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[57] ABSTRACT

Disclosed is an integrated circuit microprocessor with
a parallel binary adder whose output can be corrected
on-the-fly to provide decimal results. The correction is
by logical gating which operates selectively and on-
the-fly, that is, while the sum from the. cutput of the
binary adder is being transferred to an accumulator,
As a result, the same binary adder can provide the bi-
nary sum of the operands supplied to it, or the binary
coded decimal sum of bcd operands, or the binary
coded decimal difference of bed operands, in a single
operating cycle and without the need to recycle the
sum of the operands through the adder.
cycle correction significantly speeds up the cperation
of the invented microprocessor as compared to known
prior art microprocessors which recycle the adder out-
put when a binary coded decimal sum or difference is
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INTEGRATED CIRCUIT MICROPROCESSOR
WITH PARALLEL BINARY ADDER HAVING
ON-THE-FLY CORRECTION TO PROVIDE
DECIMAL RESULTS
BACKGROUND AND SUMMARY OF THE
INVENTION

The invention relates to microprocessors and similar
machines and specifically. to an improvement in the
arithmetic units of such machines.

It is known in microprocessors to add bed (binary
coded decimal) operands in a parallel, straight binary
adder and to then correct the sum so as to obtain a
result which is in binary coded decimal form. Specifi-
caily, it is known that when the binary number 0110,
‘which is the decimal number 6, is added to a 4-bit
binary number the result is the binary coded decimal
equivalent of that 4-bit binary number (plus a possible
decimal carry). Based on this operation, it is possible
for a microprocessor to have only a binary adder and to
use the same straight binary adder to provide a binary
coded decimal sum of the operands supplied to it by
adding 0110 to each 4 bits of the sum from the adder
{while accommodating carries). For example, a binary
coded decimal sum is obtained in the prior art by add-
g two bed operands in a paraiiel binary adder and
then recyeling the sum through the same binary adder
as one operand while vsing 0110 as the other operand
for each 4 bits (and taking carries into account). It is
also known that the binary coded decimal difference of
two bed operands can be obtained by adding 1010,
which is the decimal number 10, to the sum of the
operands (and keeping track of carries). In a prior art
cxample, this is agaim done by adding the two operands
in a binary adder and recycling the resulting sum
through the adder as one operand of a straight binary
addition Opcrduun whose other Upt‘:rauu is 1010 for
each 4 bits.

It takes two cycles of the binary adder in each of
these prior art operations to get the binary coded deci-
mal sum or difference of two bed operands: one cycle
to get the binary sum and another to add a fixed binary
number to the binary sum so as to get the binary coded
decimal sum or difference of the original operands.

It is desirable i microprocessors to improve the
speed by reducing the number of cycles necessary to
perform a given operation. However, it is also desirable
to have a minimum number of components, and it is
typically not justified to have both a binary and a deci-
mal adder in the same microprocessor. The prior art
has typically chosen the disadvantage of using two
cycles 1o get a decimal sum or difference rather than to
suffer the cost of a separate decimal adder.

This invention takes a new approach to the problem; 2

it uses only a binary adder to get the decimal sum or
difference of two numbers, but does it in a single cycle
of the binary adder, thus significantly improving the
speed of operation without suffering the cost of an
additional decimal adder. In accordance with the in-
vention, the binary sum of two bed operands is cor-
.rected by suitable gating as it travels from the binary
adder to another part of the microprocessors, e.g., the
accurnulator, so that it becomes the binary coded deci-
mal sum or difference of the two operands by the time
it reaches that other part of the microprocessor.
More specifically, the invention is implemented in a
machine, such as a micreprocessor, which has a source
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of two binary or bed operands, such as two registers, a
binary adder, a source of a command for selectively
performing decimal addition or decimal subtraction of
the operands and a destination for the bmary or deci-
mai sum or difference of the operands, such as an accu-
mulator. Ir: response to a command for decimal addi-
tion or decimal subtraction of the operands, suitable
gating is activated to change certain adder carry bits
from binary to decimal carries, and the output of the

0 binary adder is modified by other gates to change se-

lected bits of the binary sum such that the number
delivered to the accumulator is the decimal sum or
difference of the operands rather than the straight bi-
nary sum thereof.

In one speciﬁc embodiment of the invention, two
2-bit operanos are dppltﬂu to a parauc: 8-bit umcu._y
adder. The binary carry from the low 4-bit section of
the adder is changed by suitable gating to become a
decimal carry, while the sum provided by the adder is
corrected by other suitable gates as it travels toward
the accumulator to change it to the binary coded sum
or difference of the operands. The binary carry from
the high order 4-bits of the binary adder is corrected to
become a decimal carry which may be supplied to
other portions of the microprocessor, The low 4-bits
section of the binary adder can receive a carry-in from
other parts of (he microprocessor,

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating an embodiment
of the invention.

FIGS. 2z and 25, whlch fit together as illustrated in
FIG. 2, form a partly block and partly circuit diagram
showing the same embodiment of the invention in
greater detail,

DETAILED DESCRIPTION

h & P 1 e ax Tat ]
Referring to FIG. 1 the portion of the microprocessor

which is relevant to this invention comprises: sources
10¢ and 10% for the low 4 bits AO to A3 and the high 4
bits A3 to A7, respectively, of an operand A; sources
122 and 125 for the low and high 4 bits B0 to B3 to B7
respectively, of an operand B; 4-bit parallel binary
adders 14z and 145 for the low 4 bits and high 4 bits,
respectively, of the operands A and B; and accumsla-
tors 16a and 166 for the low 4 bits and high 4 bits,
respectively of the operation result. When a decimal

operation is to be performed, a command signal DAA
is present at lines 182 and 185, and either the command

15 Present aiines 20d andl 285, alle IR VIC 0t

signals DAAL and DAAH are present at lines 20a and
20b to force a decimal addition operation, or the com-
mand signals DSAL and DSAH are present at lines 224
and 225 to force a decimal subtraction operation.
When only a binary operation is to be performed, the
operands ‘A and B are in straight binary code, none of
the decimal command signals is present, the binary
carry BC3 from the low 4-bit section 14« of the binary
adder is applied through an OR-gate 2dq to the high 4
bits section 14b of the adder, and similarly the binary
carry BC7 from the high 4-bits section 14h of the bi-
nary adder is provided at the output of an OR-gate 245
A decimal carry DC3 is generated from the low 4-bit
section 14¢ of the binary adder by a decimal carrying
gating 26a, but it is prevented from being applied to the
section 14 because an AND-gate 28q is closed at this
time by the absence of the decimal operation command
DAA at line 18a. A similar decimal carry gating net-
work 26b and a similar AND-gate 28b are associated
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with the high 4-bit section 145 of the binary adder.
Moreover, when only a binary operation is to be car-
ried out, the decimal command signals DAAL(H) and
DSAL(H) are not present, and the binary sum bits BSO
to B83 and BS4 to BS7 from the adder sections. 1da and
14b, respectively, pass unmodified through decimal
correction gating circuits 30a and 305, respectively, to
reach the accumulator sections 16a and 166, respec-
tively.

When a decimal operation is to be performed, the
operands A and B are in binary coded decimal form,
the command signal DAA is present at lines 184 and
" 185 respectively, and either (a) the command signals
DAAL and DAAH are present at lines 20a and 205,
respectively, or (b} the command signals DSAL and
DSAH are present at iines 22a and 225, respectively.
As a result, a decimal carry DC3 is supplied from the
adder section 14g to the adder section 145, and the
decimal correction gating circuits 30z and 306 are
activated to modify the binary sum bits BSQ to BS3 and
BS4 to BS7, respectively, so as to supply to the accu-
mulators 16a and 166 the decimal result bits DSO to
DS3 and DS4 to DS7, which are either the bed sum or
the bed difference of the rod operands A and B. -

Referring to FIGS. 2a and 2b, which fit together as

H

20

25

shown in FIG. 2, the bits of the operands A and B are

suppiied from the ieft side of FIG. Za over the indicated
lines labelled accordingly. Only the two lowest order
stages 14-0 and 14-1 of the binary adder section 14a
gre shown in detail at FIG. 2g, it being understood that
the stages for bits 2, 4, 6 etc. are identical to the stage
14-0 except for the different input and output lines, and
it being understood that the stages for bits 1, 3, § etc.
are identical to the stage 14-1 except for the different
input and output lines. The operands A and B are ap-

plied to the binary adder by activating input switch.

lines 32a and 324 to open the shown switches and apply
the TESpEChvE order bits of the OpETaﬁu:s A and B to the
respective order stages of the binary adder. Referring
to the lowest order stage 14-0, the bits A0 and BJ of the
operands A and B are applied to the shown gating
network and the binary sum bit BS8 is provided at the
indicated output line when the output control line 34 1s
activated to open a switch 36. The lowest order stage
14-¢ of the binary adder has a carry input line 38 re-
ceiving the inverse of a carry-in bit ACIN that may be
provided from a different (not shown) portion of the

microprocessor. The stage 14-0 of the adder has a carry
outnut ar\nl\nnn the lowest order hinary carry hit RO

output ap est order binary carry bit BCO
to trl.]e carry mput of the next order stage 1¢1 Simi-
larly, the next order stage 14-1 of the binary adder
receives the binary bits Al and Bl of the binary oper-
ands A and B when the input switch lines 32z and 325
are activated and provides a binary sum bit BS1 at the
imdicated output line, as well as a binary carry bit BC1
which is applied to the carry input of the next order
stage 14-2 of the binary adder. Since every even-num-
ber stage of the binary adder is identical in structure to
the zero order stage and every odd-number stage is
identical to the 14.1 stage, the remaining stages of the
8-bit parallel adder are only shown as appropriately
labelled blocks.

When a decimal operation is to be performed by the
network shown in FIGS. 2a and 25, for example a deci-
mal addition operation, the command signal DAA is
present at line i8 in FIG. 2b and the command signal
DAAL is present at line 28a. The signal DAA enables
the AND-gate 28a to provide to the adder stage 14-4
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the decimal carry bit DC3 generated by the illustrated
gating network 264, while the signal DAAL enables the
indicated decimal correction gating network 30a to
selectively modify the binary sum bits BS0 through BS3
s¢ as to provide the indicated decimal sum bits DS0 to
DS3. The decimal carry bit DC3 is provided by a logi-
cal pating network that can be described by the follow-
ing binary logic expression:

DC3=BC2{A3+ B3) + A3B3+Daal (a2-+B2)
[AI'BI(ACIN + A¢Bf) (AgH #]‘+ + (A2 +
1DR1) + + (ACIN +
A%B)(Aﬁ+B£][A2 B2 T (A3 +B3)} -

Specifically, the decimal carry bit DC3 is generated
as follows. An OR-gate 42 in the lowest order stage
14-0 of the binary adder provides at its output the
signal A + BY, which is applied to the negation input
of an AND-gate 44 at FIG. 2b, while the other input of
the AND-gate 44 is the output of an OR-gate 46 having
two negatwe mputs one receiving the sngnal ACIN,

rrlainly PP iy PR -) Ay [P . P SR PR © P

+lan o 2

Wlll\.,ll lB Lllh lleﬂllUll L a lJUBBlLJlL L,ﬂll.)""lll ERRNINN ) I.llb
addition or subtraction of possible lower order bits, and
the other receives the signal A§-B#, which is provided
at the output of an AND-gate 48 at the adder stage
14-0 receiving the operand bits A# and B#. The output
of the AND-gate 44, which is the signal (A} + Bf)(A-
CIN + A$-BP) is applied to the inputs of an AND-gate
30 and an OR-gate 52. The other inpui of the AND-
gate 50 is the signal Al'B1 provided from the stage 14-1
of the binary adder and specifically from an inverter 54
whose input is the output of an AND- -gate 56 receiving
L[I.L, Ullb Al dJlU Bi Ufﬁ'.lC Ulndl’y Upﬁrdl'l(.lb A d.r.lﬂ D l l'Il‘.'«
OR-gate 52 has three other inputs: (1) the signal A1$
Bl from the output of an AND-gate 58 receiving as
inputs the output of the inverter 54 and the output of
an OR-gate 60 whose inputs are the bits Al and Bl of
the operands A and B; (2) the signal’ A1'B1 from the
output of the inverier 54; and (3) the signal (A2 +
B1)(A2B2) from the output of an AND-gate 62 whose
inputs are: a) the signal AZ + B2 which is derived at
stage 14-2 of the adder from a gate similar to gate 42 at
Stage 14-0; and b) the signal A2'B2 from an inverter 64
whose lIl[Jlil. .lb I.I.'Um a gdlﬂ at bldgﬁ i4-2 of me d(]UGI'
corresponding to gate 48 at stage 14-0. The signal
AZ2'B2 from the inverter 64 is also applied to one of the
inputs of an OR-gate 66 whose other input is the signal
A-3 © B3 from a gate in the adder stage 14-3 corre-
sponding to the gate 58 in stage 14-1. The output of the
AND-gate and the signal A2 + B2 are apphed to the
negation inputs of an AND-gate 68, while the outputs
of the OR-gate 52 and the OR-gate 66 are applied to
the negation inputs of an AND-gate 70, and the outputs
of the AND-gates 68 and 70 are applied to an OR-gate
72, whose output is the decimal carry signai DC3 dis-
cussed earlier. This decimal carry signal DC3 is applied
to OR-gate 24q, also discussed earlier, which receives
the binary carry BC3 from the 14-3 stage of the binary
adder and provides at its output either the binary carry
BC3 from the carry output of the adder stage 14-3 or
the decimal carry DC3 from the AND-gate 28a, de-
pending on whether a decimal operation command
DAA is present or not. The carry from the OR-gate 244
is applied to the carry input of the adder stage 1d-4.

‘The gating nework 26# for deriving the decimal carry
from the stage 14-7 of the binary adder is not expressly
shown, but is similar to the network 26a. The network
26b provides the decimal carry DC7 by logical gating:
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5
similar to that of the gating 264 and represented by the
following binary logic expression:

DC7 = BCT + DAA { (A6 + B6)(A5B5BC4) +-+
6 +

{(A7 + BT) + {AGBE)}|[A6 + B6) + (ASRS) +
(AS + B5) + BC4] }

Referring to FIG. 2b, the binary sum bits BS$ to BS3
from the binary adder stages 14-0 to 14-3 are supplied
to the decimal correction gating network 30a for modi-
fication in accordance with the invention to provide the
low 4 bits of the binary coded decimal sum or differ-
ence of the operands A and B. For providing the binary
coded decimal sum of operands A and B; the sum bit
BS# is transmitted to the output line D3P unchanged;
the binary sum bit BS1 is always inverted in the course
.of its passage through the gating network 30g, the bi-
nary sum bit BS2 is inverted only if it is a logical zero;
and the binary sum bit BS3 is inverted only if either the
binary sum bit BS1 or the binary sum bit BS2 is a logi-
cal one. If the output lines DSY to DS3 are to represent
the binary coded decimal difference of the operands A
and B; bit BS$ is again left unchanged, bit BS1 is always
inverted only if either the negation of bit BS1 or the
negation of bit BS2 is a logical one. More specifically,
the logical level of the decimal output bits DS§ to DS3
can he represented as follows, ‘where the command
DAAL is present when a decimal addition operation is
performed and the command DSAL is present when a
decimal subtraction operation is performed: '

DS54 = BS§

DS1 = (DSAL + DAAL)(DBSI

D52 = (DSAL'BSI + DAALBS1)@BS2

DS3 = {(BS1 + BS2)DAAL -+ (BSI + BS2)DSAL]

PBs3

Referring to FIG. 2& the binary sum bit BS0 is sup-
plied to the output line DS unchanged through
switches 74 and 76, while the binary sum bits BS1, BS2
and BS3 are applied through switches 78, 80 and 82
respectively to the indicated gating networks forming a
part of the network 30a. Referring to stage 30a-1 of the
network 30z, the commands DAAL and DSAL are
supplied over the indicated lines to an OR-gate 84, and
the output of the gate B4 is supplicd to OR-gates 86 and
88 which also receive the binary sum bit BS1 and pro-
vide their outputs to an AND-gate 90, whose output is
the decimal bit DS1 and is supplied to the DS1 output
line through a switch 92. Referring to stage 30a-2 of the
gating network 304, an AND-gate 94 combines the
binary sum bit BS1 and the decimal add command
DAAIL, while an AND-gate 96 combines the binary
sum bit BS1 with the decimal subtract command
DSAL. The outputs of the AND-gates 94 and 96 are
combined by an OR-gate 98 whose output is applied to
gach of OR-gates 100 and 102, each of which ako
receives the binary sum bit BS2 through the switch 80.
The outputs of the OR-gates 100 and 102 are applied to
an AND-gate 106, whose output is the decimal output
bit DS2, applied through a switch 108 to the output line
labaled D82, Referring to stage 302-3 of the gating
network 30g, the binary sum bits BS1 and BS2 are
combined at OR-gates 110 and 112, whose outputs are
combined at AND-gates 114 and 116 with the decimal
add and decimal subtract commands DAAL and
DSAL., The outputs of the AND-gates 114 and 116 are
combined at an OR-gate 118, whose output is com-
bined at OR-gates 120 and 122 with the binary sum bit
BS3 provided through switches 82 and 83. The outputs

(¥

5

30

35

40

45

50

60

63

6
of the OR-gates 120 and 122 are combined at an AND-
gate 124 to provide the decimal result bit D83, which is
applied to the output . line lzbelled. DS3 through a
switch 126. ] ‘

The decimai correction gaiing neiwork 385 is imple-
mented in the same manner as the network 30z de-
scribed immediately above, except for the differently
labelled inputs and outputs. Specifically, the logical
function of the gating network 305 can be represented
by the following binary logic expressions, where the
binary sum bits from the high 4-bits of the binary adder
are BS4 to BS7, the decimal result bits are D84 to DS7,
and the decimal add command is DAAH while the
decimal subtract command is DSAH:

DS4 = BS4 . :

DS5 = (DSAH + DAAH)(DBSS

DS6 = (DSAHBS5 + DAAHBS5)(DBSS
D% = [(BS5 + BS6)-DAAH -+ (BS5 + BS6)DSAH]
BS7

It should be clear that the terms OR-gate ard AND-
gate are used in this specification to zefer to all types of
such gates, inclnding gates which have negative inputs
or outputs. The specific gates used are indicated by
appropriate symbols in.the drawings. It should also be
clear that certain switches and inverters shown in the
drawings have not been discussed in the specification
since their function 1 clear from the context. Addition-
ally, it should be clear that while the invention is most
beneficial for use in microprocessors, where both a
minimum number of components and a maximum op-
erating speed are important factors, it is also useful in
other similar machines, such as minicomputers and
calculators. : '

We claim:

1. An integrated circuit microprocessor comprising:

means for providing a pair of 8-bit operands;. -

a parallel binary adder having 8 stages receiving the,

corresponding order operand bits and correspond-

ing order carry-in bits and providing corresponding
order straight binary sum bits and corresponding
order straight binary carry-out bits; ‘ ‘

means for selectively providing a decimal operation
command signal,

first gating means responsive to said command signal
for selectively modifying the 4th and 8th order
binary carry-out bits concurrently with the binary
addition of the operands by the adder to provide a -
4th and an 8th order decimal carry-out bits and for
applying the OR-function of the 4th order binary
and decimal carry-out bits to the 5th adder stage as
a carry-in bit; and

second gating means respongive to said command
signal for modifying said binary sum bits to provide
an 8-bit result corresponding selectively to the
binary coded decimal sum or difference of the
operands.

2. An integrated circuit microprocessor comprising:

means for providing two 4-bit operands;

a parallel, 4-bit, straight binary adder receiving the
operands and providing the binary sum thereof and
a 4th order straight binary carry-out bit;

means for selectively providing a decimal operation
command signal,

first gating means connected to the binary adder and
responsive to said command signal for modifying
said 4th order binary carry-out bit to provide a 4ih
order decimal carry-out bit concurrently with the
addition of the operands by the binary adder; and
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second gating means connected to the adder to re-
ceive the bihary sum of the aperands and respon-
sive to said command signal for modifying selected
bits of said binary sum to selectively provide the
binary coded decimal sum or difference of said
operands. '

3. A device comprising;

binary adding means having N (N=2, 3 ... ) succes-
sive order sections each having 4 successive order

stages each receiving the corresponding order bits *

of a pair of hinary coded decimal operands and a
corresponding order carry-in bit and provided to
the corresponding order straight binary sum bit and
a corresponding order straight binary carry-out bit
applied to the next higher order stage as a carry-in
bit;

IN-1 first gating meuns each associated with the corre-
sponding order section of the adding means and
each including means for providing a decimal car-
ry-out bit corresponding to the carry-out bit of a
binary ¢coded decimal sum of the operand bits ap-
plied to the associated order section of the adding
means;

means for applying a carry-in bit to each lowest order
stage of each section of the adding means the OR-

lower order section and the same order decimal
carry-out bit;

N second gating means each associated with a cotre-
sponding order section of the adding means bt
removed therefrom and each selectively modifying
the binary sum bits therefrom to provide binary
coded decimal sum or difference bits of corre-
spending order.

4. A device as in claim 3 wherein each first gating
means includes means receiving the corresponding
order operand bits and providing said decimal carry-
out bit only when the binary sum thereof corresponds
to at least the decimal number 9.

5. A device comprising:
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means for combining a pair of operands, each com-
prising a plurality of successive order bits repre-
senting a number in a selected first binary code, in
accordance with an arithmetic operation in a sec-
ond binary code, different from the first, to provide
a plurality of corresponding order result bits repre-
senting the result number which would have been
obtained if the operands had been in said second
code, said combining means including means for
providing a selected order carry-out bit for said
operation in said second code;

first gating means for combining the operands to

provide a selected order carry-out bit correspond-
ing to the carry-out bit which would have resulted
from a corresponding operation in said first code
on said operands; and

second gating means for combining said second code

result bits to provide corresponding order first
code result bits representing in said first binary
code the number which would have resulted from
carrying out in the first code said arithmetic opea-
tion,

6. A device as in claim 5 wherein the means for com-
bining the operands to provide the second code result
bits comprises a 4-bit binary adder adding operands
which are in binary coded decimal form, and the sec-
ond gating means comprises means for providing said
result bits in binary coded decimal form.

7. A device as in claim 5 wherein the means for com-
bining the operands to provide the second code result
bits comprises means for adding binary coded operands
to provide the sum which would have resulted had the
operands been in straight binary code.

8. A device as in claim 7 wherein the first gating
means comprises means for providing an N-th order
(N=4, 8, 12, ... ) carry-out bit corresponding to the

R-function of the N.th order straioht hiqar}l carrv_out

o
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bit and the N-th order binary coded decimal camry-out

bit of the sum of the operands. -
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DATED . November 9, 1976 age 1 of 2

INVENTOR(S} : Charles Ingerham Peddle et al

it is certified that error appears in the above—identified patent and that said Letters Patent
are herehy corrected as shown below:

Column 1, line 63, delete "microprocessors", and insert —- microprocessor --.
Column 2, line 40, delete "A0", and insert -—- A@ —-.
Column 2, line 42, delete "BO", and insert -- Bf --.

Column 3, line 4, delete "BS0", and insert -~ BSE --.
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Colurn 3, line 20, delste "BSO", and insert --— BS@ —.
Column 3, line 22, delete "DSQ0", and insert - DSQ -
Column 3, line 24, delete "rod", and insert -- becd --.
Column 3, line 29, delete "14-0", and insert -- 1l4-§ --,
Column 3, line 32, delete "14-0", and insert ~- 14-§ —-.
Column 3, line 40, delete "14-0", and insert —— 14-¢ =~-.
delete “AO", and insert == Af --

'
Column 3, line 40, delete "BO", and insert —- Bf --.
Column 3, line 42, delete "BSO", and insert —- BSQ -—.
Column 3, line 45, delete "14-0", and insert —- 14-§ --.
Column 3, line 48, dslete "14-0", and insert -- 14-ff --.
Column 3, line 49, delete "BCO", and insert -- BCE —-.

Column 4, line 4, delete "BS0", and insert -- BS@E —-.
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