delay in additive/subtractive overflow
detection

Delay in additive/subtractive overflow detection DADD

is given by (from Fig 5.10)

D = D + T + s v o s o -
ADD Sz xor T 2 Toxr (5.7e)

200 + 7 + 2 x 14

235 ns (for the components used in
Fig 5.10)

5.5 Integer Division

Integer division needs a first approximation of the
guotient and then proceeds by successive approximations each
of which is a number equal to the preceding approximation
divided by 2. The first approximation is formed from the
information of the group number, g(X) of the dividend and
the group number, g(Y) of the divisor according to the Table
5.14. (The first approximation and the successive approxim-

ations are positive numbers.)

Table 5.14

Table of first approximation of quotient

Condition First Approximation
-
If g(X) > g(V) 29 (X0 - gl¥)
If g(X) < g(¥) zZero

(Division of zero or by zero is aborted.)

Table 5.15 shows the possible values of first approx-
imations (in power of 2) and their residue forms in mod-16

and mod-15.
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Table 5.15

Possible values of first approximations

First Approximation in

First Approximation residue form
mod-16 mod-15
27 0 8
9t 0 4
2P 0 2
2% 0 1
23 8 8
22 4 4
2! 2 2
20 1 1
0 0 0

Since the successive approximation is the number equal
to the preceding number divided by 2, Table 5.15 also gives

the possible values of successive approximation (except 27).

For the successive approximations, the number to be
divided by 2 is supplied by the X-data bus (Fig 5.11). How-
ever, all eight bits need not be multiplexed. From the Table
5.15, it is clear that the resicue in mod-16 is either
zero or equal to the residue in mod-15. Therefore only six
bits of information -- 4 bits of the residue in mod-15, 1 bit
of zero-nonzero information of the residue in mod-16 and one
extra bit signifying 'division by 2', are required. The
requirement of 'division by 2' is commucicated by the '$3' bit
which is connected to the input pin 13 of the multiplexer ({34)

and to the selection pin 1 of the multiplexer (34) and (35).
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When '¢$3' goes high, four bits of the residue (X3,X2,
X1,X0) in mod-15, one bit of zero/nonzero information of the
residue (X7,X6,X5,X4) in mod-16 and '¢3' (= '1l') are selected
to the output of the multiplexers (2:1 multiplexer). When
'¢3' goes low the group number of X, (gX0,gX1l,gX2) and the
group number of YV (g¥Y0,g¥Y1,gY2) are selected instead. (The
group number of X and Y are generated by the PROMs (16) and

(18) respectively of the circuit in Fig 5.10.)

The multiplexed outputs are fed to the PROMs (19) and
(20) which form two look up tables of the first approximation
and successive approximations. One %table (Table 5.16(a))
gives the residue in mod-16 and the other table (Table 5.16
(b)) gives the residue in mod-15. Locations (0OH to O07H),
(10H to 17H), (20H to 27H), .e... (70 H to 77 H) altogether
64 locations are allotted for first approximations and locat-
ions (80 H to 9F) altogether 32 locations are allotted for

successive approximations.

The integer division is an iterative process; and it

can be shown with the flow chart of Fig 5.12.
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Table 5.16(a)

Look up table for first approximation and
successive approximation in mod-16

Z E R O
8 4 2 1 0 0 O
0 8 4 2 1 0 O
0O 0 8 4 2 1 O
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Iterative processes continue such that the iterative
values of X continue to decrease. Therefore T (in Fig 5.12)
is added or subtracted from the iterative values of X depend-
ing on the sign of the result (Exclusive OR of the signs of
X and ¥ i.e. SX ® SY). From Table 5.17, it is obvious that
T is added if the sign of the result is negative; otherwise
T is subtracted. (The first approximations and the succes-

sive approximations are positive.)

Table 5.17

Table to decide whether T is to be
' added or subtracted

Sign of the result

Sy SX Sign of T SX @ SV Operation
0 0 0 0 Subtraction
0 1 0 1 Addition
1 0 1 1 Addition
1 1 1 0 Subtraction

(The sign of T follows SVY.)

The quotient generated is in positive form. Therefore
it is ccnverted to negative form (subtracting from zero), if

the sign of the result is negative.

The division of M/2 (120 in this case) by -1 presents
a problem. M/2 is a negative number and there is no 'counter-
part' positive M/2. The sign of the result of above division

is positive; whereas quotient (M/2) is negative.
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However, this problem can be solved by software. When
the positive approximations are added successively, the last
addition will show overflow when M/2 is divided by *1. There-
fore when sign of the result is positive and overflow occurs,
then overflow signal is to be flagged. 1If the sign of the
result is negative and overflow occurs, the quotient is M/2.

(The software listings have been shown in Appendix-6; AF6 (a)-)

5.5(a) Delay in finding approximations

Delay in finding the first approximation, DFA is given

by (Fig 5.11)

D Delay in finding the group number of X and VY

FA

+ 1 multiplexers delay (Fig 5.11)

+ 1 PROM delay (Fig 5.11)

= 1 PROM delay (Fig 5.10)

+ 1 multiplexer delay + 1 PROM delay.

For the components used for the test circuit,

DFA = 70 ns + 17 ns + 70 ns = 157 NS .cv... (5.8)

Delay in finding a successive approximation D is given by

SA
(from Fig 5.11) ’

DSA

2 OR gate delay

+ 1 multiplexer delay + 1 PRCM delay.

2x14+17+70 = 115 ns

(for the components used in the circuit).

5.6 Floating Point Arithmetic

In this case the base of the exponent is chosen to be

1 1
B = (M/2)% = (120)% = 11. A number X is expressed as
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X = A.,11° ceen. (5.9)
where A is the mantissa and n is the exponent, the range
of which is from 0 to 4119 and from -1 to -120.
In floating point operations each mantissa is separated
into two terms such that
A = az.ll + a; eesase (5.9a)

a; and a, are the co-efficients of 1l-power and O-power of
11 respectively and the range is from 0 to 10. The steps to

find the co-efficients are
: = A L
(1) a2 =| ;3 (Integer Division)

A - a.11

(i1) a,
During normalisation a co-efficient a. is needed to be

rounded. The steps that are required for rounding are

ai—l * 5
(i) Find T = ==T

(If a,_, is negative (-5) is added; otherwise +5)

(ii) Find the rounded ai = a, + T

1
11 | .
(4]~
Floating point arithmetic is done by sottware (Appendix—G(b))

which resides in the PROMs of SDK-80 microcomput=er.

5.6(a) Floating Point Addition

The floating point addition can be described with the

flow chart of Fig 5.13(a), 5.13(b) and 5.13(c).
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Coeff (A) —> QA1,Q2
Coeff (B) =—> b1, b2

T<— (N1 —-n2)

.

Negative ?

Yes

ai=Dbt ; a2 b2
Sla1) = S(b1); Slaz) = S(b2)

Alignment of Mantissa .

Addition of

-

Mantiszaz. |

Normalisation .

l

__®

Exponent & Sign Ot
Result

The

€

Fig. 5.136):
16 -15 resjdue

Flow Chart Ot Floating Point Addition

in the

system .
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T <« T(2)-11

Yes

T overflow

T€— T+T0)

Does Yes

overflow
?
T «— [Tm+5] T — ’Tm—sf]
1 L 11
T<€<— T(2)+ 7T
Exp(X) «—ExXp(X)+1
I
I
Mnt(Z) «<— T
Exp(Z)<— Exp(X).
l
Find the sign of
Mnt (Z)
Fig. 5-13(c) Process of normalisation in floating point

addition in the 16-15 residue System .
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5.6 (b) Floating Point Subtraction

After the subtraction of the mantissa of subtrahend
from zero, the floating point is same as floating point
addition. The flow chart of Fig 5.14 shows the floating

point subtraction.

5.6(c¢) Floating Point Multiplication

The theory behind the fldating point multiplication
has been given in sections 4.4.3(b) and 4.4.4(b). The
floating point multiplication in 16-15 moduli system can

be described with the flow chart of Fig 5.15(a), 5.15(b).

To find the exponent of the result, Exp(Z) is a bit

complicated process. The Exp(Z) can be written as
Exp(Z) = Exp(X) + Exp(Y) + g

where g is the 'generated exponent' (section 4.4.4 and

Fig 5.15(b))

When Exp(X) and Exp(Y) are positive, the overflow in
Exp(X) + Exp(Y) indicates that Exp(Z) is outside the range.
(g is always positive.). When Exp(X) and Exp(Y) are negative,
Exp(X) + Exp(Y) may overflow, however, Exp(Z) may or may not

remain within the range due to the addition of g.

In later case it has been observed that when Exp!Z) is
really within the range, and if Exp(X) + Exp(Y) overflows,
addition g makes a second overflow such that Exp(Z) comes

within the range.
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IN(XY)

X= AT
n2
Y= B.11

B<«< 0-B

Floating addition

Fig. 5.14 Flow chart of floating point

subtraction in the 16-15 residue
system .
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x=A-1"; vy=Baf?

I
Coeff (A) => a1, a2
Coeff (B) => b1, b2

T(3) ¢ a2-b2 5

T(1) «—ai-b2 5

T(2)e— a2- b1

T(0) «— a1. b1

1"

T <_[M] s T(4) e—T(2)=T-41 5 T T(+T
-|»<__[I.U_) s T(5) «—TWi= Te113

T [“—0} s TU) < T(0)- T

1
T(2) < TW)+T(5) ;

T(2) €« T@2) +T .

11

T3 &— TN+ T

Fig. 5.15l(a)

Normalisation

=)

Find

Exp (Z)

Find sign of

Mnt (Z)

System :

Flow chart of floating point
multiplication in the 16-15 residue

133



Te— T(3)e11

Does

T(5) «— T + T(3)

Does

Yes

overflow

T(5) overflow

Yes _

T(6) overflow

Yes

Yes
)’es
No
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!
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|
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I

!
Fig. 5.15(b) Flow chart of
floating point

normalisation in the 16-15 moduli

muttiplication .
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Therefore if overflow occurs twice or overflow does
not occur at all, Exp(Z) is within the range, otherwise
EXP(Z) is outside the range. The flow chart of Fig 5.15(c)

explains how to determine whether Exp(Z) overflows or not.

5.5(d) Floating Point Division

The flow chart of Fig 5.16(a) shows the floating point

division. (The division of zero or by zero is aborted.)

The mantissa and exponent of % are generated with two

look up tables; one is for the mantissa of % and the other

for the exponent of % .

The mantissa of the result, Mnt (Z) is found by float-

ing point multiplication of the mantissa of X and that of l.

B
This multiplication results in a 'generated exponent', g.
The calculation of the exponent of floating point
division is complicated too.
Exp(Z) = [Exp(X) - Exp(¥)] + [g + EE] (Fig 5.16(a))

Exp (X) -Exp (Y) may overflow; however, Exp(Z) may remain
within the range due to addition of the term [ g+EE ] which may

be positive or negative and does not overflow.
(g =0or 1or 2 and EE = 0 or -1 or -2 or -3)

Applying the same reasonings as given in determining the over-
flow condition of Exp(Z) in case of floating multiplication,
the overflow condition of Exp(Z) in case of floating point

division can be shown with the flow chart of Fig 5.16(b).



T «<— Exp(X)+ ExplY)

overflow
)

T overflow

No overflow .

Overflow . Overflow

Fig. 5.15(c) Overflow detection of Exp(Z) in
floating point multiplication in the

16-15 residue system.
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IN(XY)
X =AM
Y = B.11™

|
EM <« Mnt(lB-\
EE (—-Exp(lg)

|
Mnt(Z) e— FL.Pt. (A-EM)

1
Exp(Z)«— Exp(X)- ExplY)+ g+ EE

Fig. 5.16{a)l Flow chart of floating point

division in the 16-15 residue
system.

O

T <«— Exp(X)- Exp(Y)
TA)<«— g + EE

Does Yes

T overflo
?

No

Te— T+ T() Te T +T0)

Does Does

Yes No

overflow
?

T

overflow T

?

No overflow Overflow I No overflow

Fig.5.16(bl Overflow detection of Exp(Z) in
floating point divisicn in the 16-15

residue system.
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=

5.6(e) Generation of mantissa and exponent of =

to

For a base of exponent B, a general method to calculate
the mantissa and exponent of % has been described in Appendix
-2. Applying that method the values of mantissa and exponent
of % for the base of exponent =11 (eleven) have been tabul-

ated in decimal and residue forms shown in Appendix-3.

The mantissa and exponent of % in residue form are
stored in PROMs (Fig 5.17). The value B is fed to the PROM
(17), (21) and (23) through the X-data bus and PROM (17) and

(21) output the mantissa in mod-16 and mod-15 respectively,

while the PROM (23) gives the value of exponent.

The exponent of % may be of any value of -1, -2 and -3.

The residue form of those values are shown in Table 5.19

Table 5.19
Residue form of the exponent of %
Exponent Exponent in Residue form
in .
Decimal In Hex In Binary
form mod-16 mod-15 mod- 16 mod-15
-1 F E 1111 1110
-2 E D 1110 1101
-3 D C 1101 1100

From Table 5.19 it is seen that two most significant bits of
the residues (in binary) in mod-16 and mod-15 are same and
constant (11). Therefore in the formation of a look up table,

storing of these two bits is not necessary; only two least
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significant bits of each residue are required. Therefore

only one (256x4) PROM is needed.

Two M.S.Bs are generated at the output circuit of the

RAU and this will be discussed in section 5.7.

The PROM(23) (Fig 5.17) forms the look up table for
the generation of the two least significant bits of each

residue of the exponeht of % )

The Tables 5.20(a), 5.20(b) and 5.20(c) show the con-

tents of the PROMs (17), (21) and (23) respectively.

5.6(f) Delay in finding the mantissa and
exponent of %

Delay 1 PROM delay (from Fig 5.17)

70 ns (for PROM, Intel 3601).
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Fig. 5.17 Circuit for approximate floating point
number of 1/B in the 16-15 residue

system .
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Table 5.20(a)

Look up table for the mantissa of-%
in mod-16

Each hex digit represents the residue of B in
mod-16. (Lower 4 address bits)

= N
01 2 3 4 5 6 7 8 9 A B C D E F

o

0 7 4 2 AE1 3 5 DTF 2 6 E C 9

1|3 B 1 2 2 9 E 1 35 DTF 2 6 D B

Each

hex digit
represents
the residue
of ¥V in
B <f 8|4 CE 04 9 3 A FTF 3C6C 0 2
(Higher

4 address 0
bits).




Each

hex digit
represents
the residue
of ¥V in
mod-15.
(Higher

4 address
bits).

Table 5.20(b)

Look up table for the mantissa of

in mod-15

Each hex digit represents the residue of B in

mod-16.

B

(Lower 4 address bits)

/\

5 6 7 8

A

B C

c 0 2 4

)
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Look up table for two least significant bits of each

Each

hex digit
represents
the residue
of ¥ in
mod-15.
(Higher

4 address
bits).

residue (in mod-15 and mod-16) of-ﬁ

<

o

Table 5.20(c)

Each hex digit represents the residue of B in

mod-16.

1

(Lower 4 address bits)

FAN
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5 6 7

9 A B C

F

4 4 4

4

4

4

4

4

4

4
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5.6.1 Error in Floating Point Addition/
Subtraction and Multiplication

For B = 11, [ B/2:| = 5. The highest positive number
for the system under consideration is +119; and the highest

negative number is -120.

5.6.1(a) Error in Floating Point Addition/
Subtraction

From (4.20), the maximum relative error for positive

numbers is

(i) Max (e) =

= 719 = .042

EB/2:| 5
R

The maximum relative error for negative numbers is

. = =2 =
(ii) Max (e) = 120 = .042

5.6.1(b) Error in Floating Point Multiplication

From (4.21), the maximum relative error for positive

[ U (eo)] _ 2'{[6/2] ]2+ 3. B2

numbers is

max R

2 + 25 +3 +5 _ 65

119 Too11 = .33

Il

The maximum relative error for heqative numbers is

[U (eo)] = S - 5y
max

12

5.7 Output Circuit of the RAU

The outputs from the RAU are the results of addition,
subtraction, multiplication, comparison, approximate quotient
for integer division, and mantissa and exponent of 3 for

B
floating division.
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The sign of the result of addition, subtraction and
multiplication, overflow signal and the Exclusive OR of the
sign of the divisor and dividend are connected to the pins
4, 5 and 6 respectively of the RAU board (Fig 5.8 and 5.10)
and are eventuall, connected to the C-port (lower part -

CO0, €1, C2) of the SDK-80 microcomputer (Fig 5.4).

The result of addition, subtraction, multiplication,
comparison, approximate quotient, and the mantissa and
exponent of % are multiplexed by three least significant bits
of the operation codes (Fig 5.18).

The pin 2 of the multiplexers (24), (25), (28) and (29)
are connected to +5V through 1.8 K resistors to generate two

most significant bits for each residue of exponent of % .

The pin 4 of the multiplexers (24), (25), (26), (27)
and (28) are connected to ground which generates zeros in the
5 MSB positions of the comparison signals; only the three

least significant bits give the information of compariscn.

Table 5.21 shows the states of the selection pins and

the selected inputs.
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Fig.5.18 Output circuit of the RAU.
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Table 5.21

States of selection pins and selected inputs

States of selection pins

$2,¢1,60 (3 bits of op. code) Selleeted IHpLES

1 1 0O Addition

1 0 1 Subtraction

0 1 1 Multiplication

0 0 1 Approximate quotient
0O 0 0 Comparison

1 1 1 Mantissa of %

0 1 0 Exponent of %

The outputs from the multiplexers are connected to the
pins 37 through 44 of edge connectors of the RAU board. The
outputs are eventually connected to ﬁhe B-port of SDK-80
microcomputer (Fig 5.4). The most significant 4 bits of the
outputs represent the residue in mod-16 and the least signif-
icant 4 bits represent the residue in mod-15. 1In case of
comparison, three least significant bits gives the information

of the results of comparison.

5.8 Conversion of Residue Numbers to NDecimal Numbers

The 16-15 residue system is a three-digit decimal sys-
tem (the highest positive number is +119). The theory behind

the conversion has been described in section 4.5.

Fig 5.19 shows the residue operations required to find

one decimal digit (residue form) of a positive number X.
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Since 16 and 15 are greater than 10, the residue of the
decimal digit in mod-16 is equal to the residue in mod-15
and each residue is equal to the decimal digit. Only one
residue is needed to be extracted. Decimal numbers are
represented in signed magnitude form. Thecrefore if X is
negative, it is converted to its positive form by residue

subtraction from zero or by residue multiplication with -1.

Successive digits are found by taking T (in Fig 5.19)

as a new value of X.

The first decimal digit is extracted by residue
multiplication with 01 and second digit by residue multip-
lication with 10. The residue addition of first and second
extracted digits gives two consecutive decimal digits which
are stored at an 8-bit-byte location. The third digit
(M.S.D) is extracted by residue multiplication with 01 and
is stored at another location. The contents of those locat-

ions, in proper order, give the decimal number of X.

(The program listings have been given in Appendix

-6 (c).)

5.9 How the Residue Arithmetic Computer Works -

The RAU together with the SDK-80 microcomputer forms
a real time residue arithmetic computer (RAC). The communic-
ation between the RAC and outside is thus made through a

teletype or VDU using SDK-80 programmes.

With the starting command - G 800) ( }= carriage
return), the RAC undergoes the phases of operations shown by

the flow chart of Fig. 5.20.
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START
G 800)

Injtialise the PORTs

I .
I -

Give signal to get the
type of operation required.

.
e

Wait

Is
operation

available

Yes

Give signal to get
operands -

operands

availaple

Yes

Perform operation and
display the result .

Fig. 5.20 Programe loops of the RAC .
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5.10 How to operate the RAC

With the teletype or VDU connected to SDK-80 micro-
computer and power on to the SDK-80 and RAU, the SDK-80 is

‘'reset'. Then the procedures that are followed are
(i) Key in G 800 )
The computer responds with
0 = (for type of operation).

(ii) Key in any alphabet A through J for the required

operation. (See Table 5.4)

If the operation is an integer operation the

computer responds with
M = (for first operand X).
(iii) Key in two hex numbers (residue number).
The computer responds with
M = (for second operand Y).
(iv) Key in two hex numbers (residue number).

The computer displays the result, first in

residue form and second in decimal form with
overflow (if any) and sign characters. (The
overflow character is '?'.) If operation is
a comparison one, the display is > or = or <
to indicate X is greater than or equal to or

less than Y. The computer signals

0 = (for further operation).
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If operation is a floating point one, the computer

responds with
M = (for the mantissa of X).
(iii) Key in two hex numbers (residue number).
The cormputer responds with
E = (for the exponent of X).
(iv) Key in two hex numbers (residue number).
The computer responds with
M = (for the mantissa of V).
(v) Key in two hex numbers.
The computer responds with
E = (for the exponent of V).
(vi) Key in two hex numbers.
The computer displays the result as

M= - — E = -~ = (in residue form)

M= - - - — = - - = - (in decimal form).

(The dash-line indicates the digits. The results are

displays with proper sign and overflow (if any) characters.)
Then the computer responds with

0 = {(for further operation).



153

5.11 Conclusions

The delay in multiplicative overflow detection, acc-
ording to the proposed technique, is 230 ns; whereas delay,
according to conventional fast technique [using PROMs of
70 ns access time (Intel Bipolar PROM, 3601)] would be
4.2.70 = 560 ns. Therefore multiplicative overflow detec-
tion is considerably faster, according to the proposed tech-
nique. In determination of the first approximation for
residue integer division, the proposed technique introduces
a delay of 157 ns; whereas conventional fast division tech-
nigque would need 2.2.70 = 280 ns. Therefore determination
of first approximation is also faster in the proposed tech-

nique.

Until now there has been no residue computer which
performs floating point operations. The introduction of
floating point arithmetic in 16-15 moduli system reveals
the fact that floating point arithmetic operations are feas-
ible in residue system, and that these operations are cost-
effective. The maximum relative errors that are introduced
in addition and multiplication [section 5.6.1] are not really
significant and quite normal for a single precision machine.
Therefore the proposed algorithms on floating point arith-

metic have great implicaticn in the residue system.

In the residue-to-decimal conversion process, where
the conversion radix is 10 and the moduli are 16 and 15,
neither A(X) method nor base extension is applicable. There-
fore the proposed technique is the only choice. Moreover

there is no reason for not using the proposed technique where
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all the integer arithmetic operations exist and more time

can be allotted for output translation.



CHAPTER VI



6. CONCLUSIONS

This concluding chapter presents a comparative study
between residue and binary number systems, and puts forward

a suggestion on further study on residue number systems.

The bases of comparison are the speed, cost and power
consumption in performing the basic operations - multiplic-

cation, addition/subtraction including overflow detection.

For the purpose of comparison 16-15 and 16-15-13-11
moduli systems have been considered and the fastest avail-
able logic cdmponents of both TTL and ECL technology have

been chosen when dealing with implementations.

The range of 16-15 moduli system (16x15=240) is less
than 2%, however, greater than 27; likewise the range
16-15-13-11 system (16x15x13x11 = 34320) is less than 2%,
however, greater than 2! . 1In this comparison, however, a
16-15 residue system has been compared with an 8-bit binary
system; while the 16-15-13-11 residue system has been com-

pared with a 16-bit binary system.

In multiplication the 16-15-13-11 system needs four
(256x4) PROMs. The component requirement for multiplicative
overflow detection (on the basis of Fig 4.1) has been shown

in Table 6.1(a).
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In the circuit of Fig 4.1 the generation of the group
number of the operand X, g(X) has been shown. The generat-
ion of g(Y) needs similar sorts of components as required
for g(X). Again for the generation of g(X) the information
of NZ(X) is required; and NZ(X) can be formed with one 8
input NAND gate and one inverter with two levels of gate
delay. Similar type of components are needed for NZ (V).
The sign detectioir (by mixed radix conversion) of the product
(SZ) needs five (256x4) PROMs. The circuit configuration is
similar to the circuit used for SX, except that (256x8) PROM

is replaced by a (256x4) PROM.

The requirement when using ECL components is same as
that of TTL components, however, since (256x8), (512x8) and
(512x4) ECL PROMs are not available, those PROMs are to be
built from available (256x4) PROMs. The (256x8) is a PROM
with 8-bit address lines and 8-bit data lines. The function
of that PROM can be configured by using two (256x4) PROMs.
One is used for four least significant data outputs, and
other one is used for four most significant data outputs.
The (512x8) PROM can be built from two (256x8) PROMs {con-
structed by above method). The 8-bit address lines are used
to select any loucation of (256x8) PROM and the remaining
address bit selects one of two (256x8) PROMs. The outputs
from (256x8) PROMs are wire-ORed. Therefore four (256x4)
PROMs are needed to construct an equivalent (512x8) PROMs.
Construction of a (512x4) PROM needs two (256x4) PROMs. The
8-bit address lines select any location of (256x4) PROM,
whilst the remaining address line selects one of two (256x4)

PROMs. The outputs of (256x4) PROMs are wire-ORed. Table
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6.1(b) shows ECL required for multiplication and its over-
flow detection in 16-15-13-11 moduli system. In place of a
4-bit full adder (ECL) which is not available, a 4-bit
Arithmetic Logic Unit (ALU) has been chosen. Since an 8 in-
put ECL NAND is not available, 2 input AND gates are to be
used for the generation of NZ(X) and NZ(Y). A total of
fourteen 2-input AND gates are needed and the arrangement
has three levels of gate delay using currently available

components.

In a 16-15 moduli system, multiplication needs two
(256x4) PROMs. The components for multiplicative overflow
detection can be calculated from the circuits in Fig 5.10
and 5.8. The circuit in Fig 5.8 has been used for sign SZ
of the result Z. Table 6.2(a) shows the TTL components
required for multiplication and its overflow detection in

a 16-15 moduli system.

The ECL components needed are the same as the TTL com-
ponents, however, since ECL 3-input AND gates are not avail-
able, 2-input AND gates are to be used. Therefore for three
3-input AND gates, six 2-input AND gates are substituted.
Table 6.2(b) shows the ECL components needed for multiplic-

ation and overflow detection in a 16-15 moduli system.

Of the TTL family Schottky TTL [57] is the fastest;
therefore Schottky TTL components have been chosen. Of the
ECL family [58], ECL-III is the fastest; however, ECL-III
has a limited number of functions, therefore ECL-10000 has
been chosen for the ECL components. Tables 6.3(a) and 6.3(b)

show the characteristics regarding delay, cost and power



consumption of TTL and ECL components respectively.

Table 6.1(a)

TTL components required for multiplication and
its overflow detection in a 16-15-13-11 moduli
(Yaking into account of generation of

g(¥) and SZ.)

system.

158

. Component Type SRmpES: Number of
Fynction Required No o Packages
) Components
Multiplication (256x4) PROM 82527 4 4
Overflow (256x4) PROM 82527 14 14
Detection:
(According to {256x8) PROM 825114 2 2
the circuit in
Fig 4.1, (512x4) PROM 825130 4 4
requirement for
generation of (512x8) PROM 825115 4 4
g(Y) and sign
detection of
Zi.e. SZ.) 4-bit Full Adder SN745283 6 6
2:1 Multiplexer SN74S158 2 2
2-input Exclusive OR SN74586 2 1
2-input AND SN74508 2 1
2-input OR SN74S532 3 1
[ 8-input NAND SN74S30 2 2
Inverter for SN74504 2 1
generation of
NZ(), NZ(Y). ]
42
(Total
package

count)



Table 6.1(b)

ECL components required for multiplication
and its overflow detection in a 16-15-13-11
moduli system.
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Number

Function Compopent Type of Number of
Required No. Packages
Components
Multiplication (25644) PROM 10149 4 4
Overflow (256x4) PROM 10149 42 42
Detection:
(According to 4-bit Arithmetic
the circuit Logic Unit MC 10181 6 6
in Fig 4.1,
the require- 2:1 Multiplexer MC 10173 2 2
ment for
generation 2-input Exclusive OR MC 10107 2 1
of g(¥) and
the sign 2-input AND MC 10104 16 3
detection
of 7 i.e. S7) (Hex AND)
2-input OR MC 10103 3 1
59
(Total
package

count)



Table 6.2(a)

TTL components required for multiplication
and its overflow detection in a 16-15 moduli

160

system.
Component Type Number Numbetr of
Function s YP of Packages
Required No.

Components of gates

‘Multiplication  (256x4) PROM 82527 2 2
(Fig 5.6(c))
Overflow (256x4) PROM 82527 3 3
Detection:
(According to 4-bit Full Adder SN74S283 1 1
the circuits
in Fig 5.8 2-input Exclusive OR SN74S86 5 2
and 5.10.)
2-input OR SN74S532 5 2
2-input AND SN74508 4 1
Inverter SN74S04 3 1
4:1 Multiplexer SN74S153 4 4
3-input AND SN74S511 3 1
17
(Total
package

count)



Table 6.2(b)

ECL components required for multiplication
and its overflow detection in a 16-15 moduli
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system.
Number Number of
Function ﬁg?{giii; T;Ee of Packages
4 ’ Components of gates
Multiplication  (256x4) PROM 10149 2 2
Overflow (256x4) PROM 10149 3 3
Detection:
(According to 4-bit ALU MC 10181 1 1
the circuits
in Fig 5.8 2-input Exclusive MC 10107 5 2
and 5.10.) OR
2-input OR MC 10103 5 2
2-input AND MC 10104 10 2
(Hex AND)
Inverter MC 10195 3 1
4:1 Multiplexer MC 10174 4 4
17
(Total
package

count)



Table 6.3 (a)

Characteristics of TTL components required for
Residue Multiplication and its overflow detection

Type Delay

Components Number N Power Price¥* Manufacturers

(i) (256x4) PROM 82527 40 .6 mw/Bit 25.25 Signetics  [78]

(ii) (256x8) PROM 825114 60 165 uw/Bit 19.00 ”
(iii) (512x4) PROM 825130 80 .3 mw/Bit 6.50 "

(iv) (512x8) PROM 828115 60 165 uw/Bit 17.00 a

(v) 4-Bit Adder SN745283 7 510 mw 2.00 Texas Instrument [57]

(vi) 3-input AND SN74S11 4.75 31 mw/gate .57 i "
(vii) Hex Inverter SN74504 3 19 mw/gate 1.08 n "
(viii) 2-input AND SN74S08 4.75 32 mw/gate .57 " "

(ix) 2-input OR SN74532 4 35 mw/gate .57 i "

(x) Quad Exclusive CR SN745S86 7 250 mw .85 " "

(xi) 2:1 Multiplexer SN745158 4 195 mw 2.39 " "
(xii) 8-input NAND SN74530 3 19 mw/gate .86 i o
(xiii) 4:1 Multiplexer SN74S153 6 225 mw 2.39 " "

79.03

29T

* All prices are in Australian dollars and small quantity price.



Table 6.3 (b)

Characteristics of ECL components required for
Residue Multiplication and its overflow detection

Function N$££Zr ?ilzz Power Price* Manufacturers

(i) (256x4) PROM 10149 20 .66 mw/Bit 22.32 Signetics  [78]

(ii) 4-bit ALU MC 10181 7 600 mw 35.20 Motorola [58]
(iii) Hex Inverter MC 10195 2 100 mw/Pkg 1.31 i
(iv) Hex 2-input AND MC 10104 2.7 140 mw/Pkg .51 i
(v) 2:1 Multiplexer MC 10173 Pl 270 mw 7.10 "
(vi) Triple Exclusive OR MC 10107 2.5 110 mw/Pkg .55 "
(vii) Quad 2-input OR MC 10103 2 100 mw/Pkg .51 L
(viii) Dual 4:1 Multiplexer MC 10174 3.5 305 mw 7.06 "

74.56

*

All prices are in Australian dollars and small quantiti price.

€91



164

Presently the MPY/HJ family [56] of binary multi-
pliers are the fastest. Table 6.4(a) shows comparisons
of a 16 x 16 multiplier Vs. 16-15-13-11 moduli multiplier
and an 8 x 8 bits multiplier Vs. 16-15 moduli multiplier
using TTL technology. The delay in overflow detection in
a 16-15-13-11 moduli multiplication has been calculated
using the expression (4.1); whilst the expression (5.7)
and (5.7a) have been used for calculation of delay in over-
flow detection in the 16-15 moduli multiplication. Table

6.4 (b) shows similar comparisons using ECL components.

From the examination of Table 6.4 (a) and 6.4(b) it
is clear that residue multiplication is much faster and
more cost-effective, specially using ECL technology. How-
ever, when residue multiplication is associated with over-
flow detection, the system gets slower and more costly.
However, since the same piece of hardware, used for over-
flow detection, can be used for sign detection and generat-
ion of first approximation for residue integer division,
the cost is not as much of a concerning factor as would at

first appear.



Comparison of

Table 6.4 (a)

(i) 16x16 binary multiplier Vs 16-15-13-11 mod multiplier

including its overflow detection

(ii) 8x8 binary multiplier Vs 16-15 mod multiplier including

its overflow detection

(TTL components.)

Component Number of

Delay in

Function Required Components ns 2 G SSusE
(1) 16 x 16 bits multiplier | 3??516 - 1 100 $265.00 3 W
© fpmpmiee  smme smmEe w0 o e
(3) overflow Detection 82?1¥2?1e Sz?lfz?le 269 $506.21 18 W
(4) 8 x 8 bits multiplier $§¥{8 . 1 45 $120 1w
(5) Tizf?gemggitiplication 52?2¥:?1e Sz?zﬁz?le 40 $ 50.50 1.78 W
(6) Overflow Detection 82?2?2?1e SE?ZT:?le 129 $ 93.00 4 W

* All prices are in Australian dollars.

S91



Table 6.4 (b)

Comparison of (i) 16x16 binary multiplier Vs 16-15-13-11 mod multiplication

including overflow detection

(ii) 8x8 binary multiplication Vs 16-15 mod multiplication

including overflow detection.

(Using ECL.)

Component

Number of

Delay in

Function Required Components o Price* Power
R U it S o e e
b ana - A o z 9.2 27w
(3) Overflow Detection Sz?lfz?le Szfsz?le 126 1165.39 33.16 W
(4) 8 x 8 binary Motorola/10183 8 50 @ 30.84ea 6.4 W

Multiplier 246.72
9 e rulicanion | Sl e 20 soos 13
(6) Overflow Deteccion 82?2¥2?1e 52?2¥g?1e 65 320.00 5 W

* All prices are in Australian dollars.

991
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A comparison of a 4-bit binary adder (TTL and ECL)
with a 4-bit residue PROM adder has been shown in Table 6.5.
From the table it is apparent that in TTL technology a
4-bit binary adder is six times faster than a 4-bit residue
PROM adder. Therefore in addition of equivalent 24 (=6x4)
bits or higher, residue PROM will be faster, provided the
access time of the PROMs used is 40 ns. However, since the
cost of one (256x4) PROM (TTL) is twelve times higher than
that of a 4-bit binary adder (TTL), the residue adder is

not cost effective.

In ECL technology, a 4-bit binary adder is three times
faster than a 4-bit residue PROM adder. With ECL technology
addition of equivalent 12 (=3x4) bits or higher will be
faster in a residue system assuming that the access time of
the PROMs used is 20 ns. However, sign detection in 3
moduli (each module having 4 bits) system will need 40 ns
[ = (3-1)-20; sece Appendix-5]; whereas the sign detection in

a 12 bit binary system will need 3x7 = 21 ns.

From what has been discussed above, it is clear that
present day technology still is not favourable towards the
impiementation of residue in general purpose computers. The
binary cystem will maintain its predominance. However. in
special applications where there is no use of sign and over-
flow detection, residue multiplication will be the first
choice and may also be a coptender in very fast and large
systems where the carry free property is of great importance

in minimising the chip connections and inter chip delays.
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Table 6.5

Comparison of a 4 bit binary adder
(TTL and ECL) Vs. a 4 bit residue
PROM adder (TTL and ECL).

. Number of Delay in . C
Function | Technology  Components Components e, Price in §.A.
A 4 bit TTL SN745283 1 7 2.00
binary
adder ECL MC 10181 1 7 35.20

TTL 82827 1 40 25.25
A 4 bit (256x4) PROM
residue
e ECL 10149 1 20 22.32
(256x4) PROM

As it has been discussed earlier that the residue
floating point arithmetic can be performed in software prov-
ided all the residue integer arithmetic operations are avail-
able. In fast processors the residue floating point
operations will be fast. However, in comparison with binary
floating point arithmetic the residue floating point arith-
metic is slower since (i) the mantissas of the residue
floating point operands are to be broken down intc two
co-efficients and (ii) in normalisation process the multi-
plicative overflow information is required. However, at
least it has been shown that the floating point arithmetic
can be performed in the residue system, and the operations
are cost-effective, since the only requirements are PROMS
for generation of floating point numbers of the reciprocal
of the mantissa of divisor and memories to store the prog-

ramme required for residue floating point operations.
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It is clear from the discussion above that the multi-
plicative overflow detection is the speed limiting factor
in the residue system. Also sign detection is a problem.
Therefore more efficient algorithms for sign detection and
overflow detection should be investigated and also the
possibility of using logic gates or FPLAs (instead of PROMs)
should be looked at. In the near future VLSI circuit may
open the way to implementation of overflow detectors with
combinational logic and a different comparison between the

systems may then result.

The residue PROM adder/subtractor is slow. The com-
binational logic is another possible way for implementing
residue addition/subtraction and should be a matter of

further investigation.
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APPENDIX - 1

Some Important Proofs

nt1

If 2% < M < 2 , Yy = n+l, and g(X) and g(Y) are the

group numbers of X and Y respectively, prove that
(i) if g(X)+g(Y) > y, overflow will occur.
(ii) 4if g(X)+g(Y) < y, overflow will not occur.

(iii) 4if g(X)+gl(Y) = y, overflow may or may not occur.
If it occurs, the sign of the product will be

incorrect.

Proof:

The multiplication of the lowest numbers in two

groups is given by (from Table 4.1)

7 =w . 2789 XD g omargVE ()
7 = wl . 27289 Xlegl¥) ceen. (1a)
1
Let g(X)+g(Y) = y+1. If y is an even number, W= (M)2
and 4 = y/2+1. Therefore (la) can be written as
Z =y . 27 W/THI ATy L (2a)
If y is an odd number, W=(%f§ and 4 = (y+1)/?2. There-
fore (la) can be written as
7 = 2y . 2 PHUrIN/2hryrl s L. (2b)

The equations (2a) and (2b) indicate that overflow
will occur when the lowest positive numbers in two groups,

sum of which is greater than y, is multiplied. [%he
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equations (2a) and (2b) do not indicate overflow if one
of the lowest numbers is negative, since M/2 is within
the range of negative half. However, in most cases (Mﬁ
or (%fﬁ is not an integer number. Therefore error will be
introduced in determination of W, and this error will make
7 in equations (2a) and (2b) greater than M/2, and there-
fore the product of the lowest numbers one of which is
negative will overflow. The method of determination of W
and construction of group table when (M);i or (Mfi is not

2

an integer number has been discussed in section 4.2.1:}

Let g(X)+g(Y) = y. If y is an even number, then (la)
can be written as

2'2(9/2"’”*9/ =M 2'2 (3a)

Z =M.

If y is an odd number, (la) becomes

7 = (M/2) . ALCARRNES AT AR

The equations (3a) and (3b) indicate overflow will not

occur.

The multiplication of the highest numbers of two

groups g(X) and glY) is given by

7 = [w ymarg X+ _1] . [W mstg (V)T
7 = wl . o-28+g(X)+g(V)+Z _ o 5A*g (X)+1
At A LA A T (4)
_wl | 2stg(X)+gly)+] [2 _ % _ 5-glY]
N % ) 2579(X)] + 1
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2 2-25+g(X)+g(V)+1

=W .
1 s5-gl(vY) 1 5-g(X)
[1 + 1 - W 2 - W " 2 + 1
ceees (4a)
Since group 1 contains number 1, overflow will

never occur on multiplication of number in group 1 with
the number in any other groups. Therefore overflow for

the groups greater than 1 will be considered:

Let g(X)+g(Y) = y. The equation (4a) can be written

as
25_9 (X)

==

7 = wt . 2 28%y*l [1 +1 -

_ 3
O Q(V)J + 1 ..... (4D)

W

The minimum value of Z depends on the minimum value of

1 - % Camg(X) 1 ,8-glY)

=

The expression (4c) is minimised when g(X]) or g(¥) is equal

to 2. Let g(X) = 2. Therefore
glv)y = y-2 ... (4d)
From the value of M, W can be expressed as

n+1
AP TR o i (4e)

s

If y is an even number, then from (4c) and (4e)

Jly 5-2 Ay s-y+? 1 y/2+1-12
1 - W 2 -y 2 <1 - ;;75 . 2
2 U/2+7'U+2
T .n/2

2
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2(n+1)/2+1-2 2(n+1)/2+1—(n+1)+2
=1 - &

2n/2 2n/2
— l _%_ 2('2n+1)/2+3

2(—2n+1)/2+3

However, for n > 4, < % .

Therefore the minimum value of (4c¢) is a positive number

for n > 4.

In other words for n > 4

2 2-25+y+1

Z . >W . eeess (4F)
min
or Z . >M. 2_2(y/2+1)+y+1
min
=M . 27! ceess (5)

The expression (5) indicates that when the sum of group
numbers is equal to y, multiplication of the highest numbers

in two groups will produce overflow.

In similar way the expressed (5) can be proved to be

valid for odd value of y. Again from (4)

7 < wl . 2728*g(X)rgly]+2 ceenn (6)
Therefore for g(X)+g(Y) = y and even value of ¢, (from (6))
Z <M vense (6a)

If g(X)+g(Y) = y-1, and y is an even number then from (6)

7 < WZ . 2—2(g/2+1)+y+1+2

or Z < M. 2_1 ..... (6b)
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The expression (6) indicates, when the sum of two
groups is less than y, the product of the highest number
of two groups does not overflow. Similarly it can be
proved that expression (6b) is also valid for the odd

value of y.

Combining (2a), (2b) and (5), it can be written that

if g(X)+g(Y) > y, overflow must occur.

Combining (3a), (3b) and (6b), it can be concluded
that

if g(Xx) +glY) < y, overflow will not occur.

Combining (3a), (3b), (5) and (6a), it can be

concluded that

if g(X)+gl(Y) = y, overflow may or may not occur.

If overflow occurs, the product will be of incorrect sign.

AP1 (b)

If any Apn-17 eee-- » Ay,9 a; are the mixed radix digits
of a number (positive or negative) in the system of moduli
Mpy Mpu—79 oeooso y m,, m; respectively, then the mixed radix
digits byy by-1» ....» bys b, of the 'counterpart' number
(negative or positive number) are given by

b.

1

{(mi - 1) - ai} for ai# 0 (i=n, n+1, ...., k+1)

bk = {mk - ak} and bp =0 , for a, # 0 and a, = 0

(p=k-1, k-2, ...., 2, 1).
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Proof:

The 'counterpart' number is formed by subtraction of

the number from zero i.e.

(0 On—l 0k+1 0k 0k-1 e 02 01)
- (a_ a " a a .. @A)
n n-1 k+1 k k-1 2 1
Since a, to a,_., are zeros, the kth digit is formed

by (mk - ak). This subtraction produces a borrow which
propagates up to nth digit. Therefore other digits are

formed by
bty = (myyy = age, =1) = {lmpy, -1)-ay4,}

b+, = (Mpy, = Apuy -1) = Uy, -1)-ag,,}

bn = (mn -a -1) = {(mn —1)—an}.
bp =0 forp=%k-1, k-2, ...., 2, 1.
Example:
If m, = 2, m, = 7, m, = 3, and a3 =1, a2 = 5y
ay = 0, then the MRDs of the 'counterpart' number
is given by
bs = (2-1)-1 =0
b = (7-5) = 2
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APPENDIX - 2

AP2: Floating Point value of %

For B > 1 and positive,

_ 8%, -
=5 ° B 2 8 gy (1)

2 r
Let %=Q +?B ..... (2)

where QB and r_. are the quotient and remainder of the left

B

hand side division in (2).

Case (i) 1If QB * B > R, then [j@Q-\is added to ry and then

divided by B.

g
/ )
rB +B [ 2] - Qr + r?r "“a e (J)

The rounded QB is given by K where

K = QB + Qr easas (3a)
Hence % ~ KB 2 eeee. (3b)

Case (ii) If Q.2 * B < R, then

B
1 _g?d -3
B—B' B e e - (5)
B® _ s
LEE 5 - % *t® ... (6)

E?%] is added to rp and then divided by B 1i.e.

fﬂ_i#JZZEl Tt ceees (6a)
B =t T B
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The rounded Qp is given by H, where

H=0Q0 +0Q sesas (6b)

R
oot
™
I

w

sseme (06C)

o =

Hence

If H > R, then H is taken to be equal to R.

= 1_, .5
For B=1, §$=8"*8

The floating point value of negative % is the negative

form of mantissa of positive % . The exponents

of both positive and negative % are same.
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Table 5.18: Table of mantissa and exponent of (

for B =1 to 120.

1
(11 is the base of exponent?

Mantissa in Residue

Exponent in

Secimal Residue Numbers Maqtissa in Exppnent in Form Residue Form
umbers Mod-15  Mod-16 Decimal Form Decimal Form Mod-15 Mod-16 Mod-15 Mod-16
1 1 1 11 -1 B B E F
2 2 2 61 -2 D 1 D E
3 3 3 40 -2 8 A D E
4 4 4 30 -2 0 E D E
5 5 5 24 -2 9 8 D E
6 6 6 20 -2 5 4 D E
7 7 7 17 -2 2 1 D E
8 8 8 15 -2 0 F D E
9 9 9 13 -2 D D D E
10 A A 12 -2 C C D E
11 B B 11 -2 B B D E
12 C C 111 -3 6 F C D
13 D D 102 -3 12 6 C D
14 E E 95 -3 F C D
15 F F 89 -3 E 9 C D
16 1 0 83 -3 8 3 C D

e

¢ - XIANHddV
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Mantissa in Residue Exponent in

gecimal Residue Numbers Maqtissa in Exponent in Form Residue Form

umbers Mod-15 Mod-16 Decimal Form Decimal Form Mod-15 Nod-16 Mod-15 Mod-16
17 2 1 78 -3 3 E C D
18 3 2 74 -3 E A C D
19 4 3 70 -3 A 6 C D
20 5 4 67 -3 7 3 C D
21 6 5 63 -3 3 F C D
22 7 6 61 -3 1 D & D
23 8 7 58 -3 D A C D
24 9 8 55 -3 A 7 C D
25 A 9 53 -3 8 5 C D
26 B A 51 -3 6 3 C D
27 C B 49 -3 4 1 C D
28 D C 48 -3 5] 0 C D
29 E D 46 -3 1 E C D
30 0 E 44 -3 E C C D
31 1 F 43 -3 D B C D
32 2 0 42 -3 C A C D
33 3 1 40 -3 A 8 C D

o1V



Mantissa in Residue

Exponent in

Decimal Residue Numbers Maqtissa in Exppnent in Form Residue Form
Numbers Mod-15  Mod-16 Decimal Form Decimal Form Mod-15 Mod-16 Mod-15 Mod-16
34 4 2 39 -3 9 7 & D
35 5 3 38 -3 8 6 C D
36 6 4 37 -3 7 5 C D
37 7 5 36 -3 6 4 C D
38 8 6 35 -3 5 3 C D
39 9 7 34 -3 4 2 C D
40 A 8 33 -3 3 1 C D
41 B 9 32 -3 2 0 C D
42 C A 32 -3 2 0 C D
43 D B 31 -3 1 F G D
44 E C 30 -3 0 E C D
45 0 1 30 -3 0 E C D
46 1 E 29 -3 E L C D
47 2 F 28 -3 D C C D
48 3 0 28 -3 D C C D
49 4 1 27 -3 C B C D
50 5 2 27 -3 C B C D

panuriuo)

TTV



Mantissa in Residue

Exponent in

Decimal Residue Numbers Maqtissa in Exppnent in Form Residue Form
Numbers Mod-15 Mod-16 Decimal Form Decimal Form Mod-15 Mod-16 Mod-15 Mod-16
51 6 3 26 -3 B A C D
52 7 4 26 -3 B A C D
53 8 5 25 -3 A 9 C D
54 9 6 25 -3 A 9 C D
55 A 7 24 -3 9 8 C D
56 B 8 24 -3 9 8 C D
57 C 9 23 -3 8 7 C D
58 D A 23 -3 8 7 C D
59 E B 23 -3 8 7 C D
60 0 C 22 -3 7 6 C D
61 1 D 22 -3 7 6 C D
62 2 E 21 -3 6 5 C D
63 3 F 21 -3 6 5 C D
64 4 0 21 -3 6 5 C D
65 5 1 20 -3 5 4 C D
66 6 2 20 -3 5 4 C D
67 7 3 20 -3 5 4 C D
68 8 4 20 -3 5 4 C D

paNUTIUC)

v



Mantissa in Residue Exponent in

Decimal Residue Numbers Maqtissa in Exppnent in Form Residue Form
Numbers Mod-15  Mod-16 Decimal Form Decimal Form Mod-15 Med-16 Mod-15 Mod-16
69 9 5 19 -3 4 3 C D
70 A 6 19 -3 4 3 C D
71 B 7 19 -3 4 z C D
72 C 8 18 -3 3 2 C D
73 D 9 18 -3 3 2 C D
74 E A 18 -3 3 2 C D
75 0 B 18 -3 3 2 C D
76 1 C 18 -3 3 2 C D
77 2 D 17 -3 2 1 C D
78 3 E 17 -3 2 1 C D
79 4 F 17 -3 2 1 C D
80 5 0 17 -3 2 1 C D
81 6 1 16 -3 1 0 C D
82 7 2 16 -3 1 0 C D
83 8 3 16 -3 1 0 C D
84 9 4 16 -3 1 0 C D
85 A 5 16 -3 1 0 C D

penuTluo)
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Mantissa in Residue Exponent in

Decimal Residue Numbers Mantissa in Exponent in Form Residue Form

Numbers Mod-15 Mod-16 Decimal Form Decimal Form Mod-16 Mod-16 Mod-15 Mod-16
86 B 6 15 -3 0 F C D
87 C 7 15 -3 0 F ¢ D
88 D 8 15 -3 0 F C D
89 E 9 15 -3 0 F ¢ D
90 0 A 15 -3 0 F C D
91 1 B 15 -3 0 F C D
92 2 C 14 -3 E E C D
93 3 D 14 -3 E E ¢ £
94 4 E 14 -3 E E c D
95 5 F 14 -3 E E C D
96 6 0 14 -3 E E C D
97 7 1 14 -3 E E C D
98 8 2 14 -3 E E C D
99 9 3 13 -3 D D C b
100 A 4 13 -3 D D C D
101 B 5 13 -3 D D C D

Q)

]

3

ct

0%

=]

=

[¢]

[a

1484



Mantissa in Residue Exponent in

Decimal Residue Numbers Mantissa in Exponent in .
Numbers Mod-15  Mod-16 Decimal Form Decimal Form SO ReSidues Forn
Mod-15 Mod-16 Mod-15 Mod-16
102 C 6 13 -3 D D C D
103 D 7 13 -3 D D C D
104 E 8 13 -3 D D C D
105 0 9 13 -3 D D C D
106 1 A 13 -3 D D C D
107 2 B 12 -3 C C C D
108 3 C 12 -3 C C C D
109 4 D 12 -3 C C C D
110 5 E 12 -3 C C C D
111 6 F 12 -3 C C © D
112 7 0 12 -3 C C C D
113 8 1 12 -3 C C C D
114 9 2 12 -3 C C C D
115 A 3 12 -3 C C C D
116 R 4 11 -3 B B C D
117 C 5 11 -3 B B C D
118 D 6 11 -3 B B C D
119 E 7 11 -3 B B C D
120 0 8 -11 -3 4 5 C D

STV
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APPENDIX - 4

AP4: Error Analysis of Floating Point
Addition and Multiplication Operations

In case of floating point addition/subtraction, and

multiplication, the errors are introduced during rounding

process in normalisation. In floating point division
error is introduced from two sources - (i) error from
approximation of floating point value of % and (ii) the

error from floating point multiplication of Fl(A.K).
However, errors only due to floating addition and multip-
lication will be evaluated, assuming the exponents of the

operands are zero.

AP4(a): Error in floating point additon

The actual value of Z is given by

(from (4.11)).

The positive error occurs if

(c, *B+c) >R or ¢, *B2R
and
( -
c > B2 if g is odd.
or
c, > |72 if B is even.

Under these conditions the normalised rounded Z (Fig 4.6)
becomes

Z° = (c. + 1)B
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Therefore positive error e+ = 1717 - I

Case (i) If R is odd, then

[%2] =852
or B = 2 -E?é]+1 ..... (1a)

Under error condition since c, > E?é], and c, is an

integer, therefore the minimum value of c¢; can be given by

_ [B5
(c,) . = (8241 ceen. (1D)
For ¢, = (¢;) . » et , in equation (1), is maximised,
min
therefore
(e+)max =g - (cl)min

B ‘-h[s/z—_]—l
2+ [B2l41 - [B2]
- %] e (2)

Case (ii) 1If B is even, then

[B2] = #2

or B = 2 °E§é] ceees (3)

Under error condition since c; > E%é] and c, is an integer,

therefore the minimum value of c,. in this case, is given by

_ |B

(e) 5, = [/2] eeen. (4)

For c, = (¢,) . , e+ , in equation (1), is maximised;
ml

therefore
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B - (c,)

x 1'min

2-[%2] - [B2]
[%2] e (5)

Therefore in both cases, positive maximum error is same.

(e+)ma

The relative positive error |J(e+) is given by

: o4+
Ulet) = =
c, B + c,
The |J(e+) is maximised when e+ = (e+%ax and ¢, B + ¢, = R.

Therefore the maximum value of (J(e+) is given by

(e+) (8,5 ]
_ max _ /2
Ulet) v = 7R =R

» samcos: (6)

The negative error occurs if

(c, * B+c¢c,) >R or c, * B2R
and ' c, £ E;é] if B is odd.
or
{ c; < E?é] if B is even.

Under those conditions the normalised Z becomes

Therefore the absolute value of negative error is given by

le-| = |27 -] = ¢

1

If B is o0dd, |e-| < E?é] and the maximum relative

negative error, U(e—%ax is given by

U(e—)max = [B/sz ...... (7)
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If B is even, |e-| < E?é] and maximum |e-| is given by
_ |8 ] . . .
(e—%ax . [/2 -1. (Since |e—| is an integer.)

The maximum relative negative error, when B is even,

[92] 1

is given by

U(e_)Inax = vewas (8)
From (6), (7) and (8), it is clear that the maximum error,
Max(e) is given by (6) or (7), therefore
[%2]
Max(e) = U(e+)max = R e (9)
AP4(b): Error in floating point multiplication

Actual value of 7 is given by

1 =c, BZ + ¢, B + ¢ (from 4.14).
Case (i) If c¢3 = 0, Z is reduced to ZR , where
ZR =c, B+c, ... (10)

In this case, maximum error is same as the maximum error

in floating point addition.

Case (ii) If ¢, and ¢, are nonzero, then positive error

will occur if
{(c, * B+c,) or c, * B} 2R

3

and ey E?é] if B is odd.

or
c > E?é] if B is even.
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In this case the normalised rounded I (Fig 4.7) becomes
Z” = (c, + 1)8?

727 -1

Therefore positive error e+

BZ-(c,*B+c,) ..... (11)

or e+ < B? _ c,*B  seses (12)

Case (iii) If ¢, is nonzero and c,; is zero, then positive

error will occur if

cy, * B+c, >R or c3 * B 2R

c, > E;é] if B is odd.

and
€y = E%é] if B is even.

Under these conditions, the expression for positive error

can be derived from (11) as

From (13) and (12), it is seen that e¢” > e. Therefore to
evaluate maximum positive error, the expression (13) will

be used.

) .

e+ is maximised if ¢, = (c ]
2 min

2

If B is odd, c, > E?é] (under the error conditions
given above). Therefore the minimum value of ¢, can be

written as

(cz) . = Eaé]+1 ..... (14)

mi

If 8 is even, c_ > E?é], therefore (c_.) . , in this case
2 = 2 min

is (under error condition)

)

L= E/z] een. (15)

(c,
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Therefore if B is odd, the maximum positive error is

given by
(e7+) . =82~ (cp) ; * B from (13)
= g% - [ E?é]+1]6 from (14)
(e-Bila) - (Bila) (2Bl
from (la)
Therefore when 8 is odd, (e’+) = E?é]-[z : E?é]+1]
..... (16)

When B is even, the maximum positive error is given by

(e'+ﬁmax = g2 - (ci)min * B from (13)
= g% - E?é]- B from (15)

[z-[%]]z A [2[3/2]} from (3)
A%2]) Ll (17)

The negative error occurs if

{(c, * B+ cy) or c, * B }>R

c, £ E?é] if

c, < E?é] if B is even.

is odd.

)

and

(For ¢ and c1 are nonzero)
3

Under these conditions, the normalised rounded < becomes
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The absolute value of negative error |e—| is given
by
le-| = |27 - 2] =¢, + B+c ..... (18)
The maximum value of ¢&,, (cl) = B8-1) ..... (19)
max

If B is odd, under the above condition,

e, < [¥2

Therefore the maximum value of c, can be written as

(cz) = E?é] vees. (19a)
mazx
Therefore the maximum absolute value of negative error,

when B is odd, is given by

(e—)max - (C2 )max

* B+ (c,)

max

It

[B2] - 6+ (8-1)  from (19a) ana (19)
[B2] [2 .l:?/z:]ﬂ] ; [2.[5/2]+1_1]
(B +2- B e

c, < ES/Z__J

Therefore the maximum value of ¢ can be written as

2
(c,) = [8/2] i swawe (21)

max

Therefore the maximum absolute value of negative error,

when B is even, is given by

l ¢~ Im-ax

* B+ |C1|

lCZImax max

[ Eaé]—l] « B + (B-1) from (19) and (21)

(Bda]. 2 B2 e Bl

from (3)

Il
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- 2[ [f‘/z:l]2 1 (22)

Comparing (16) and (20), the maximum error, when B is odd

is given by (20), therefore

Comparing (22) and (17), the maximum error, when B is even,

is given by (17), therefore
\
2
(e(e)) ., = 2[ [B/ZJJ ..... (24)

When c3 is nonzero, the minimum value of 7 is

(Z) v+ =R sswee {25)

min

The maximum relative error, when B is odd, is given
| (e(o))max
(L(QQ))max = ()

min

2 [E3/2:”2R+ 3 . E?’/zj

from (23) and (25)

The maximum relative error, when B is even, is given

by (e(e))
(U(QC))max max

min

(2]

R
from (24) and (25).
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APPENDIX - 5

e
g

Mixed Radix Conversion

For a set of moduli m, (i=1,2,3, ...., n) a number

X can be expressed in mixed radix form [28] as
X=a .T + ..... +taymym+ad,M;+a;----- (1)

where a, (i=1,2,3, ...., n) are the mixed radix digits. The

digits can be found by

a = |X|m
1 1
X-a,
a2 = My mso
X—a1
m —Q2
1
a, =
m2 m3

In this way, by successive subtraction and division,
all the digits can be obtained. Conversion of a number X
(residue form) to mixed radix form (shown in (1)) is called

mixed radix conversion (MRC).

Example:

For m, = 16, m, = 15, m, = 13, find mixed radix

digits of X —> {7,5,8}.
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Solution:
Moduli: 16 15 13
Residue of X 7 5 8 a, = 8
Subtract a, 8 8
15 12
* Multiply by ’%% . 7
1 11 9 a, =9
Subtract ¢, _9
2
* Multiply by ‘Tl‘g‘ 15
16 14 a; = 14

From example, it can be shown that total parallel
residue operations required are -
(i) (n-1) subtractions and (ii) (n-1) multiplication.
If these operations are carried out with PROMs (by look up
table) then subtractions and multiplication can be over-
lapped (since the multipliers are constant numbers). In
this case total operations are (n-1). In other words, delay

is (n-1) PROM-delay (access time).

The decimal value (DV) of X 14x15x13 + 9x13+8

2855

I

denotes multiplicative inverse of 13
16

* 4=| L
13 m, ! 15

and 15 with respective to m; (15 and 16) and 16

respectively:]
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APPENDIX - 6

PROGRAM LISTINGS



Appendix-6 consists of the program listings for the
RAC and is divided into three parts - AP6(a), AP6(b) and
AP6(c). The AP6(a) contains the program listings for
integer arithmetic operations together with initialisation
of the ports of the microcomputer, decoding of the operation
codes etc.; the AP6(b) contains the program listings for
floating point arithmetic operations and the AP6(c) contains
the program listings for the conversion of residue numbers

to decimal numbers.

The programs are the subroutines nested together. The

labels of the subroutines and routines, in alphabetical order,

are given below.

Labels Subroutines/Routines Page
AD S A30
ADD R A33
AP R A32
Al2 R A33
A30 R A33
BLN S A29
CAD S A38
CAP R A54
CAR S A28
CAT R A39
CBCD S A62
CCHR S A31
CNVBN S &
CM S A30
COMS R A33
COMU R A33



Labels

COR
COsI
Cous
COVER
cv

DAD
DI

DIV
DSV

ECHO
EEQ
EPT
EQ
EXP
EXPO
EXT

FAD
FA
FBCD
FD
FDI
FEND
FFC
FINIS
FIXE
FM
FMT
FMU
FS
FSU

GAT
GET
GETCH
GGT

Subroutines/Routines

el

W n n b nn T W o B o B V) | nh o o =

£ I~ < B~ o B /> R~ S~ o A~ s B~ « B <.« B~ = SR~ v B o B« v

- nh nn X

A38
A30
A34
A32

A32
A28
A28
A54
A43
A57

A45
A32
A62
A32
A57
A41
A57
A40
A40
A32
A59
249
A32
A48

A39
A29

A3l



Labels

GT

IBCD
INT

JPM

KAT
KATCH
KATH
KATR
KKK

LLT
LOAD
LT

MAD

MNT
MU
MUL

NCHRT
NEG
NEGA
NMOUT
NORL
NORM

opC
OSIGN
OUTPU
OVER
OVFL

PASS
PEG
PEND

Subroutines/Routines

S

R

x ™ n X

 » i » 0 A 0 ln I W Pyl

0 0 &0 m

e}

A61
A28

A30

A36
A46
A36
A36
A58

A3l
A29
A28

A47
A32
A28
A30
A33

A65
A28
A41

A52
A42

A28
A3l
A45
Ad4
A59

A36
A50
A40



Labels

PET
POS
POVER
PSI

QZERO

RRET
RSI
RZERO

SAT
SB
SCHRT
SDIV
SDK
SELE
SET
SSC
SSEP
SSSP
SU
SUB
SUM

TAB
TAC
TAD
TAD
TAG
TAKE
TAP
TEST
TOR
TTT
TZERO

XTAR

Subroutines/Routines

Pl o R V)

™ " X

W n n n ¥ ¥ nHh I n n

n ™ X W n nxx nh I XD

4]

A56

A60
A63
A56

A40
A32
A64
A34
A57
A39
A28
A37
A39
A65
A30
A33
A64

A34
A35
A35
A47
A3l
A30
A38
A32
A64
A28
A56

A29



Labels Subroutines/Routines Page
ZRET R 260
ZERO R A36

[s = Subroutine : R = Routine]

o Resides in the Monitor Prom of the SDK microcomputer.
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AP-6(a): Listings .of Integer Arithmetic Operations

;$$$w$$$$$m$$$$$$$$$$m$$$$m$m$$$$$$m$$$$$$$$$$mmm$$$$m
§ 38t sl st ok sk oo o s st oK AR R R s s st sl sk sk oK AOR A R seRCRRCR ok Rk ok ok
PERDGRAME FOR INTEGER AlDITION SUBTRACTION
FMULTIFLICATION AND COMPSRISON.

FRESTIOUE ARITHMETIC (MODULITES 16 AND 13D
;*$$$$$$$$$$$$$**#$$**#$*#**$$$*$*****$$$$$$$**$$$$#$$

?
9$$$%%*$$#%$%$$***$$****k****ﬁ**m*d**$$$$$$$$$$*$$$$$$
SPROGRAME STARTS FROM L.OC. #0800 OF THE SLK-80
SMICRQCOMFUTER .
?$$$*W*%#$$*$%******K$**$$$*$**************ﬁ**%*%*$%$*
¥
5 S% 0330k s A RO R AR AR K s ok o sttt otk sk sk ook s s Aol R olRRaR ORORCRGR R K
ORG #8000
FROM SETS
CNUENT SET 4O0LDA
ECHO: SET #01F4
GETCH: SET #0218
NMOUTS SET #0203
nive SET $#09E0
Fand SET #00CGE
FSU: SET #0CER
FMU: SET #0220
FOl: SET #0400
IRCH: SET $0EXNO
§ 3% ool b b oA i A ot SO 3K st s s ofe ok o st ol o sl R ol R s sl s R R sl ek skoROR SR Ok R
¥
§ 3Ktk ot ot ool e st st Rk R stk sk kRNt s ks stk ook sk sk ok sk sk setiok ackolorg
SFOUR OF THE SUBROUTINES CALLED ARE S5TORED
$IN THE MONITOR FROMZ OF THE SOK-80.
SEQUR SUBROUTINES ARE — 1)7CNVEN’ ~CONVERTS
FASCIT REFRESENTATION OF A NHUMBER INTO ITS
FRINARY VaALUE (HEX NUMBER) .
$2YECHO ~TARKES SINGLE CHARACTER AS INFUT
SONIy UTa MONITOR SBENIS THAT CHAYRACTER TO
$THE USER TERMINAL.
FXYEETCH S =RETURNS THE CHARAGCTER IN THE
FINPUT STREAM TO THE CALLING PROGRAME .
FAYNMOUTS ~CONVERTS 8-G1T UNSIGNED INTEGER
SIN A-REGISTER INTO THWO ASCLII CHARACTERS aNU
FOENNS TO THE CONSOLE AT THE CURRENT FRINT
SFOSITION OF THE CONSOLE .
9#$#$#$$%$*ﬁ*K*EK**%**$$$$$#*$#$$#****%$K$$*$$*$$$$$$

“ar Ak
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g RO ROk n$$$*$*$*%k'3*4\WWM*a“kVﬁﬁk# s sl ot ORIl

STHIS ROUTINE INITIALISES THE PORTS OF FPI
L A-FORT AN C-FORT (UFFER) ARE SET TO OUTFUT
SMODE . B-FORT AND C-FORT (LOWER) ARE SET TO
5INFUT MOLE.
AT NR——
INT: L¥I SF#13FF  $8TACK FOINTER.
MUT Ay 183 joAB37 IS THE CONTROL DATA
SWHICH SETS THE FORTS TO
5 AVORE MOUES .,
OUT #17 FGEND IT TO PRI
JMF TEST
§ ok R ROk skl R AoloR R sk kool okaolok ok
¥
R st Rk KRR ROk
STHESE ARE THE SURROUTINES wHICH QUTEUT THE FOLLOWING
ptuﬁnuurlhu.wfcﬁfy’LF' POy MYy B s BPACE =y

o LA EAR /J’)l

¥ y Tyt N

§ s e A e vt e e e i 0 8 8 i e 5 1 S St i e o S i e 0
§ g BLIURL A NUMBER INDICATES HIY VUHU!R»

§ o e e e e o i 1 1 81 o i

Cars MVL Cyd0D §ogEons IS THK ﬁQLTL COnE FOR
SUCARRIAGE RETURN.
cal.l. ECHO F8TGENAL .
MYUT CedOR $030A7 I8 THE ASCII CODE FOR
SLINE FEEI.
SET: CaLl ECHO §SIGHAL »
RET
OFCt MVI CrdaF $/RAF Y I8 THE ASCII COUNE FOR
FTHE LETTER 707,
TYT! Call. ECHO FOTSFLAY .
JMFPEQ
NEG: MVI Csd2D /20 I8 THE ASCII CODE FOR
FTHE SIGH "~
JHMF SET
FOS5: MVI Cya2DB §AE2ROIS THE ASCII CODE FOR
FTHE SIGN "+

£

JMF SET
MNT: MVI Codedl Fonan’ I8 THE ASCII CODE FOR
STHE LETTER M7
JMFTTT
EFT: MVI Cod45 FoASY I8 THE ASCII CODE FOR
FTHE LETTER K7
JuF TTT
EQr MVI Cyd3D $/74307 I8 THE ASCIIT CODE FOR
FOTHE SIGN “=7.
JMP SET
GT: MVI Cy83E F/BEBES I8 THE ASCII COUE FOR
FTHE SIGN "7
JME SET
LT: MVI CyE30 /430 I8 THE ASCLL CODE FOR
$THE STGN 77,
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JMF GET
BLN: MUIT Ced20 § 4207 IS THE ASCIT CODE FOR
§THE “SFACE” .
SJMPSET
XTAR: MVI Co43F $203F7 15 THE aASCYLY COLE FOR
PTHE STGN 777,
S SET
# KA KoK K R Ao AR A N ok o sk ook R kol seloia kool iR ook ROk R
14
§ 0O A R R RO AR K MR AR ROR SN A NN KA R RO A RO R R Ak Ok
§THIS SUBROUTINE GETS TWO &5CITL CHARACTERS TLUM
FCONSOLE DEVICE AND CONVERTS THEM INTO ONE BYTE
F(8-BITS HEX) aTd .
§ e s e s a1 s e e e S P e - 50 et i, e e e A B S AR ot S VS e TR S e A D 44 o 4 ) B B e
blTo Cal.l. GETCH  JGET ONE ABCII CHARSGCTER.
Call. ECHO FRNISBFLAY .
CalLL CNVERN  SJOONVERT IT INTO ITG.
FRINARY ValLIE.
RL.GC
RL.C
RLT
RL.C FALTOGETHER FOUR LEFT SHIFTS.
8Th #1340 PETORE AT LOC. #1380,
Call. GETCH  sGET ANOTHER ASCIIT CHARACTER
Cal.l. ECHO sDISFLAY .,
CALL CNVEN  SCONVERT IT INTO ITS
FRINARY VGLUE .
MOV Cr sMOVE IT 70O C~-REGISTER,
L.Ia #1380 $L.0AT A~ REGISTER FROM
sLOC, #1340
Al C sAND WITH C-REGISTER.
RET
& Aok sk s ol R Ol okoRokoRok i oloRol sk catok stk ROk ook ok ok ok ik Hok
14
F 0 SOR OROR Ao A AR A ROR A SOR Selookskaok ckocoloR ok slolok R sciieckoiok R
STHIS SUBROUTINE LO&DS OFERAMDS AND OFERATION
sCONE TO RESILOUE ARITHMETIC UNITORAUY AND
SGETS THE REGULT QUT OF X7,
B o e i b i 4 S S L4 B 40 48 e 4 B4 e S A A S 0 4 145 408 St 0 19 i 4 B0 99 45 K144 s AR 1 T i e S 99 1 40 o o 18 e e b s
LOAn: MUI AsEsd0 § 7607 T THE ANDRESS
sOF THE LATCH ASSIGNED
sFOR FIRST QFERAND (XD,
ouT #1é FSEND TO C-PORT CURFER) .
LA #1351 FLOAD FIRST OFERAGNID FROM
FLOC. #1361
ouT #14 FHEND IT TO A-FORT.
MVIT A #50 §REG0 IS5 THE ANDRESS
FOF THE ILATCH ASS5IGNED
FFOR SECOND OFERAND (YD),
ouT #18 FSEND TO C-PORT (UFFER) .
LIy 13463 sL.OAN SECOND OFERAND FRQM
FLLOC. 41363,
ouT 14 FOEND IT TO A-FORT.




MUL Av$30

ouT #1é
Loa #1380

ouT #14
IN #1353
STa #1370
MOV Byd
IN #15

5TA #1371
RET

F8307 IS THE ADDRESS
SOF THE LATCH ASSTGNED
QR OFERATION COINE.

FOEND TO C~FORT

A30

CUFFERDY &

FLOAN OFERATION CODE FROM

FLOCHL365G,

FOEND IT TO A-FORT.,
sGET THE RESULT
FOTOE IT AT LOC.HE1370.
SMOVE IT TO B-REG. .
FOET SION AND OVERFLOW
§INFORMATION FROM
$8TORE IT

C-=FORT
AT LOC. k1371 .

FROM B-FORT.

CLOWERD .

§ oM s RN bR ook 2k 3% o S8 s o ke oMK s o sl sk sk st ok s ke ok 0 S0k R HOR IR SROROR KRR IOK

¥

§ 3% ok st ok ok o ok stk o s sl ok sk kst s sl kol okl ol Rk IR 0K R OR AR
FTHESE ARE THE SURROUTINES FOR ADDITION, SUBTRACTION

MULTIPLICATIONy COMPARTSONy
FFIRST AFFROXIMATION FOR INTEGER DIVISION.

Mt e
JPM
Alle

sU

CHs
cv:

nIs

MyI

STA #1383
Cal.l. LOAD
RET
MVL askoé
JME
MVI

JFH
fg k00

JMF
MVI

JFM
A5 H40

JMF
MVI

JFM
Ay £B0

JHF JFM
MVI Gy 301

JMFJFM

GER 203

ANIN FOR GETTING

$2RORT 1S THE CODE
SMULTIPLICATION,
FOTORE AT #1380,

8067 IS THE CODE FOR

FANNITION.,

FOH0G7 I8 THE
FOURTRACTION.,

CODE FOR

Fo840° IS THE CODE FOR
FCOMFARISON (UNSIGNED
FRNLIMBERY o

§ 74807 IS THE CODE FOR
FCOMFARISON (STIGNED
FNUMBERD »

#7017 IS THE COLE FOR
FGETTING AFPROXIMATE
FAUOTIENT (FIRST
FAFFROXIMATIONY

FOR

§ 3k K o o o S8 ol o o8 S A K e R SR R o e R SR A ROR R AR AR AR ROKARK

?

§ stk ok ok o stk s s sle sl st ok ok o sk s s sl st stk sl st sk scRoR oK ok AR AR HOR
FTHIS SURROUTINE SIGNALS
FTO GET OFERANIE .

[ e i s s e a0 s 0 e ot i et

TARE ¢

Call. MNT
Call. GET

TO THE CONSOLE DEVICE

FSTONAL " M=

FOET ONE BYTE DATA.



CFTO THE

STh #1361
Cal.l BLN
Cald. MNT
CaLL GET
STa #1363
RET
$ 8 AACHHOROK R SR ANk KRR R K
v
ﬁ&*%**ﬁ*#&K&?$W%$A*@$k?*

A3l

sOTORE AT #1341,
s GIVE SFACE.
FOTENAL M=,
FOET ANOTHER RBYTE
sOTORE AT #1363,

OF MaTé.

Lot
.....

AR ROk A RORROR Ok kR R RO Ak

ARACAROR Nl RO SO R RO R AR Sk ok skl skok

STHIS SUBROUTINE SIGNALS OVERFLOW (?)yFOSITIVE (+)»
SNEGATIVE (~)p&ND SENDS THE RESULT TO THE CONSOLE
FREMVICE .
B A A S e e
OSIGNS LDAa #1371 #L.0AT JIUN ANIT OVERFLOW
s INFORMATION FROM #1371,
MOV DeA FOAVE IT IN D-REG. .
ANT #02 FTEST IF RESULT
s OVERFLOWS .
JZ COR s IF NOT» JUMF TO “COR’
CAl.L. XTAR sOTHERWISE SIGNAL 777

CORT MGY ALD

ANI #Q1

JZ FSI
Cal.l. NEG
JHF PSTH3
Call FOS
LIvd #1370
Cal.l. NMOUT

FSI:

RET
§ KRR R R e A OR ROk oIk ok
§
P RN R R R A R sk ok Kok ok
yTHIS SUBROUTINE SIGNALS
CONBOLE TEVICE.

450 St s 40 45 e S b 40 AAD 148 AASN MALE SHAD B et Al et RS AT VARD SRR 408 S50

CCOHRS LTy #1370

Mav
ANT
JNZ
MOV

Ksi
Ol

LLT
AvE

ANT
JNZ
S
Cal.l
RET
Cald.
RET

FO2
GGT
EEQ
T2 LT

GGT?2 GT

SGET BACK INFORMATION
FFROM D-REG. .

FTEST IF RESULT I8
FNEGATIVE. .
sIF NOT» JUMF
sOTHERWISE

TO
STGNAL.

TPEL.

s 4

+

FSIGNAL 747

sLLOADN THE RESULT FROM #1370,
s CONVERT THE RESULT
FINTO ACSIY FORM,

AR A ROR ok sk kool sk soksskolookiok
AR Ok e ek kR ROk K
COMFARISON

AR Rk ROk ROk
CHARACTERS

FLOADN THE RESULT  OF
FCOMPARISION

F9AVE IN B- M GISTER
FTEST WHETHEIR ILESS ': '"'

FLIF YESy JUME TO “LLTS &
FEET THE INFORMATION
FFROM B-REG, .

§TEST WHETHER GREATIER.
FIF YESy JUMP TO “GGT .
FOTHERWISE JUMP TO "EEQ” .
FOLGHAL 77 .

FOIGNAL. "7y



§ SRR IR RROR AR KR MK KRR AR R HOR AR R Aok sk ook ok

> ~a»

5T
#
¥
i
i
§0
¥ N
5 F

g -

EEQ: Call EQ

RET

HIS FROGRAME ASKS FOR
THE TYFE OF OFERATION
CONSOLE DEVICE ISSUES
DOES S~ & (ADDITION) v R
(MULTIFLICATION) ¢ I
F'oUNSTGHNED MUMBER) o F
UMBERD » (G
OIMT SUBRTEACTIONI » 1

TEST: CALL CaR

Cat.L oFC
call. GETCH
CALL ECHOD
MOV s C
Call. BLN
MOV Asl
CFI 4#41
JZ oAnh
CRI 442
JZ SUR
CERI 443
JZ MUL
CFRI 444
JZ niv
CRI 445
JZ oMU
CHRI fd4a
J2 COMSs
CEI 447
JZFalb
CFI 448
JZ FsuU
CRI #49
S FrU
CHI #44
JZ FIDI
JMEF TEST

(DIVISONY v
(COMFARTSON OF
(FLOATING FOINT
CFLLOATING
FCATIONY v (FLOATING FOIRNT DIVISGTONY.

sOIGNAL "=,

DFERATION CODES AND
REQUIRET .

THE FOLLOWING
(GUBTRACTION?
CCOMPARTSEION
HIGNED
ANDITION) vy H
FOINT

FCARRIAGE RETURN AND
FLLINEE FEEL.

sHIGNAL 0= T0O GET
FOFERSTION CODE .

sCET OFERATION COINE.
sNLEPLAY .

sSAVE IT AT D-REG. .
§GIVE SPACE

BT
T “ann’ .
TEST TF
T0O “SUBR’.
TEST TIF
TO “MUL7 .
TEST IF
TO "0V’ .
TEST IF
TO 7COMU”
TEST IF 7F
T0 7COME”
TEST IF
TO 7FaA .

s TEST IF
FIF YES JUMF
FOTHERWISE y
s IF YES JUMF
FOTHERWIBE
#IF YES JUMP
FOTHERWISE
s IF YES JUMP
FOTHERWISE
s IF YES JUMF
FOTHERWISE
FIF YES JUMF
FOTHERWISE
§IF YES JUMK
SOTHERWISE TEST IF
s IF YES JUMF TO “FSU7 .
POTERWISE TEST IF 717

FIF YES JUMF TO 7FHUZ .
sOTHERWISE TEST IF 7.

s I YES JUMF TO “FDIZ.
FOTHERWIBE ASK FOR
FOFERATION CONE.

F AOK RS SOOR K A AR AR AR R ARSI GR AOR R R SRR sk lck kool
TEST

(FLOATING
MULLTIFL -

0 A
S
i KRG

B,

4
7’

*

G

H

A32

F ok AR setok ok dolorotololotol ook ok kool sokoololosisicioloioioloociooor
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§ Aok o8 st o8 a8 o s ok sk o o o ok s s8R e st ok sl s sk R kst skl ol skl stk sokok SOoRSOIR
§THE MATH IhUhhﬁHF% FOR INTEGER nh;THMfrlb OILRﬁTiUNo.

y s i e i i i it b i i RO L S e e et 74 beve sase St EEE SRS BALS 4414 Smwe fAse B4 Sat pras ass pRes SEe mare

Al CALL TAKE FGET TWO UFEHHND

CAl.l All L0 ADDITION.
Al2d Call CAR sCARRIAGE RETURN AND

FLINE FEED.
Cakl. 0SIGN  8IGNALS OVERFLOW (IF ANY)
FGIGN AND DISPLAY
§FTHE RESULT
$§ IN HF“THUE FORM.
JME IRCD FNISFLAY THE RESULT
§IN NFFIPQL FORM
SUR: CAllL TAKRE FGET OFERANDS.
Call. 8U 000 SUBTRACTION,
JMEP Al
MUL.Y Cald. TAKE FOET OFERANIEG.
Cal.l. MU 00 MULTIFLICATION.
JHF AL
CoMsd Call TARE FOET OFERANDS

Call. CV FCOMPARE THE SIGNED
§ NUMBERS .

JriF A30
CoMUS CAll. TAKE FGET OFERANDES .
Cat.l. CM F COMPARE THE UNSITGNEXD
FNUMEBERS .
A30: Call CAR
Cal.l. CCHR s SIGNAL COMPARISION
FCHARAMITER .

JHF TEST sAsK FOR OFERATION
?E UrlE—o
§ 3R 3K v o o o o ol AR RSO SRR 3K A R SRR A R e R R ACHORO R ORI ACRROK

TTTTETITLTTEL ST TS ST T TS LS LRSS SRR AR R A
ENI
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R R O 0 R A B o o P R R R R R R
N SRR K R A AR A R O Ok s sl sl s s oRoR ROR IGRACIOR K K
el FOR O INTEGER RESIDUE DIVISION.
EOARITHMECTIC (MODULITS 16 &19 3.

< A AR SRR ST SR A A A SR A RS R A R ROl OR K
|‘1] l"|'\l3f.1|\lnlr STHRTS FROM LOC. $09RO GF
HE SIR-80 MICROCOMPUTIER .
A R SRR S S oS R R oMot o ol o sl ok ok ol s R R Ao ol e i ok ek

AR AR KRR R AR AR SRR R R AR A AR R R Aok
ORG #OFEO

o8 s ol oo 3R ok SR ke o ol SRR R sk e s ol sl ol ok ok sk ol ok seietelelotol soksokok sk
¥ fhﬂn qLTS
'y‘ iz sz suo EREOH LA TR LI DD NS NIL BN NI GAI NI NN LN NI LN NU RN SN SR RS LS amimsiimnomiin i mnn g

MU
Ale

SET ﬂﬁ“”
SET O 4#08%Y
Su2 OBy
Crs SF 08”3
LIt SET #08AD
AL2 BET $0%54
TEST: SET #0908
LOan: SET #0849
TaRE:D SET #08E2
§ sl AR Nk ok AR koo
KR A * MﬁTN f

R R RROR AR A OR A A K ﬂﬁmawx*%
&Yk¥

DGRAME AoiekaekEoie

ﬂ]Uo Calad. TﬂKE FOET TWO BYTES OF DAaTa .
Call. DIV PN0 DIVISION.
FET: JMFP &il2 SHISPLAY THE OVERFILOW
FOTF ANYD) s THE SIGN AND
#THE RESULT IN BOTH
SRESTDUE AMD DECTIMAl. FORM.
R S SR EEE RS S E P SRS FRE S F R PSS e S i
FTHIS BUBROUTINE DIVIDES TWO INTEGER NUMEBERS.
§ o s s o s s s e P 40 A 9 bl e AR 55 1 5 5 A S, S P i e A o A e i,
ahlU‘ Lhn 1361 FLLOALD THE DIVIDEND FROM
$1.0C. #1341,
S5TaA #1340 FOTORE IT AT #1340 .
STha EIL34F
MVTI A»00
SThA #1380 FINITIALISE THE LOGC. OF
FHION1380 TO ZERO.
STA #1384 FINITIALLSE THE L.OC. OF
FAQUOTTENT v #1384 TO ZEROD.
Ld 1363 sLOALD THE DIVISOR FROM
FLOG F13463.
STé #1342 FOTORE AT #1342 .
Tak: Call Ol FGET AFPROKXIMATE QOUTIENT.
FOFTIRST AFPPROXTIMATION) .
ANT 04 SFIND THE SIGN OF THE RESULT.
STa #1380 sSGTORE IT AT LOT. E1380:
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TG MOV AsR FMOVE THE AFFROXIMATE
PAUOTIENT FROM
FR-REG. TO A-REG. .
8Ta #1361 FOTORE AT #1381,
ANT 3 FF FTEST IF APFROXIMATE
FAUOTTIENT I8 ZURO.
JZ0ZERD §IF ZERQy JUNMF TO ZERD.
STA $13463 FOTHERWISE STORE IT
AT 1363 .
DA 81342 FLOATY  THE DIVISOR FROM
1342,
8Ta £13461
Calt. MU FMULTIFLY AFFROXIMATE QUOT.
FANIN THE DIVIEOR.
TEST IF IT OVERFLOWS,
IF YES» JUMF TO ‘83C7.

ANT 02
JHE 8B
MOV AvER
STA #1343
LIva 41340 sLOAD DIVIDEND FROM#1340.
STA F1361
CALL CM SCOMFARE THE RESULT OQF
sMULTIFLICATION WITH THE
FUOTVITENT .

e T

MOV AsR

ANT 01 STEST IF (FRODJUCTY > (DITVIDENID .

JNZ 880 FIF YESy JUMP TO 785807 .

LDA £1380 FGET THE SIGN OF THE
FRESW.T FROM #1380,

ANT $#04 FTEST WHETHER FOSITIVE.

JNZ FABS I NOT JUMF TO “FABS7

Cal.l. 5U FOUBTRACT THE FRODUCT TERM
§FROM THE DIVIDENID.

Tan: WMoV AvE FMOVE THE RESULT OF SUL-

FTRACTION TO A-REG. .

85Ta #1340 FOTORE IT A5 A NEW DIVIGERD
FAT #1340,

LoA #1384 FLOAT THE FARTIAL QUOT.
FFROM 2H1364.

5Ta #1363

LI {1381 FLOAT THE APPROXTMATE QUOT.
SFROM w1381,

8Ta $1361

CALL &l FAND TO FORM & NEW FARTIAL
FAUOTIENT .

STA #1316 FETORE SIGN S0VERFLOW.

MOV AR

5TA #1384 FOTORE IT AT #1384,

JHE BEC FOET THE QUOTIENT DIVILED
FRY TWO (IT IS THE HUMEER
FOENERATED AFTER DIVITIING
FTHE NUMBER STORED AT 41381
FRY TUWa) .
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ZEROS LA #1380 FLOAD THE SIGN OF THE
FRESULT FROM #1380,
KRG
RRE FALTOGETHER TWO RIGHT SHIFTS.
MOV EyA
L.oA #1314
ANT 02
AT B
8T #1371
CHI 03 FTEST IF A-REG.
FCONTAING O3
JERATH PIF YESy JUMF TO “KATH’
CrI 02 s TEST IF 02,
JERKATR s IF YES » JUMP TO ‘KATR?,
ANT 01 §TEST IF THE RESULT
I8 FOSITIVE.
JZORAT $IF YESy JUMP TD “KAT .
LA #1384 FOTHERWISE LOAD THE
FAUOT. FROM #1384,
STh £1363
MUT AQ0
ST H13461
CallL SU FOUBTRACT THE QUOT.
FFROM ZERD TO FORM
FNEGATIVE FORM OF QUOT.
MOV AsE
STé $1370
RET
KAaTH: MVI A»01 FTHIS I8 THE SIGN AND
FOVERFLOW INFORMATION.
STh #1371
JHFP KAT
KATR: MVI A»03 yTHIS I8 THE STGN AND
§OVERFLOW INFORMATION.
STd #1371
KAT: LA #1384 FLOAIY THE QUOT.
sFROM #1384
8Ta #1370
RET
§ 3K stk s b o ok sk AR ANl s R s s AOR Aok ol RO OR sk ook R IoR R K AOR K
b
5 ook oot ok o o e oot ool st oo s ok ol R s ol e oK e SR e SR e s st R R A SRR 0K RRHOR
FTHIS FROGRAME ALDES THE thDUCT TERM wlTF
FTHE DIVIDENDy IF THE SIGN OF THE RESULT
P15 NLGQTIUF TO FORM & NEW FHR:IHL REMATNIER
5 e i o 0 0 i i i o i S e 0 1 5 0
Fﬂ%Si ,ﬁLL Al
JSHETAT
§ 380K o8 s Kl A SR Ao SRR SRR R R sk sk stk etk s ROk scioRsoioliok SRR oK



B okl oI oo sk s ol ok s o R ok sl ol ol o sk oK ST s st R AR R e Rl elok ek
FTHIS FROGRA&ME GETS & NUMBER DIVIDED BY TWO.
S8 lud #1381 SLOAT THE NUMBER
sTO RBE DIVIOED FROM
sLOC. #1381,
8TA $1341
MVI Arf09 FOR0%7 18 THE OFERATION
SCONE FOR DIVIDE BY 2.
5TA #1365
Call. LOan
JME TAC
§ 3K 2% 00 N e 0 ool R oA oA Ao K SR 8 S RS S AR R SRR s s s ok Ok
IEEEEE LTRSS R AR S R R R R R R R R R o
ENT

A37
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AP-6(b) : Listihgs of Floating Point Operations

ﬁ$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$H$$Y$FV$$$$$$$$$$$$$$$$$

i***$$**$*$****#*******#*******m****$**$***$*K****K****

SFLOATING FOINT ADDITION WITH ELEVEN a8 THE

$THE BASE OF FEXFONENT (78RBS IS THIE REFRESENTATION

SOF FLEVEN IN RESIDUE SYSTEM OF MODULT 1o 10

v¥*4**ﬁ**ﬂkkw**ﬂyv¥$¥K&*“mk$*#*kAWkk%mw*$$*K*$*kk*.w4$$

FEROGHRAME STARTS FROM LOD. #0480 OF THE SUR-80

SMICROCOMPUTER .

5 A0ROROR oK sk st st stk ok sORoR 30Kk otk setok Aok Aok b ot oo ol R Rk s o
ORG EOABD

***K****%ﬁkw$$*k$***ﬁ$k**VN*k**k**?***x&?*##*k*ﬂ$*m$ xE

MNT ¢ SET #0827
EFT: SET #08LC
BLNS SET #0840
GET: SET 4084A
MU BET #0890
Al BET 0899
U BET H08YE
CM: SET #08A3
OVERS SET 40000
885k BET #0FRJI
SNIV: SET #O9RY
3*****“~~$*#$m$*4****K#k**K********************:*******
¥
7 koo m.%%*#******#**?*”* s ok skt eiolokok sok ok sokaok ook ook
FTHE SUBRDUTINE ‘CAD7 SIGHNALS TO GET
uiﬁNT’SabﬁE; AND EXFONE V1h).
§) e o i o e 5 0 i e e 1 1 1 i 5 1 1 1 i
Call: MVI D02 sLOAD D-REG. WITH #02
LXY He#13350 $1.0A0 M oAND L RE [“[E;Tl"'l’"‘“
FWITH #1350,
nan: Cal.l MNT FHIGNAL M=
cal.l. GET FOET MANTISS ﬁ.
MOV dMehA FETORE THE MANTISSA AT
FTHE LLOC. FORMED RBY THE
SCONTENTS OF H AND L
FREGESTERS .
INR L SINCREASE THE CONTENTS
SOF THE RiEGISTER L.
CAlLL RBLN FEIVE "8PaACE" .
call. EFT FSIGNAL TE=
Call GET FGET THE EXFONENT.
MOV M FETORE IT AT THE 1L.OGC.
FFORMED RY THE CONT € N8
$0F THE REGISTER FaAIR
F(Hel)
INR L F INCREASE THE CONTENTS OF
FTHE REGISTER L.
CALL RLN sGIVE “SFACE” .
DCR I OECREASE D-REG. -

»
?
a
¢
a
¥
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JNZ nan ST NON ZERDs GET ANOTHER
FSET OF MANTISSA AND
SEXFONENT o

RET SOTHERWISE RETURN,

53K 3K 3k KKK 40 AR o o o 3o 333K 3R 3K K SR SK S SRS S o oK sk K s oK ok K 3K oK

STHIS SUBROUTINE SEFARATES A RESIDUE NUMRER INTO

FTWO TERMS.

P ACHRCEEEY b AL R CERROD,

JIN SAME WAY IT CAN EBE WRITTEN THAT

PR RO CHRREDT FRCL YK GRS,

FO=0 (2K CRREYHC L) K CRRRC,

SWHERE A = FIRST MANTISSA. B=SECOND MANTISSA.

5C= THE MANTISSA OF THE RESULT.

FTHIS SUBROUTINE CALLS THE SURROUTINE ‘8SSF7

SWHICH GIVES THE QUOTIENT AND REMAINDEFR

FWHEN A NUMBER AT LOC. #1391 I8 DIVIDED BY

FTHE NUMBER AT LOC. #1390.THE LOC. OF

SQUOTIENT I8 #1392 ARND OF REMAINDER I8 #1393,

§ e e et e e e 5 e 2 e 5 ek e

SEEFS MUT AsSBE  FO4RES I8 THE RESIDUE
FREFRESENTATION OF ELEVEN.

STA #1390
CALL S8SF

L3

DIVINE THE CONTENS AT
sLOC. #1391 BY ELEVEN,
SAND GET 3UOT. AND
FREMATNIDER »
LDA #1346 sLOAD THE SIGN OF THE
§THE COEFFICIENT OF
JO--FOWER OF (FER) (ELEVEN) .
ANI 01 FTEST IF NEGATIVE.
JZ CAT s IF NOT JUMF TO ‘CAT’,
STA #1345 sOTHERWISE S8TORE THE SIGN OF
FTHE MANTISSEA AT #1340,
CAT? LA #1393 sLOAD THE COEFFICIENT OF
FO-FOWER OF (#BRY (ELEVEN).
MOV HyA
LI #1392 sLOAN THE COEFFICIENT OF
§1-=FOWER OF (EFRRBY (ELEVEN).
RET
& K ok skt A e st ok sleote ek sk kool et akol sl kol ik kol RokoRcioreR SokoR RSk ek
§
7 3bokook A ook skl stk sk ok Aotttk slelolkeskokol i kol ok olokAokokaol skokeiokokok sk
FTHE SUEBROUTINEG “SELES ALIGHS THE MARNTISEA AND
FCONVERTS THE ALIGHRED MANTISESA A ROUNDED FIGURE.
ST e e T ST e o e
SELES ANI 01 FFEIND THE STGN OF THE
SEXF . -DIFF. FROM THE SIGN
FINFORMATION IN A-REG.
CNZ TaG s IF NEGHTIVE, JUMF "TaG” .
GATE LDA 1350 s L.OAN THE EXFONENT OF
s HMALLER OFERAND.
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STa #1375 SSETORE IT AT #1325,
SAT: LA #1370 $L.0AN THE EXPONENT
SDIFFERFNCE FROM £1370.
STa $F135F FEAVE AT F133F.
8Ta 138683
MVI AsdLl
5T k13461
carl CH FROMPFARE THE EXF.~RIFF.
sWITH ORE CRLL1),
MOV AR
ANIL Q1 TEST IF THE EXF.-DIFF.
la GREATER .
IF YESy JUHF "FINIS .

W e

JNZ FINTS
MOU AyE
ANT 04 SOTHERWISE s TEST IF THE
FEXP . ~UIFF. IS EQUAL.

JHNZ BEND FIF YESy JUMP CFENID .
RET

SENIG Call PEND
MVI Ay00O
ST 41350
RET

L5 Rt s R st st i ok s sk sl stk stk s ol ok sk okl Aok dokokeolokkokook

FONOTE S EXF,~DIFF. STANDS FOR EXPONENT DIFFERENCED .
C skt olskakok el ok oK ok ok ok ok sk ek o ksl s skl sl sk ststel ok aolok ok ok Ak

FINISS MUl Ay dk2
STA ﬂl?él
cAalL CH FCOMPARE THE EXP.~DIFF.
sWITH #22 (TWO) .

ar wr >

MOV Ask
ANT 04 sTEST IF EQUAL.
JNZ FIXE FIF YESy JUMP “FIXES
MVI As00 §OTHERWISE STORE
STA #1350 JZERO AT LOC.E#135C & #1330.
sTA #135D
RET
FIXED LIa #1350 $1.0AN THE COEFFICTENT
‘ FOF 1-FOWER OF"HERE)
P OSMALLER OFERANDD
8Ta #1350 FOTORE AT 41350
MVI A»00
ST #1330 ySTORE ZERD AT #135C.
PRI ———————— SRR S
rIHI“ HUBhUUTJVIv TFENDY TS ALSD CALLED FOR
FROUNDING A NUMBER DURING NORMALISATION AFTER
FFLLOATING FOINT MULTIFLICATION AND ADDITION.
e e e s o o e S 1 5 0 0 2 o i
FENDG LDA #1338 sLOADR STIGN OF THE
FMANTISSA WHICH I8 TO BE
§ ROUNDIETD .



FENII

NEGH

TAG!

ANT 01
JNZ - NEGAH
MVUT A B30

5Ta #1361
Lnﬁ #1350

STH #1363
CAaLlL Al

MOV AR

STa #1391
Call SSEP

S8Th #1361
LI 1350

ST #1363
Call. Al

MOV
STA

Ay It
#1350

RET

MUL AsrERA

JMEF
L1

FEND
1351

MOV
L.IA

By
F1353

STh
MOu
8TA

1351
Ay R
1353

LA #1358

MOV
LI

ReA
F135R

§TEST
i L N
A/Hi

THE
EGATIVE s
37 (FIVED

SIEN.

SUME
%

A41

TNEGH T .

THE

leUN(ﬁTEH NUMTGER  OF

§ HALF

s L.CAT
# R

g AT
§ CON

sINTY

OF

THE NUMEER

ELEVEN.

WHICH

TO

I8

ROUNDED FROM #1351,

TO THE
TENTS

ITDE

THE RESULT

OF LOC.#13463.

aF

sANNITION BY ELEVEN.

§ANT
¥ RECH
FETO
sAT

GET QuUOT.
ATNIDER .
RE THE
1361 .

&

QUBT.

sL.OAT COEFFICIENT QF

; 1 o

§ANI
s IN

i8T0
§QF
¥ (FL.

§ R
i FOR
FRES

§léy

A
IRSG

il.
iF
0
TN

58TO
§(EX

FOWER

THE QUOT.
TSBEF ).

RE A8 THIE
ZERQ FOWER
EVEN) .

A IS THE
M OF FIVE
ITHUE
135)

I THE
T OFERAND

s LOAT THE EXFONENT
FOECOND DFERAND .,
P& #1351 .

RE IT AT

RE IT

CHANGE OF

OF &

RE

(ELEVEN) .

(GENERATED

COEFF .

OF

fRRE

NEGATIVE

IN

EXFPONENT

£ 4

THE

SYSTEM (MOD

OF

OF

AT #1353,

FCONTENS BETWEEN #1351

§ANI
$L.OA

F13E3) .
ITHE SIGN

QF

sFIRST OFERANIN.

.04
s GEC

THE.

D THE SIGN OF THE

QNI

OFERAND FROM FL3GR.



STA
MOV
a8TA

358
Ayl
Tl 3EHR

LG #1335

MoV
L1

By
E1L 350

5TA
MOy
G8ThA

F135H9
Ay R
$1 350

Loa F135A

MOV
L.TiA

Beih
$ 13510

STh
MOV
SThA

135
Ay K
$135ND

RET

FOTORE IT AT #1358,

FHTORE IT AT H130R.

F (EXCHANGE OF THE CONTENS
FRETWEEN #1358 AND HL130K) .
SLOAN AC2) OF FIRST
FMANTISSEA FROM #1359,

FLOAI B2 OF SECOND
FMANTISHSEA FROM #1350,
FSTORE IT AT #1359,

SOTORE IT AT #1350,

5 (EXCHANGE OF THE CONTENTS
FRETWEEN #1359 AND $#133C).
FLOAT ALY OF FIRST
FMANTISSA FROM #1304

sLOAD ECL) OF SECOND
PMANTIBGA FROM $1335I.
FSTORE IT AT #1336

AT 1350,
OF CONTENTS
FEL3GT)

sOTORE IT
§ (EXCHANGE
FRETWEEN #1334 AND

A42

§ ok koo i ok s st ol sk ok ok s ok sk akok skl ok st stk skl ol kRl ok ok SOk oK ROR Aok

y
§ 3k sk ok ok s st ol itk ol Ok sk sk sk ok sk ik sk sk stk ok skolok ok ok sk ok kol ok ok

FTHIS SURBRRDUTINE
FANDITION / SURBTRACTION.

o e et e i L U i S 100 At 0 4 14 S 54 S0 e S e

NORM

LA #13A0

STh #1361
MVI AyidRR
8STh #1343
Cal.l. MU

ANT 02
JNZ OVER
MOV Ask

NORMALL TSES

THE RESULT AFTER

§l..0AN CC2) OF THE
FRESULLT FROM #1340,

FMULTIFLY C(2) OF

$THE RESULT BY ELEVEN.
STEST IF IT OVERFLOWS.
FIF YESy JUMP COVER? .
SOTHERWISE y MOVE THE
FFROOUCT FROM R-REG.
Gh“f\'EB. ¢
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ST #1341
Lan #1377 FLOAD CCL1l) OF THE
PRESULT FROM 1377,
STA #1363
Gal.l. Al sann Cdly AND THE
FFRONUCT
ANTI 02 sTEST IF OVERFLOW
JNZ QUVER PIF YES ¢ JUMP COVER .
MOV AR
8Th $1376
RET
5 ook o stk st stk sk ok ok ok sk ook A sk ok Aok ok sl A kol sk ok sk ko oK
1]
5 sk ookt ok sk ok skl st ook ok st skl sk stk sisfok sk stk sk skeoR sk ol ik ok ok koK
STHIS SURROUTINE FORMS EXPONENT DIFFERENCE
SAND CALLS ‘SELES FOR ALIGNMENT OF THE
FMANTISSAS .
§ e e e 1 1 P 5 .
EXFO: LI E1381 SLOAD THE EXFORNENT OF
SFIRST QFERAND FROM
s 1351,
6Th #1341
LA 41353 LOAD THE EXFONENT OF
FSECOND OFERAND FROM
13593,
8Tha #1363
cAaLL $SU SSURBTRADT THE EXPONENT
SOF FIRST OFERANT FROM
FTHE EXPONENT OF SECOND
s OFERANIL,
Cal.l. SELE
RET
§ ookl ool o kol ok sk ok stk ok sk ks ok Rk o stk sk st sk afok sl stk ok ok R ok sokok
B b L P IS SIS SI GBS LS ESSSESPELISSILBIBIEESEbbb bbb d
EENTI
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IR R R R R R O R R R PR R R R R B R R T o R R R R R
§ 30 st st Aot ol sk st ok st RN ol ok s e Ok sk sl sk kR Eok okl ckaol
SOONTINUATION OF FLOATING FOINT ANDRETION AND
SINTRODUCTION OF SBURBTRACTION.

PRESTIUE ARITHMETIC. (MODULIE 16 & 15

5 3ot st ot st st e st sl ook stk oA oK st Al ok AR sl s ko ok stk sk ek ok ok skokokokkok
y

5 ool o s st o ok st s sk st R s st o ool e s sk ko sl sk ook skl sekok ok
SEPROGRAME STARTS FROM LOC. FOTO0 OF THE

FONR-~80 MICKROCOMFUTER.

5 sl ol o Sl R KN e R R A e R st s st st st sk sk s sl ekl ok R Rk

I

¥
otk sk o e ot skok o aloko ko sk Aok steioRok ok soRok sketolok skeciok i oiolnkek ok ek
ORG #QGCOO
ok stk e sk ok st st ol st stk stk stk s loR R stk itk okosk ok Aok sk kol ok ook
¥ FROM SETS
3 e e o S i 5 i 4 1 . 0 1 0 0 0 5 B 1 o o
Car: SET E080nA
MNTE BET #0827
EFT: SET #0820
BLN? SET £0840
FRCRS SET #0EEDS
TZERDS SET #OEPR
NORME SET FORPE
EXF0O: SET HORUS
FERDD SET $#ORIF
Can: SET #0AA0
SSEF: SET H#0aAC0O
Al SET 40899
55U SET #0899
OSIGN: SET #08CH
HSNIV: SET LO9R?
§ 3% o ode e st o st st ks ok st stk ko Ak soRR A sk sl sk ook ool Rk R RORR AR R
FTHIS SUBROUTINE TARES CARE OF ROUNDING A
FNUMEBER DURING NORMALISATION.

OVERS LIy L3705 FLLOATL THE EXFONENT OF

FHIGHER OFERANI FROM #1373

STA #1381

MVIT Al

5Tn #1383

call an FAND 11 CONED TO THE EXF.+

ANT 03 FIFIND THE SIGN AND OVERFLOW
#F INFORMATION .

STa k1374 FOTORE IT AT #1374,

MOV Al

STh #1375 FOTORE THE RESULT OF
FALDITION AT #1375,

oA F137F sLOAD THE SIGN OF
§THE RESULT FROM $137F.

STA #135HR FOTORE IT AT #135R.

LOa #1377 FLLOAD THE COEFFICIENT OF
§ZERD FOWER OF #RE
§ CELEVEN) FROM #1377,

STA #1350 sSTORE IT AT #1335D.



LoAa #1376 PLOAL THE COEFFICIENT OF
SFIRST FOWER OF SRk
P UELEVENY FROM #1376,
STA #1350 SHTORE IT AT #1350,
CALL FENID sCALL YFENDY FOR ROUNDING.
LDA #1330 JLOAD THE ROUNDED NUMRBER
FFROM $1350.
STA #1376
RET
§ 38 ok ok st sk ke lOKR ok el ol o s st sk stttk stotok sk sk olok sk ook oK ROk R kR Aok
¥
Rk sk o sk st ok sk sk ok sk ok ok sk sk sl stk ok skl sk stk ok seosiok sk ok okokaokox
FTHTS SUBRDUTINE DISFLAYS THE RESULT OF Fle FT.
FARTTHMETIC OFERATIONS.
§ e e s i i e £ 1 P i S 7 2 2 1 1 2
QUTFUS CaLl. CAR PCARRIAGE RETURN AND
§LINE FEEIDN.
CALL MNT FHTENAL "M=7 .
LA #1376 OGN THE MANTISSA OF
s THE RESULT FROM #1376,
STh #1370
Loa #137F FLOAD SIGN ANDY DVERFLOW
F INFORMATIONNOF THIE
FMANTISSA OF THE RESULT
FFROM R137F .
STA #1371
CALL OSIGN  $8IGNAL QUVERFLOW CIF ANY)
FOAND SIGN OF THE RESULT.
FAND THE RESULT (MANTISSEA)
FIN RESIDUE FORM.
Call. BLN FOIVE “SPACE" .
caLlL EFT SIGNAL 7=,
LoA #1375 §.0A0 THE EXP. OF THE
§ THE RESULT.

-

8TA #1370

LDA #1374 §1.0A0 THE SIGN AND
FOVERFLOW INFORMATION
$0F THE
FEXF. OF THE RESULT.

************i%*******************%***************

ws wr b

§ ok skl ok kot st sk ke stk kst skt ok sk stk stk sk tok etk koakokorok solok solokkokk
$THIS I8 THE MAIN FROGRAME OF Fl.. FT.
FATIMITION.
§ o s e 2 i S i B i 5 s 1 5 0 01 2 1
Falo: CALL Can FGET TWO Fl.o FPTe NUMBERS.
calLlL TZERO STEST FOR ZERO

FMANTIBEAS .

A45
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CaLl RKATCH §FIND THE COEFFTICIENTS
OF GERRY & CERED
FIFROM MANTISSAS.
Cal.L EXFQO SFFIND EXF~DIFF. AND
el LGN THE COEFFICIENTS .
CAlL. MADl FALD THE COEFICIENTS .
Cal.l. Tal SFIND THE SIGN OF EXFe
Call. NORM FNORMAL THE
Call Tak FFTND THE ST6HN OF THE
SRESULT .
CaLl QUTFU  SDISFLAY OVERFL.OW
FOIF ANYY »SIGN AND
sRESULT IN RESIDUE FORM.
JME RN FRISPLAY OVERFLOW
§CIF ANYY vBIGN AN
SRESULT TN DECIMAL FORM.
# sieokakolok kot stk ok ok ste st ettt ok sk aciolokokok ok ksoiok ek ook
¥
B oKk ko ok s sk ok sttt skt st st stttk ok sk sk eiotoRol ki ckokokaisiokskok koK
FTHIS SUBROUTINE SEFARATESD EACH OF THE
FMANTIESAS INTO TWO TERMS. THIS MEANS
FA= AR CEREY ALY R CEREDY,
B =R 2K CEREDY FRCLY % (BREOS
§IN QTHERWORDS THIS SUBROUTINE FINDS
SAC2Y yACLY vBI2) & RBOLY)

A

§ e i i . 4 et 4 e 4.5 40 1 A T8£S e o e e
KaTOH LDa #1350 $LOAT MANTISSEA OF FIRST

§ OFERAGNI.

5T 1391

Cal.l SHEF SGET TWD TERMS .

STA #1359 sOTORE THE COEFFICIENT
¢ A (2) ) OF
FFIRST FOWER OF EBE
FOELEVERN) AT #1339,

MOV AR

STA #1354 FOTORE THE COEFFICIENT
FC ACLY D)
$OF ZEROQ FOWER OF #BERE
FOELEVENY AT 41354,

LG #1345 sLOATE THE STGN OF THE
FFIRST OFERAND (MANTISSA) .

8Th #1358 FOTORE IT AT F1338.

Lo#A #1352 sLOAT THE MANTISSA OF
FSECONT OPFERAND .

STA #1391

Cal.l. S8EF SGET TWO TERMS .

STA #1340 FsSTORE THE COEFFICIENT
O B2 ) OF FIRST FOWER
FOF S#BR (ELEVEN) AT #135C.

MOV AR

5Ta #1350 FOTORE THE COEFFICIENT
O R(1)Y ) OF ZERD FOWER
FOF FRE (ELEVEN) .

Loa #1345 sLOAD THE SIGN OF THE
FOECONDT OFERANI (MANTISSA) .

STa #133R FOTORE IT AT $1353R.

RET

§ 3ok ok ok ok oo ol e ok ol s o sk kol ok ak okl sttt kok kol ok ok okok ok sk soioiolokokok ok



a***m***m**m*****m***m***mm**m***m*******#*#m*xm*m**

FTHIS SURRDUTINE ADDS
$THAT MEANS ¢ AC2)HRGD
s ACLIROLY .
;, sase wrm wues vanm e Saia Sasa sase dasm Sev inn BT

Man: LIa #1359
STa F134861
LA #1350
ST 13463
Cal.l. Al

STA $137F

MOV
S5ThA

Al
FL376

S5TA
L.TIA

F13N0
1 35A
8STa #1361
LIy #1350
8Te #1363
Call. Al

MOV Ayl

STh 1377

STA #13a1
RET

THE

COEFFICIENTS
Y OAND

THE

s L.OAD COEFF. AC2).

sLOANO THE COEFF. RBO2).
FAND A2 AND RO2).
FOTORE THE SIGN AND OVERFLOW

FINFORMATION AT $137F.

FOTORE THE RESULT OF
FACYTRO2Y AT #1376
FAND ALSO AT $#1380.
$LOAT THE COEFF. AC1).
COEFF. E(1).

$L.OANO THE

FAND ACL) AND EBCL).
FSTORE THE RESULT OF
FACIIERCLY AT #1377,
FAOND ALS0 AT $+13a4l.

# sdokoletokstokolesioeatolok ok sokok ok ok okok ok s okokoR KR AR AKK KRR KORHOR K

& %ok stk Nk o ok ok ok ok s ok sl sk stk ook ok Aok aoioklok ek aokekok

FTHIS SURBROUTINE FINDS
sOF  THE EXFONENT OF
Tans LA #1375
874 #1361
MVL AvQQ
ST #1363
Call. Al
STa #1374
RET

THE
THE:

§ e e s o e e e e s 2 S S B S S S B e 19 45 1 S S8 S T e i e e S st

SIGN

RESULT .

$L.OA0D THE EXF. OF THE
FRESULT.

THE EXF. WITH ZERQO.
THE SIGN AT $1374.

$ln
$STORE

# 3K koK st sk sl ok ook ok sk ok s ok sk ol st st sk stk sk st sk s stoktotok kR ok K.

A47



5 KR SO AR AR R R OR AR 3K R K A A Rk oK
STHIS SURROUTINE SUBTRACTS THE MINUEND
S OMANTISSA) FROM ZERD. THEN CALLS
FFLOATING FOINT AUDITION.
STHE WHOLE FROGRAME I8 USED FOR
SFLOATING FOINT SURTRAGTION.
Sy TS S
FSUL CALL CAl SGET TWO OFERANDS.
LDA #1352 5040 MINUEND (HANTISSAM
SFROM #1352,
STA #1363
MUT Ay 00
STA #1361
caLL $U FEUBTRACT THE MINUEND FROM
5 ZERO .,
MOV AR
STA #1352 PSTORE THE RESULT OF
S SUBTRACTION.
JMF FAD3
§ sk ok sk ok sk sk kol Rl ok ok s ks sk ok sk skt ok sk ok sk ok sk ok ks ok
14
§ 3Kk ek sk R K R R s R Rl s oK SRk Kok sk Kok sk Kok ok ok ok ok sk ok ok
STHIS SUBROUTINE DETERMINES
STHE SIGN OF MANTISSA OF
5THE RESULT
PRLETE ML S S S g
TAP: LDA #1376  5LODAD THE MANTISSA OF
5THE RESULT.
STA #1361
MVI Ay00
STA #1363
CALL Al SAND THE MANTISSA
SWITH ZERD.
STA #137F  SSTORE THE SIGN AT #137F,
RET
§ skl skl ok ok sk ok ksl sk oMok ok sk o ok ok sk ok 3k sk sk ok ok ok sk sk sk ok ko
F T P I T L E P T T PP S S TR T P L ST PSS T
END

A48
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B SSESEE S I b I LSS B S bbb E St I bbEbbSEIEEIEEBEBILSIEBS
§ 38N R ok ok s ok ok ot s e sl ol s sk st st ool ks s ol sk ok ol sk ok stk skl ookt ek sie sk kokoak sk ok
FFLOATING FOINT MULTIFLICATION

FRESIDUE ARITHMETIC (MODULIY 16 &15)

¢

§ 3k e e b ool o sl s o o ok kol s st e e st ARk b e sk e sk st eokok stk stk Kok koo R kK
FRFROGRAME STARTS FROM LOC. $0D20 OF THE

§OOR-80 MICROCGOMFUTEFR .

§ 3Kk ol b sk oK iRk oK ktoRoRok sk ok Ak sk skoteietstoiolsioloiokaok iolokok ok R lcRICRoRoRK
§
§

stk ok stk el stokoskok kR sokoloRoR sk sterok detetokok sketolok solokokskloiol s kool ckor
ORG OO0
§ 2k ot ok o ok e ot ok o ol st s stk ok s ROk e el sk ke sk ol ok ook Rk R ROk
y FROM SETS
§ v e e g e e ol W i
FMT: SET #0454
Can: SET $#06A0
MAal: SET $00A%
TAF: SET #0003
MU: SET #0890
an: SET #0899
SHEF: SET #0ACO
FEND: SET #OR2IF
FRCI: SET #0EEDS
QUTFUS SET $0033
KATCHE SET $#0C70
# Aok ook ok ok ok s stoRoloR oK K skt ok kiR kol sk koo s lAok sk oIk kKoK K R OR R KKK
¢
7 ok ko e ook s st ok kol ok s stk sl s ol ok sttoiok seReiook sololok skl ook
FTHE MAIN FROGRAME FOR Fl.. PT. MULTIFLICATION,
et i o s e e e e 1 5 0 4 4 3 1 1 5 5 i 1 1 1 o
FMU: Cal.L CAll FOET TWO OPERANDS
CaLL FMT FMULTIFLY AND NORMALISE
CALL EXF SFIND THE EXF. OF THE
FRESULLT .,
Call QUTFU  SDISPFLAY THE GYERFLOW
FOIF ANY)Y v THE SIGN
FAND THE RESULT IN
FRESTIDUE FORM.
JMP FRCD sNISFLAY THE RESULT IN
STECTHMAL FORM.
§ stk sbe e ok ok ok ok ok 3k ok o ok ok 2k N R st b ok s sk s kK i sk KR sk st skt stoRok sokoskiakokk
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§ stk oo o ok ok ot oo M oot SO s oK el 3K sl s ok SRt o 3K o SR K SR O R Stk ok
FTHIS SUBROUTINE MULTIFLIES TWO MANTISSAS

FA AND Be  WHERE A=A ROV 4 a0 ) GRS,
FAND BBk CREIOY 4 B % CRRRDS,

FAKE =0 o= ACZIERC2INCEREIZ 4 ACR2VNR LYk CRRED!

PRI RRCYRCGERREY 4 ACIIYMECL YR CERRDS,

FOR € o= COIDRCEER? 4 CO2rsCREY $001 % CHEE%,
FUHERE CC3) = A(2)RECE) (THE COEFF. OF
§O2-FOWER OF #EBR)s 0C2)= AC2YXRCL) 4+ ACLIKE(D)
$ CTHE COEFF. OF 1-POWER OF $EER)

FCCLY = ACLYERRCLY (THE COEFF. OF O-FOWER OF

yRERRD &
; o S8 St S0ER ik hba M4 Ahek win rd eae 4204 S48 Sa1a SEre F9e ANin 4A04 SE0R GRRS S408 SERE FERY SEeS 4104 DH4 FeRh SUMA Amed ALbh Aakt A5ES iea BHAL BANS RS $49A Hibe 41 SH7 mree mes bevr SrrR Sess seie atee $4es sete Seed base

FLOATE THE COEFF. A2)
FEROM 1359,
sHAVE IT AT #1330,

FEGE LDA #1359

5TA #1330

8TA #1361

LOG #1350 sLOAT THE COEFF. E(2)
sFROM #135C.

SThH #1332 FSAVE IT AT #1332,

8TA E1363

Cal.l. tU FMULTIFLY ACZ) AND EB(2)
FTO FORM THE COEFF. OF
pa-FOWER OF #EBR (ELEVEN).

MOV AxR FMOVE THE RESULT OF
FMULTIFLICATION TO A-REG.

8TA #1320 SOTORE IT AT #1320.

LA #1350 sLOAL THE COEFF. B(1)
FFROM L3510,

STA #1333 SHAVE IT AT #1333,

5TA #1343

cal.l. MU FMULTIFLY A(2) AND EB(1L)
sTO FORM THE COEFF. OF
§1-FOWER OF #BR (ELEVEN).

MOV AsR

SThH #1321 JOTORE THE RESULT OF
FMULTIFLICATION AT #1320,

SThA #1350 FOTORE IT AT #1350 alLs0.

LIA #1354 sLOATL THE COEFF. adl)
FFROM #1350,

STAa #1331 FOGAVE IT AT #1331,

S5ThA #1361

CalLlL MU SMULTIFLY AC1) AN E(L)
T0 FORM THE COEFF. OF
FO-FOWER OF #BE (ELEVEN).

MOV AsE

S5TA L1323 FOTORE IT AT #1323,

LA #1350 FLOBI THE COEFF. B(2)
SFROM #1350,

STA #1363

caLL MU SMULTIFLY AC1l) AND RO
STO FORM THE COEFF. OF
§l-FOWER OF #BB (ELEVEN).
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MOV Ay R

STH #1322 SETORE IT AT #1322,

STa #1352

CaLl KaAaTCH  iSEFSRATE EACH OF THE

sCOEFFICIENTS OF

Fl-FONER OF $BR (ELEVEN)

FINTO TWO TERMS.

Call. Mah SANN THE COEFFICIENT
OEENERATEDR IN “KATCH .«
$THID ALBDITION GENERASTES
PTWO COEFF. ¢1)Y 1-FPOWER
OF BBy (23 O-POWER OF
FARE CELEVENDY .

§CTHE COEFFICIENTS OF

F1-FOWER AND O-FOWER OF

FRAEER OIN 7dMal’” 185 REALLY

STHE COEFFICTENTS OF

§2-FOWER AND 1-FOWER OF

FARE RESPECTIVELYs IR

s THE FARTIAL FRODUCTS ~F.F7 ).

LA #1376 #L.O0AT THE COEFF. OF
§l-POWER QF H#BE
FOENERATED IN “MAll .

STa #1361

LA #1320 $LOAN THE COEFF. OF
y2=-FOWER (IN FARTIAL
SFPRODUGCTY .

STA #1363

caL.l Al sANIY THE COEFF. OF
§2-FOWER (IN FARTIAL
SFROTUCTY ANMI 1-FOWER
FOGENERATED IN ‘MALITY.

MOV Aels

STH #1374 FSTORE THE RESULT
OF ADDITION AT #1376,

LIy #1323 sLOATL THE COEFF. OF
FO-POWER (IN F.F)

FROM #1323,

ST 1391

Cal.l. S5EF sFIND TWO COEFFICIERNTS
SOF THE NUMBER &T #13%1.

STa 1361 FBTORE THE COEFF. OF
§L-FOWER (GENERATED IN
FOSBERFY AT k1361,

LA #1345 yLOAD THE SIGW OF
$THE COEFF. OF
yO~FOWER OF #BB(IN F.F).
PEFROM #1345,

STa #1370 FHTORE IT AT #1370,

MOV AR sHMOVE THE COEFF. OF
FO-FOWER OF $RE
F COENERATED IN “88EF7 ).
FFROM B-REG. TO A~REG.

ST $137E FOTORE IT &aT #137E.

LI F1377 $LOAD THE COEFF.

SOF O-FOWER OF BB
P (GENERATED IN “MALY)
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STH #1363
CALL Al FsAND THE COEFF. OF
FO-FOWER OF #ER
FOOENERATEX IN “MADLV)
FAND THE COEFF. OF
FL-FOWER OF 4Ry
SCGENERATED IN F8SEF)
STH #1378 §OSTORE THE SIGN OF THE
FANNITION AT #137k.
MOV Ak
STh #1370 $OGTORE THE FINAL COEFF.
FOF 1-FOWER OF FRRE
FAT F1370C. (THIS IS
§THE FINAL COEFF. OF
§L-FOWER OF #BE IN F.F).
RET
& oKtk ok ok ok ok ok st ok o ok ok e ok e ok ok st stk sk sk s e st sk ok Rkl sk skodok sk kool HOloR N
STHIS SUBROUTINE NORMALISES
§ o s i i 5 1 8 1 B 0 o 1
NORL S LDA #1374 FL.OAD THE COEFF. OF
F2-FOWER OF #BR (IN F.F)
SFROM 41374,
STA #1361
MVI As00
5TA #1334 FOHTORE ZERO AT #1334
FCLOC. OF GENERATED EXF.)
MVI AsRE
STA #1363
Call MU FMULTIPLY THE COEFF. OF
F2-FOWER OF $RE (IN F.F)
FWITH 43R (ELEVEN) .
STh F133F FSTORE THE SIGN AND QVERFLOW
FINFORMATION AT H#133F.
ANT 02 FTEST IF OVERFLOW.
JNZ FOVER SIF YES » JUMP CPFOVER? .
MOV AsB
SThA 41361
LI 41370 sLOAD THE COEFF. OF
§1-FOWER OF #EBE (IN F.F)
STh #1363
Cal.L Al §ADD THE FREVIOUS
FERODUCT TERM TO THE COEFF.
FOF 1-FOWER OF #BE (INF«F).
ST #133F SETORE THE SIGN AND OVERFILOW
FINFORMATION OF ANDITION
sAT ELI3F.
ANT 02 FTEST IF OVERFLOW.
SNZ FOVER FLF YESy JUMP TPOVER? .
MOV Arl
STh H1374 FOTORE THE RESULT OF
FANNTITION AT #1374,
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STa #1361
MUL AvdBE
HTA #1363
Call. MU sMULTIFLY THE RESULT OF
FADDITION BY $RER (ELEVEN) .
STa 133K FSETORE THE SICN AND OVERFLOW
FINFORMATION QFMULTIFLICATION
AT H133F .
ANT 02 sTEST IF OVERFILLOW.
JNE COVER sIF YES» JUMF "COVER” .
MOV AR
STa #1361 FOTORE THE RESULT OF
sMULTIFLICATION AT #13461.
Log $#137E $LOAD THE COEFF. OF
SO-FOWER OF FBE C(IN FFY.
8Tn F1363
Cald. Al FAIN THE FREVIOUS RESULT
sO0F MULTIFLICATION T0
FZERD FOWER OF $BR CIN FoF).
STH #133F $OTORE THE SIGN AND OVERFL.OW
F INFORMATION OF AIDITION
AT F133F.
ANT 02 FTEST TF OVERFLOW.
GNZ O COVER §IF YESy JUMF TCOVER? .
MOV Ak
STA 1376 FOETORE THE NORMALLSED
FNUMBER AT 213746,
LA &#133F fLOAD THE SIGN AN
FOVERFLOW INFORMATION
sFROM F133F.
ANT Ol SFIND THE SIGN OF
¢ THE FINAL RESULT.
STa FLA7F FOTORE IT AT H137F.
RET
5 okl ok ook b s ot ok s okok sk ok ok stk ok ok sk sk ok ok ko sk sl st ok ok st ok ok sk ok skok Aok Ak ok
¥y
& stk ot ook o sk e stk sttt sk ok ok ok ok ok sskokokoketoleiokaokaok ok ok sk ek ok Hok
STHIS ROUTINE TARKES CARE OF ROUNDING A
FNUMBER, (AFTER FIRST OR SECOND OVERFLOW
FOETECTION IN THE SURBROUTINE “NORL .
§1 e e e e i b e o e o 1 e B 1 10 e
FOVERS MVI Asd22 FogR2 (TWO) I8 THE
FOENERATEI EXFONENT .
SThH #1334 SOTORE IT AT #1334,
LA $137E8 sLOATE THE SIGN OF THE
sCOEFFOF 1-FOWER OF
FAER (IN PP JFROM H137H.
8T #1351 SOTORE IT AT #1335E.
Lna #£137C sLOGT THE COEFF. OQF
FL-FOWER OF #BR (IN FF)
SFROM #1370,
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sTA F1350 SSTORE IT AT #1380,

LIa #1374 $LLOAN THE COEFF. OF
FO-FOWER OF FEE (IN FoF)
FFROM #1370,

8T #1350 SOTOR IT AT #1330,

CALL FEND FGET ROUNDED NUMEER
SOF THE COEFFICIENT
JOF 2-FOWER OF 4ER.

CakF: LD #1350 FLLOAT THE ROUNDED

FNUMBER FROM #1301,

8T FL376 FOTORE IT AT H1376.

CalL TaF FEIND THE SIGN OF

$THE MANTISSA OF THE
FRESULT »

8Ta #137F SOTORE IT AT H137F.

RET
3************%*#******#*******#******$$*$*$********
¥
?*********%***********$$*******$****$***$*$**$$**$*
JTHIS FROGRAME TARES CaRE OF ROUNDEING
$A NUMEER AFTER THIRD OR FOURTH OVERFLOW
SHETECTION IN THE SUBRROUTINE “HORL "«

§1 s e e e T 1 T
COVER: MVI AyElLl $78117 (ONE) IS THE

FGENERATED EXFPONENT.

5TA F1334 FHTORE 1T AT $1334.

LA #1371 FLOADN THE SIGN OF THE
$COEFF. OF O-FOER OF
FHRR OCIN FP) FROM
FE13710.

STA F13GR FSTORE IT AT #1305R.

Lha #137E $LOAD THE COEFF. OF
5O-FOWER OF #BE (INF.F)
FFROM BH137E.

&TA H13351 FSTORE IT AT #1350,

Lha #1374 5LOAD THE COEFF. OF
$1-FOWER OF FRE (IN FoF)
FFROM #1374,

8STa #1350 FOTORE IT AT #1350,

Cal.l. FEND FGET ROUNDED NUMBER
FOF THE COEFF. OF
§1-FOWER OF 4$EB.

JHF Cak
5*******$***%*%***k***$*$****#$*****************$**
STHIS SUBROUTIE FINDS THE EXPONENT OF THE
SMANTISSA OF THE RESULT.

§ i e e 8 S M 2 e 2 T
ExXFe LA #1351 ;LOAD THE EXP. OF

FTHE FIRST OFERANID

FFROM #1351 .

5TA $1361 '
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L.IoA #1353 FLOAN THE EXF. OF
$THE SECONIT OFERANI.
FFROM #1353,
STh #1363
Cal.l. an SOOI TWO EXFONENTS.
ANT 02 FTEST IF OVERFLOW.
MOV Gy $MOVE THE OVERFLOW
FINFORMATION FROM A-REG.
$TO C-REG.
MOV AsR FMOVE THE RESULT OF aIDITION
FFROM B-~REG. TO A-REG.
8Ta #1363
LDA #1334 FLOAN THE GENERATED EXF.
FFROM #1334.
STA #1361
Call. Al SOLD THE GENERATEI EXF.
MOV HeAd FMOVE THE SIGN @ND
FOVERFLOW INFORMATION
FFROM a~REG. TO H-REG.
ANI 02 FTEST IF OVERFLOW.
MOV ErA FMOVE THE QUVERFLOW
FINFORMATION FROM A-REG.
§TO E~REG.
MOV AsR FMOVE THE RESULT OF
FAINTITION FROM B~REG.
FT0O A-REG
STA #1375 FSTORE IT (FINAL EXFe)
AT 1375,
MOV RyC FMOVE THE OVERFLOW
FINFORMATION (AFTER
FFIRST AINITION) FROM C-REG.
FT0 B-REG.
MOV Ak FMOVE THE QUVERFLOW
FINFORMATION (AFTER
FOECOND ADDITION)
SFROM E-REG, TO A-REG.
XRA R FEXCLUSTIVE OR WITH
FA-REG AND B-REG.
MOV ErA FMOVE FINAL OVERFLOW
FINFORMATEION OF EXF.
FFROM A-REG. TO B-~REG.
MOV AvH FMOVE THE SIGN AND OVERFLOW
s INFORMATION (AFTER
FOECOND ADDITION) FROM H-REG.
FTO A-REG.
ANT 01 FEIND THE SIGN OF EXF.
AL 1 FIFORM SIGN AND OVERFLOW
FINFORMATION OF EXF.

-

STh #1374
RET
§ 3Kt ok o Kol e Kk oK e 8o ok sk ok A oK kst sl K sk sk s ok K sk kol sk ok ok sk ak sk ok kKoK Kk
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§ okoskok sk kot slofe o e s b e sl ol she et skestestololotek kokokolskostetolotoiokosk Bk ok kokok &Kok
FTHIS SUEBROUTLNE TESTS WHETHER ANY ONE OF THE
FMANTISEAS 16 ZERQ.IF ZERQ THE EXFONENT OF THIE
FCORRESFONDING MANTIHSEA I8 SET TO ZERO.
FTHIS SUBROUTINE IS8 CALLED DURING Fl.o FT.
FANDITION/SURBTRACTION FOR TESTING ZERO-
SMANT IEHSAS .
§ o e i s o s 5 5 4t o 0 1 1 G S e 0 e
TEERO: LI 1350 §LOAD THE MANTISSA OF
FFIRST QFERAND FROM #1350,
CFI 00 $TEST IF ZERO IS OF THE
sFORM 7007 .
CZ RIERO s IF ZEROs ColL "RZERO.
CrI #OF sTEST IF ZERQ IS OF THE
sFORM “OF 7.
CZ RZERD § IF ZERQy CAll. "RZERO .
Loa &H1352 FLOAT THE MANTISSA OF
FSECOND OFERAND FROM #13%2.
CrI 00 sTEST IF ZERQ IS OF THE
FFORM 7007,
JZ QZERQ §IF ZEROys JUMF “QZERO” .
CFI 40F §TEST IF ZERO IS OF THE
FFORM 70F 7.
JZQZERD i IF ZEROy JUMF TOQZERQ’ .
RET
RZERO: MVI A»Q0
ST #1301 s STORE ZEROD AT LLOC. OF THE
FEXF. OF THE FIRST
POFERANID (413510,
RET
QZERD: MVI A200
STA F1353 sSTORE ZERD AT LOC. OF THE
FEX. OF THE SECOND
FOFERAND ($:1353) .
RET
§ 3k skl ofoor oKk ok sk S ARl R sl o s doRoROR sk sk ok ok skl sk st sioskok etk sokolokok kokoR oK
y NOTE t=~ “FoF 7 STANDS  FOR PARTIAL FROGUCT.
# oKk ool o ok koK ok sk stoRoR ok skt stk ok ol skl sk ok ok stk alkRkoK koK kR Kok Aokok
ENTI
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SEGEPLEEGFSEEEISDEIEEEEBIESPEPLSIEEEEPEHEELPEEBPIbEELPbb S
B SRSl o RO oK Sl N S Aok Ao Y s o AR ol AR R sl kR AOR ROk R
SFLOATING FOINT DIVISTION. THE EXPFRESSION USED IS

SREGTIIUE @&RITHMETIC, (MODULTE: L& & 15D
5**$*$$*$******%$$***$*$ﬁK#*kk*$*ﬁ$\”\H$**k*4*Wﬁ*$***s$A*

&

§

SFROGRAME STARTS FROM LOC. #0400 OF THE SHK-80

SMICROCOMPFUTER

skl sl e s ol SRt SR sk ok 7K sk ok ok s o Al sk kst ok skl s K el ol st ok st sokok sk Gk

#

§ ook sk sk ok ok stk o o sk ol v ok ok ek st kst ek s sk sk ok sk s st sfoloklot ok stk koo Aoliolok
ORG 40400

& sk Kok ok stk st ok sl st st st ok st st ks ok sk e st stk sttt ok sk sl st s stk sl sl ik skl ROk

§ FROM SETS

»

P——————————————————E P L
SUT SET #089E
Al SET $089Y
FEGS SET #OINF
Cal: SET $0AKO
FRCID: SET #OEED
TEST: SET #0908
NORL ¢ SET FONRER
RATCHS SET #0070
OUTFUS SET $#0C33
bk of ok sk oK s e sk ok ok ook sl R sl AR ok ok sk kol sk el sk otk ek s oK Aok KR Ak ok KR
§ THE Hﬁ[N FROGRAME FUR Fl.e FTe HIUIWIUN+

§ o v e e e st et e T S 1 4 8 A 8 e i

Flnxr: call Cﬁll yGLT Iw(l[JlEFuﬁNha.
JMF ZRET FTEST ITF THE MANTISSASL
s ARE ZERD.
FFGE CaLLl OVFL FGET THE VALUE QF “1/B7.
SORT CAlL FMT FFERFORM FL.e FT.
FMULTIFLICATION.
CAall. EXT FEIND THE EXFORENT.
CALL QUTFU  $RISFLAY THE RESULT T0
FTHE OUTFUT TEVICE.
§CIN RESTIUE FORM 2.
JMFP FRCI sDISFLAY THE RESULT
FIN DECIMAL FORM.
$ sl stk e sk sttt ok st ok ok s st ootk sk sk stk s stk ok st ok sk silolok sk st ok skokololokok k30K

-

5 stk s ook ok sk sk ol sk s ok sk sk ol el sk sk stk bk sk sk sk alsseilolololklok R a koo
FTHIS SUBROUTINE FINIS THE EXFONENT OF THE
FREGULT .
§ e e e s 4 e o e 1 B i e 1 1 i i e 0
EXT: DA #1391 $L.OATT THE KF. OF TIYVINRENID.
5Tha #1361
Loa #1353 FLOAL THE EXF.  OF DIVISOR.
STA #1363
Call. SU SHGURBRTRACT THE EXF. OF
SOIVIBOR FROM THAT OF
FLTVIDEND .
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ANT
Moy

Mov

L.IA

02
ey

N« R

F1334

8Th #1361

1.IA

STh

ol

MOV

STh
MOV

8TA

Cal.l.

MOV

ANT

MOV

MOV

&STA
MOV

MOV

XRA

MOV
MOy

F:1398

$134H3
ATl

AR

FI36F
Al

1361
All
Hye
02
Esfd
AvE

$1375
By

Ayl

BeA
HyH
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STEST IF OVERFLOW.

FMOVE THE OVERFLOW
FINFORMATION FROM A~REG.
FTO CrREG:

FMOVE THE RESULT OF
FOURTRACTION FROM B-REG.
$T0 D-REG.

FLOAN THE EXF. GENERATET
SDURING FLe PTe MULTIFLI
F-CATION FROM #1334,

sL.OAN THE EXP. OF "1/7B%.
FFROM 41398

SAND THE EXF. GENERATED
FLOURING Fl.o FT.
SMULTIFLICATION TO THE
FEXF. OF “1/87.

FMOVE THE RESULTYT OF
FANDITION FROM B-REG.
sT0 A-REG.

SMOVE THE RESULT OF
FSURTRACTION FROM D-REG.
§TO A~REG.

$ AL

§SAVE THE SIGNAND OVERFLOW
FINFORMATION TN H-REG.
FTEST IF OVERFLOW.

FMOVE THE OVERFLOW
 INFORMATION FROM A-REG.
FTO E-REG.

FMOVE THE EXF. OF THE
FRESULT FROM R-REG.

FT0 A-REG.

SGTORE IT AT #1370,

SMOVE THE OVERFLOW
FINFORMATION (AFTER
FOURBTRACTION ) FROM
FC-REG. TO B-REG.

FMOVE THE OVERFLOW
FINFORMATION (AFTER
FALNLITION ) FROM

FE~REG. TO A-REG. .
SEXCLUSIVE OR A-REG.

SUWITH B-REG.

FMOVE IT TO B~REG.

FHOVE THE SIGN AND GVERFLOW
FINFORMATION (AFTER ADDITION)
SFROM H-REG TO A-REG.
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ANT 01 SEING THE SIGN OF THE RESULT.
AR R FFORM THE STGHR AN OVERFLOW
F INFORMATION .

ETh #1374 FOTORE 1T AT %1374

RET
5 otk okl stoliok Aok Aol ok Aok IR AOK ACKACK sk o e o st ok ook sl sl ok ok R R okok
¢
y*ﬂ*?kW$Y\MW*$Y‘k*kvﬁ##kA¥*$ﬁ$*“k*#ﬂ##*#wﬂa#*1&&?*&###*&*
FTHIS .)lJT\F\[]lJ TIME FERFORM Fl.o FT. |iLJl TIFLICATION.

y an sata nes abes b suee et eon oo svee aaes senn e aatn oeed s4ss ooe aies sec SAAS b0k Bees ea03 mED SIS THNS S0I0 TESK S PSS BeRR SPPL SEAY i SHR S SPIL SheS SIS SHEL 8007 SAML S 49 S e shre 4 1l Sess et

IMT‘ CaLl. KATCH y[lNH TH& COEFFICTENTS
FOF CEFBRERY & (EBE)
FFROM THE MANTISSASG.

Call. FEG FMULTIFLY (FLOATING FOINT) .
Call. NORIL s NORMALTSE
RET

v*#&**#&*¥*$$4ﬁﬂ$$¥*W*$\*k*%*kwh$$*$$*$*k****k*******ﬁw***
§
y*ﬁ$$ﬂ*$» fe o3 ek stk R okl sk sk ok sk stk skl okl sk lolk st ook stk o skt kolok
STHIS SURROUTINE GETS THE VALUE OF 1/B
§ FIROM THL TaBLE STORED IN FIuDl\.
§1 e e e 1 e i 1
UUIL MVL Aed60 "ﬂéO’ IS THE ADNDRESS OF
FTHE LATCH ASSIGNED FOR
FNIVISOR.
OuT #1é
Lha #1352 §L.OAT THE MANTISSA OF
FRIVISOR FROM #1352
ouT &14
MVI AyIl30 PR30 I8 THE ADDRESS
FOF THE LATCH WHICH
FLATCHES THE CODE FOR GETT-
FING EXPe OF “1/7B7.
ouT #1é
MUL Ae 02 §7027 I8 THE CODE FOR
FOETTING THE EXP. OF “1/7R’
ouT 14
IN $135 $GET THE EXF. OF 71717
STA #1398 SSETORE IT AT #1398,
MUT A Q7 § 74077 18 THE COIE FOR
FGETTING THE MANTISSA
FEART OF 71787,
ouT &14
IN #1353 SGET THE MANTISSA FART
F0F L1/B7.
85TA F13502
RET
§ 3K 3Kk e i e oK oK oK s sk ok sk sk stk kst ke stk ks llotololokokksoloolcokok kR ok ok oklok
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‘s‘h‘U{‘-?K)Kh‘C?ﬁ?’-{'!KP’:(}‘K>i<>}<7'.‘<>;<$X<>K>K>:‘C:‘KX<>1‘<>H‘<$H<?K}K>K>K>i<*%e‘%i*)-‘i?‘#()‘i(*}ﬁ}ﬂ‘(ﬁf}ﬁ{)ﬁﬁ'ﬂﬁ*h‘ihf***m&i)ﬁ(ﬁi»f /

STHIS FROGRAME TESTS IF ANY ONE OF THE MANTISSAS
16 ZERO. IF ZERD sNO OFERATION.
e D e
ZRET: LDA #1350  5LOAL THE MANTISSA OF
SITVIDEND FROM #1350,
CFI 00 STEST IF ZERDIS OF THE
FEORM 7007 .
JZ RRET SIF YES» JUMP TO “RRET’.
CRI #OF STEST IF ZERD I8 OF THE
SEORM 7 OF 7,
JZ RRET SIF YESy JUMP TO CRRET?.
LI #1352  SLOAD THE MANTISSA OF
SIIVISOR FROM #1352,
CFI 00 STEST IF ZERD I8 OF THE
FEORM 7007,
JZ RRET STF YES» JUME TO /RRET’.
CFI #OF STEST IF ZERD 18 OF THE
FFORM 7 OF
JZ RRET SIF YES» JUMFE TOD YRRET’.
JMEFFG
RRET? JMF TEST FEIGNAL TD GET OFERANDE.
§ Stk R R OOk Rk kKRR Rk kol oo KR R ok ek
SHEBEBBE G EEEEBBEEESBBLILILIBIGIIBEIIIEEIEBIASELAD
END
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AP-6(c): Listings of Residue to Decimal Conversion

S SEEh L bbb s bbb SS LSS PSSP IS SIS PEESI B LI LIS bESEE
$ oK s Ao ol s o ol Sl R e KRR s s e s ol ol sl sl s sl RN s Rk s sl Rl Al kR
STHIS PROGRAME CONVERTS & RESIDUE HUMBER
sTO e DECTMAL NUMBER .
PORESTDUE ARTTHMETIC, MODM.LE 16 & 135 )
F %Sk ool ol ol sol st ok sl o st sl Rl s s s ol s st s ol oo el A ROk ot kR ook solok
!’
$ kol o st st sk s st stttk kol o sk s R s sl s R ok Ak Rk ok Ak
PRROGKRAME STARTS FROM LOC. $OEDOQ OF THE SDK-80
FMICROCOMFUTER .
9
§ %8k ol ol o ok o s sieofe ool e e s sl st b e st st oM K R NN R O ool ook ol okl ok
ORG AOEDO
v*******ﬁ**%V#*$%$AX+k**?**&*knaX&*#K*$$$m**$**\Xﬁﬁ$$$$$$$$
rr‘rm ;F"TL
Sniv: SET 40989
SUd SET FO8%E
MU SET 40890
Al SET kOBYY
CaR: SET #0830A
XTak: SET #0845
FOS: SET #0822
NEGSE SET #0811
NMOUT: SET #0203 )
TEST: SET L0908
MNT S SET #0827
BLN? SET #0840
EFTS: SET 40820
& 08RO R SR o s s ol ol ok e sl sl sl stk s R R R R R R sl R ok ek R otk ok seiekokok

A 1

~»

§ 2 a8 ot o ol s o ofe st ol ol ool sl stk TR sl st RO sk i skl ks sk sk ok okl ook
5ATRCD TS THE PROGRAME WHICH DISFLAYS THE RESULT
FOF INTEGER ARITHHMETIC OFERATIONSG IN DELIMAL
yFORM
IBCD: Cal.ll. CAR yLﬁﬁh[ﬁhF RETURN
§AND LINE FEED.
LIy #1370 FLOAD THE SIGN AND QVERFL.OW
FINFORMATION FROM #1370
STa #1376 SHTORE IT aT #1374
Cal.l. SGCHRT  $&SI6GNAL QVERFLOW (IF
FANY Y AOND SIGN.
Cal.l. CRCH FEIND DECIMAl. NUMBER
s0OF RESTOUE NUMBER.
CALL NCHRT  SPFRESENT THE RESULT
$IN NECIMAL FORM.
S TEST FOTEGNAL TO GET OFERATION.,
& K 3ok o s ok ok o ol obe ot ok ok oo s sl ofe ks Aol R sl ol b K s K SR skl KR kR ok sk Aeaokek

[

-y



A62

F 240 RN KR R4 20CH KON OO 30 RCRCAC SON O K 3300 3K SO ORI MO K

fOFRCIT I8 THE FROGRAME

WHTGCH TTSPLAYS

THE RESULT

FFLOATING FOINT ARITHMETIC OFERATIONS IN UECIMAL

§FORM .

e e s e b st a0 s o a0t

FERCI? CALL CAR
CALL. MNT
LIy E1L37F

ST #1371
Cal.l. SCHRT

Cal.l. CRCD

Cal.l. NCHRT
Cal.L RN
Cal.L EFT
LOA #1374

5T #1371
LIy 1375

STA #1376
Call. SCHRT

Cal.l. CRED

Cal.l. NCHRT

JMF TEST

$ CARRIAGE RETURN ARND
s LLINE FEETD,
FATGNAL M=,

yLOA THE SIGN OF

s THE. MANTISSN OF THE
FRESULT FROM #137F.
FOTORE IT &7 #1371,

s BTENAL OVERFLOW CIF
VANY) AND STEN.

§FIND THE DECIMalL OF
yTHE RESIDUE NUMBER.
FFRESENT THE RESULT IN
sLECIMAL FORM,

POIVE "SFACE -y

s SIGNAL 7E=,

sLOAT THE SIGH OF EXP.
FOF THE RESULT .

sOSTORE IT AT #1371,
yLOAD THE EXF. OF

s THE RESULTY FROM 413735,
sOHTORE IT AT #1376,
FGIGNAL DVERFLOW (IF
SANY) AND SIGN OF EXF. .
§FINID THE DECIMAL NUMBER
s THE EXF.

FRESENT THE EXF. IN
FDECIMAL FORM.

SOTENAL TO GET OFPERATIONS.
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s THE SUBROUTINE “CRCH
sTO A DECIMAL NUMBER.
b A

CRCN: LA #1376

5Tn #1391
MVUT Avdad
5Ta 1390
Call. 888F

LA E135A

CONVERTS

A RESTDUE NUMBER

sLOALD THE RESTDUE NUMEBER
SWHICH IS TO BE CONVERTED
FINTO DECIMAL NUMBER
sFROM 1376,

SOTORE IT AT #1391,

“an’ (TEN) I8 THE DIVISOR.
STORE IT AT €1390.

GET THE QUOTIENT AND

§ THE REMATNIER .

FLOAN THE SIGN OF

¥y THE DIVIDEND (THE
PRESIDUE NUMBER WHICH

§16 TO RE CONVERTED

yTO DECIMAL NUMBER) .

©r ar S



Ab63

ANT 01 FTEST IF NEGATIVE.

CHZ SUM §LF YESe JUMETO SBUM .

LA 1393 §LOATT THE REMATININER
FFROM 42393,

STn #1363

MVL Aed0l yOROLS TH THE RESIDUE
FREFRESENTATION OF STIXTEEN.

STh #1361

Call. MU PMULTIFLY 78017 AND THE
FREMATINIER TO FORM THE
FRESTOUE OF THE FORM “OX~7
FWHERE X = 0 TO 9.

MOV Ev B FMOVE THE FRODUCT TERM
FROM B-REG TO E-REG.

Lo J:1392 FLOATT THE QUOTITENT
SFROM #1392 .

8Th F1391 SHTORE IT AT #13%91.

Call 58 SOET THE QUOTIENT AN
SREMATEDER OF THE DIVIDERD
AT LOGC. #1390,

STA #1363 SOTORE THE REMAGINIER
sAT #1363,

MUL Asdl10 78107 16 THE RESITUE
FREFRESENTATION OF ¢-135) .

5STa #1361

CALlL. Mt~ sULTIPLY THE REMATNOER
FRY #1077 TO FORM THE
FRESINUE OF THE FORM
FOXO7 WHERE X= O TO 9.

MOV A9k FMOVE THE FPRODUCT TERM
FEROM B-REG. TO A-REG.

STa 1361

MOV AvE sMOVE THE FREVIOUS FRO-
FOUCT TERM FROM E-REG,
sTO A-REG. .

STha $£11363

Cald. Al $ AL

MOV Es R §MOVE THE RESULT GF ADDITION
FFROM B-REG. T0 E-REG .

LG #1392 FLIAY THE QUOTIENT FROM $#1392.

STa #1361 FRTURE IT AT #1361,

MUTL A»Ql

STA #1363

Cal.l. MU FMULTIFLY 701/ (SIXTEEN)
FANID THE QUOTIENT TO
FFORM THE RESIDUE OF THE
FFORM 70X WHERE X=0 TO 9.

MOV Hs i

RET
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STHE SURROUTINE ‘SUN’ CONVERTS A NEGATIVE
SNUMBER TO ITS FOSITIVE FORM.
6 o e et e e e e e e e
SUMS LDA #1392  SLOAD THE QUOTIENT FROM
51392,
STh #1363
MVT Ay #FE 5 74FE’ IS THE RESIDUE
SFORM OF MINUS ONE.
H5TA #1361
CALL MU FMULTIFLY THE QUOTIENT
SAND ~1 (HFFE) TO
FCONVERT NEGATIVE FORHN
FOF RESIDUE TO FOSITIVE
5 FORM,
MOV Ayl
STA #1392
LOA 41393 5L0AD THE REMAINDER
FFROM 41393,
S5Th #1363
CALL MU SMULTIFLY THE REMATIN-
SLER AND ~1 (HFE) TO
§CONVERT THE NEGATIVE
SFORM OF REMAINDER TO
SITS FOSITIVE FORM.
MOV AR
STA #1393
RET

¥
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FTHE SUBROUTINE “SCHRT/ STGNALS THE SIGN AND
FOVERFLOW (IF ANY)Y TO DBUTFUT DEVICE.
sy 1 4 4 i e 4 5 e o e e
SCHRT: LIDa #1371 sLOAD STGN AND OVERFLOW
FINFORMAOTION FROM #1371,

STA #1334 FETORE IT AT #135A.

MOV Dty FMOVE 1T T0 D-REG. .

ANT 02 sTEST IF OVERFLOW.

JZ TOR FLIF NOy JUMF "TOR7 .

CaLll. XTaR FOTHERWISE » SIGNAL 777 .

TOR: MOV AsD

ANT 01 sTEST IF MEGATIVE.

JEORSBT yIF NOy JUMF TO "R&I”

CAaLll. NEG FOTHERWISE s SIGNAL "~

RET

RS Call FOS sSIGNAL 47 .

RET
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5 THE :UthU]lNL 'NCHRT/ DTSFLAYS DECIMAL NUMBERS
§ e e ool = L e ———
NCHRT: MOV AyH SMOVE THE MOST SIGNIFICANT
SOECTMAL DIGIT FROM H-REG.
STO A-REG.
CALL NMOUT  3DISFLAY THE SIGNIFICANT
SHIGITS.
MOV AyE SMOVE TWO LEAST SIGNIFICANT
SLECIMAL DIGITS FROM E~REG.
STO A-REG,
CALL NMOUT  SDISFLAY TWO LEAST SIGNIFICANT
SUECIMAL DIGITS TO OUTFUT
SOEVICE .

RET
§ stk stk b ol o stk sl e oo o ol R s R RORICK ok R R R EOIOIDIOR AR KR
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FTHE SUBROUTINE “888F 7 FINDS THE QUOTIENT AND
PREMATNDER OF THE DIVIDEND (AT 1LOC. $#1391)
$AND THE DIVISOR AT LOC. F13%90).
o s e S 7 o S R Y o o e e o0 ol A S e s
S58F LIA 41390 $L.OAT THE DIVISOR FROM
41390,
S5TA $#1363
Lha #1391 FLOAD THE DIVIDEND FROM
sE1391 .
STAa #1361
CaLL ShTy FNTVINE,
Lna 1371 sLOAL THE STIGH OF THE
FAUOTIENT FROM 1371
8T $13435 FOSTORE IT AT F13435.
LA #1370 s LODAT THE QURTIENT FROM
L1370,
STA £1392 FSTORE IT AT R1392.
5TA #1341
Loa $#1390 sL.OAN THE DIVISOR FROM
s 1390,
STA #1363
Call. MU FMULTIFLY DIVISOR AND
sRUATIENT
MOV AxR s MOVE THE FRODUCT TERM
sFROM B-REG. TO A-REG. .
3TA F13463
LA #1391 FLOALN THE DIVIDEND FROM
s 1391 .
8T #1361
Cal.l. 88U FBURTRACT DIVIDEND FROM
FFPRODUET TERM.



5TA 413446

MOV AR
STA #1393

MOV TivA

RET
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FOTORE THE SIGN OF
FTHE RESULT OF SUBRTRACTION
FAT #1346,

FOTORE THE REMAINDER

FOTHE RESULT OF SUBTRACTION)
AT #1393,

§MOVE THE REMATNDER FROM
FA-REG. TO D-REG. .
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END





