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5.1 Equality Comparator

5.2 Arithmetic functional blocks

- Half adder, Full adder, Ripple carry adder

- Half subtractor, Full substractor, Ripple carry substractor
- Carry-look-ahead adder

5.3 Logical functional blocks

- Decoder

- Encoder

- Multiplexer
- Demultiplexer

5.4 Programmable logic devices
- ROM, PLA, PAL



5.1 Equality Comparator

A circuit to compare two binary numbers to
determine whether they are equal or not

The inputs consist of two variables: A and B
The output of the circuit is a variable E

E is equal to 1 if A and B are equal

E is equal to O if A and B are unequal



1-bit Equality Comparator

Formulation:

Inputs

Output

n

0 BO

E

0
1
0
1

= |l oo —=

Optimization

E(A,, By) = £ m(0, 3)
OBD

=A,/B, + A
= AO ® BO

Final logic diagram:




2-bit Equality Comparator

Inputs Output
A, A, B, B, E
0 0 0 0 1
0 0 0 1 0
0 0 1 0 0
0 0 1 1 0
0 1 0 0 0
0 1 0 1 1
0 1 1 0 0
0 1 1 1 0
1 0 0 0 0
1 0 0 1 0
1 0 1 0 1
1 0 1 1 0
1 1 0 0 0
1 1 0 1 0
1 1 1 0 0
1 1 1 1 1

Optimization:
E(A,, A, B,, B,)
=Y m(0, 5, 10, 15)
=A/A)B/ By +
A/ AB B, + AAB,By
+ A‘IAOB1BD



Output

Inputs

0

0

0

-— -— -

——
i \

4-bit Equality Comparator
Formulation:

How many inputs?
How many outputs?
How many rows?

Problem:

Solution:




4-bit Equality Comparator

* Modular design

- Decompose the problem into four 1-bit

comparison circuits

- Compare bit by bit, then combine all results

* Logic diagram

EEEE

Functional Blocks:

? I 1-bit Comparator Block

? I Equality Block




4-bit Equality Comparator

1-bit Comparator Equality Block
Block The output E is 1 if all

The outputis 1 if the
Inputs are the same

The output is O if the
iInputs are different

l.e. 1-bit equality

comparator N, = A; © B,

N; values are 1

The output E is O if not
all N; values are 1




4-bit Equality Comparator

* Final logic diagram

A, N
BB_E_ Functional Blocks:
A N
B, X - E 1-bit Comparator Block
= =
X E Equality Block




Summary of 5.1

Instead of desighing a complex n-bit equality
comparator circuit

Design only a 1-bit comparator block and a
simple equality block

Re-use the 1-bit comparator block for n times

Reusable small circuits are called
combinational functional blocks



5.2 Arithmetic functional blocks

* Special class of functional blocks that perform
arithmetic operations

e Operate on binary numbers (input) and produce
binary numbers (output)

e Each bit position has the same sub-function

e Design a functional block for the sub-function
and use repeatedly for each bit position

 Example arithmetic functional blocks
- Adders, subtractors



Formulation:

1-bit Adder

Inputs

Outputs

C

S

o|l=|o]lx

X
0
0
1
1

.1

Optimization:
(X! Y) = mS

= XY

X, Y)=2m(1, 2)

= X e Y(i.e. XY + XY

As known as half adder (HA)

Final logic diagram:

< X

The outputs are
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Full Adder

Formulation:
Inputs Outputs
X Y Z C S
0 0 0
. 0 ‘ = XY +XZ + YZ
0 1 0 = XY + Z(XY + XY + XY)
0 1 1 =XY(1 + 2) + Z(XY’ + XY)
1 0 0 =XY+Z(XeY)
1 0 1 XY
1 1 0 2N\ 00 01 11 10
1 1 1 0
Optimization:
Use K-map L

=XYZ+XYZ +XYZ +XYZ
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Full Adder

Final Logic Diagram:
=XeYeZ C=XY+Z(X2Y)

Do you notice anything?
Actually build up by two half adders

14



Half Adder and Full Adder

Logic circuit diagram Logic circuit diagram
TN | 7wl g~ :
- R (i =
| Y —t— |
i I_D__ =1 :
l | : ,
| T 1 e e e mmmmma— - 1
Symbol Symbol

15



Ripple Carry Adder

1

YB X3 Y2 Xz y‘l X1 YO XD
R 0 SR O P B
Full Full Full Full C
Adder |7 Adder |z | _Adder |z | _Adder |z =~
0

Carry-in (Z)) 10

Augend (X) 1011 Carry out connect to

Addend (Y)) 0011 the carry input of next

full adder

16



Ripple Carry Adder

Y, X, Y, X, Y, X Y, X,
Lo 0
Full Full Full C,  Ful
Adder |7 Adder |7z | _Adder |z  Adder 7

o G(/)

Carry-in (Z) 11

Augend (X)) 101
Addend (YY) 001

—

17



Ripple Carry Adder

Y3 X3 \/2 Xz
| 1o 1]
Full Full
Adder Z, Adder
1
Carry-in (£) 01
Augend (X)) 10

Addend (Y) 00

1
C,

Z,

Yy X

Full
Adder

1
C

Z

1
Yo X

Full
Adder

C)OU)

Z,

18



Ripple Carry Adder

0 1 0 1 1 1
Y, X, Y, X, Y, X, Y, X,
o 11 1 1 0
Full C; Full C, Full Cil Full
Adder |z, | Adder |z | Adder |z | Adder 7z
S2 S1 SO
1 1 1 0
Carry-in (Z)) 01 X5 Y X2 Y X1 W X0 Yo
Augend (X) 10 ] ¢
Xy ¢ Xy ¢ Xy ¢ Xy ¢
Addend (Y)) 00 (MSB) (LSB)
1 c, S c, S c, S C, S
c, L
S, s, S, So

19



HA vs. FA vs. RCA

Augend (X) 1
Addend (Y) +) O

HA: performs simple
two single-bit addition

'
Carry-in (Z) 0

I

Augend (X)) 1

Addend (Y) +) 1

—

FA: performs simple
three single-bit addition

Carry-in (Z) 0110
Augend (X)) 1011
Addend (Y) +)0011

111

RCA: performs real two
n-bit addition

20



Minuend (X) 1
Subtrahend (Y) -) O

HS: performs simple
two single-bit
subtraction

Subtractors

}
Borrow-in (Z)) 0
Minuend (X)) 1
Subtrahend (Y) -) 1
0

FS: performs simple
three single-bit
subtraction

Borrow-in (Z)
Minuend (X))
 Subtrahend () -) 00 11

2277

1011

2?2727

RCS: performs real two
n-bit subtraction

21



Half Subtractor

Formulation: Final logic diagram:

Inputs Outputs
B D

X

Y
0
1
1 0
1 1

Optimization:
(X, Y)=m,
= XY
(X, Y)=Xm(1, 2)
=X o Y(ie XY+XY)

The outputs are
and



Full Subtractor

Formulation:
Inputs Outputs

X Y Z B D

0 0 0

0 0 1

- 1 0 “XY + YZ + XZ

0 1 1 = XY + Z(X,Y'F XY + XY)

: ) 0 = XY + Z(X @ Y

1 0 1

XY
: 1 0 Z\ 00 01 11 10
1 1 1
mizat ol [l (o)

Optimization:

Use K-map ’ @ @

=XeV¥Ye/
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Full Subtractor

Final Logic Diagram:
=XeYeZ E=XY+Z(XeY)

Like FA, FS is built up by two HSs

24



Ripple Carry Subtractor

In addition to ripple carry adder, there is ripple carry
subtractor
Connect n FSs in cascade

Yn-1 X»‘.--1 YQ XE YD 0

X Xq
FS ‘ ‘ FS FS ‘ | FS |<—Bo =0
Zn-1 Z.? Z1 ZD

May we reuse FA to implement it? Yes.

25



Ripple Carry Subtractor
(Another version)

X=Y=X+(-Y)
Invert |nput Y and set Carry |nput to 1 ( Why’?)

oSyl vl

Can we combine adder and subtractor?

26



n-bit RC Adder/Subtractor

M is the mode selection cable (0 means addition, 1
means subtraction)

Y . X Y, X Y, X, Y, X,
‘ l _ I l ) I I I I ) —
; 4 | v | v | v

| FA \ ‘ FA \ | FA \ | FA |~— Co

Zn-I ZZ ZI ZU

For addition (M =0), C;=0,Y,=Y,20=Y,
For subtraction (M =1),C,=1,Y,=Y,e1=Y/

27



Delay Problem of RCA

The carry output of each full-adder stage is connected
to the carry input of the next higher stage

A time delay thus occurs because the sum and the
carry output of each stage cannot be produced until
the input carry appears

Assuming that the delay for generating the carry
output is m nsec

For a N-bit adder, the total delay will be up to Nm nsec
Serious delay problem if N is a large number

Solution: Calculate the carry bits beforehand, then
construct carry-look-ahead adder



Calculate Carry Bits Beforehand

= XY+ (X2 Y)
= G!. + P,-

Define

G, as generate bit: X;Y,

P, as propagate bit: X; + Y, or X;© Y;
This produce a recursive definition

= G, + P,

=G+ P,

= G+ Py(Gp + PyCo)

=Gy + PGy + PPy

= Gy + PGy + P,PGy + PP Ry

29



General Form of the Carry Bits

=G+ PG+ PP, G, +...+ PP
...P.Gy+ PP,...P,P,
IS now Independent of !
Only dependents of G, , P, and
l.e. depends on X:and Y, only

The carry bits can now be computed
iIndependently

Based on G, , P; and

30



4-bit Carry-look-ahead Adder




Summary of 5.2

Ripple Carry

: Ripple Carry
I Adder
I

|
|
| Sub.
|

Ripple Carry
Adder / Sub.

Carry-look-
ahead
Adder

32



5.3 Logical functional blocks (Decoder)

Decoder

* A decoder is a combinational circuit with n-
input and m-output (0 < n <m < 2n, but usually
m =2")

* Averyimportant functional blocks as it can be
incorporated into many of the other functions

e.g. Input A= (0... 00) e.g. Input A=(0... 01)

SN DECAT | go BIN/ DEC || gf’
0= A 8 D, 0 0o D.
: 4 2 2
: ) 0 D, 0 D;
0—A o D, 0 D,
1 0 D ° 0 D

0 — A ; : 1 ; :
0 D 0 D

m-1 m-1




Specification:
Input; 1-bit (A,)
Outputs: 2-bit (D,, D,)

1-to-2-Line decoder

Formulation:

Input

Outputs

A

D, D,

0

1 0

1

0 1

Optimization:
D,=m,=A

Ag—

BIN/ DEC|

[SII~

34



2-to-4-Line Decoder

Specification: BIN/ DEC}

DO
(MSB) A, — D,
Inputs: 2-bit (A4, Ap) (LSB) A,— D,
. - D3
Outputs: 4-bit (Dy, D4, D,, D,)
Formulation: Final logic diagram:
Inputs Outputs BIN / DEC
A, A | Db D D, D, -
(LSB) BIN/DEC | §8 ' |
o o1 o0 0 O gl P Doy LD, = AA,
0 1 0 1 0 0 D, : LE :
e I 115
A=A Djl D,=AA,
msey LT[ —=< |
soccrs . IR Ds = Ay

4 2-input ANDs



3-to-8-Line Decoder

< T o @ o - o !
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° S o o O
glo|o|~|o|lo|o|o|o mmmn
- 5= = T
Qlo|~|o|lo|lo|lo|lo|o v 1
SR ¢
¥|—|o|o|o|o|o|lo|o -
D £223
ADO1D1D1D1 m123
@ S ~— =
gl <|o|of—|—|e|o||~ m== =
A2OODD1111 °

(iv) n-to-2"-line decoder



Decoder with Enabling

Specification:
A 2-to-4-line decoder with enable input

Inputs Outputs
EN A, A, D, D, D, D,
0 X X 0 0 0 0
1 0 0 1 0 0 0
1 0 1 0 1 0 0
1 1 0 0 0 1 0
1 1 1 0 0 0 1

If EN to O (disabled), all outputs are 0

If EN to 1 (enabled), the outputs are same as normal decoder
(i.e. only the corresponding D, = 1, and all others are 0)

Note: the Xs in the above truth table are don't care inputs



Decoder with Enabling

D!': Ele

3

(LSB) A, ' I
| D
: ._>-:_ 1 The corresponding

I .
I symbol of 2-to-4-line
m, | |—>_I_|| D, decoder with enabling
(MSB) A1 . :._I_ I D Decoder E DO
3 1 | 3 A1 — | D1
I
_____ ! Ay =— D,
] Enabling ° D3
circuits i

EN EN

38



5.3 Logical functional blocks (Encoder)

* An encoder is a functional block that performs
the inverse operation of a decoder

* minputs and n outputs

* 0<n<m<2n, butusually m=2"

Example of Octal-to-Binary Encoder Z:—Encoder (MSB)
| —
D, —
m=8,n=3 0 — ’? v
. . . . D4: AO
l.e. inputs: 8, outputs: 3 B 0 Lsh)
Formulation: Dr—
Inputs Outputs
o, |o, [ o, | b, | bbb || A ]| aA]a
o o o o © o o0 1]lo0o o o
o o o o o o 1 oo o @1
o o o o o0 1 o0 of]o 1 o
o o o o 1 o o oo 1 1
o o o 1 o0 o0 0 o1 0 o
o o 1 0o o0 o o o1 o @1
o 1 o o0 o0 o0 o0 0] 1 1 0
1 o o o o0 o o o] 1 11
All other invalid inputs X X X




Octal-to-binary Encoder

Optimization:
Ao(Dg,D1,D2,D4,D4,D5,D¢,D7) = D1+D3+Dg+Dy
A1(Dg,D1,D2,D3,D4,D5,D¢,D7) = Dy+D3+Dg+ Dy
A(Dg,D41,D5,D4,D4,D5,D6,D7) = Dy+Ds+DgtDy
Final logic diagram:

OCT/ BIN

=

A, Binary no.

[els]s]elele]elv

\/

—
I~ 2




Decimal-to-BCD encoder

41

= =)
g 7
=) =)
(=) — o ~
< < < <
®
-]
s Bag) TwVOr~ 00 O
ag
ok
7\
L1 11
D - N < ©O
Q
@
2
D0123456789
1T 11T
o — _/

Decimal

input



Limitation of Encoders

* Only one input can be active (i.e. 1)

* |f two or more inputs active simultaneously, the
output produces an incorrect combination

e Solution:
- To resolve this ambiguity, introduce an input
priority
- Each input pin has different priority
- If two or more inputs are 1 at the same time,
only consider input that has higher priority
- This kind of encoder is called priority encoder



Priority Encoders

Specification:
Design a 4-input priority encoder
Inputs with higher subscript numbers has
higher priority

Formulation:

Inputs Outputs
D; | D, | Dy | Dy | A | A

Introduce one more output V

V stands for valid output

If all inputs are 0 (i.e. invalid
input), Vis 0. Otherwise Vis 1

If D, and D, are both 1, ignore D,
(asif D, is 0) -

el el el el E=R R =

0 0
0 0
0 0
0 1
1 X

X | X |~ O|O
= | =10 |0 (X
= | Ol ]|]0O (X

0
1
X
X
X

43



4-Input Priority Encoder

D,D

00 01 1110
x |(1](1)] 1
1| 1] 1
1| 1] 1
\1 \1/‘ 1J

A,(D,,D,,D,,D,)
=D, +D,

D,

D,
D,

D,D

00 01 11 10
X 1| 1)

1| 4

1 1 |1
IHED

0001 11 10

@ 11111
1111111
1111111
1111111

V'=D,'D, D, D,

V =D,+D,+D,+D,

44



5.3 Logical functional blocks
(Multiplexer -- MUX)

e Combinational circuit

performs selection  Trainj, X
* Toappear/s;ona frein _G’ .
single output (V) Frain L X ..... ]E:
from many inputs (/,)
Train /, X
* Aset of selection o4

Rail road selector

input variables (S),, =
(S,.¢---S,50),

45



2-to-1-line MUX

Specification: Final logic diagram
m=2 /
= log,m = 1 3
Formulation: :
Inputs Output 1 Enabling
’0 ’1 So Y r—- ) 8 -: circuit
X X 0 Iy : { 5 I
X X 1 /4 : :
. . I BIN/DEC| B
Optimization. =2 2==2

Y(ly1:,S,) = S, 1, + S,

46



4-to-1-line MUX

Specification: Optimization:
m = 4 Y(lo, 11,10, 15,S1,S,) =
n =log,m =2 * +
Formulation: i

Inputs Output '““““';':'.
. 1

|
L, L, L, I, S, S Y : —<!
x x x x 0 0 ' %%*
X X X X 0 1 : =
|
X X x x 1 0 “4--F-t —f——-):'_ .
Enabling circuit
X X X X 1 1




4-to-1-line MUX
(Example)

Realize the function f(w, x, y, z) = 2m(1, 2,
5 7,9, 11, 13) using 4-to-1-line MUX
Step 1) Plot the K-map
No need to group the 1s!
Note the convention of var.
Step 2) Since n = 2,
Pick w, x as selection var.
was S, xas S,
Remaining vars. are y, z




4-to-1-line MUX
(Example)

Step 3) N 00 01 11 10

When wx =00, f=yz + yz’
:y@z

Whenwx =11, f=yz

|
} When wx =01,f=2z
|
} When wx =10,f=2z

Step 4) w D_ 4-to-1 | Exlercise: inst.ead of
X MUX using 4-to-1-line
f MUX, can you
implement this using
8-to-1-line MUX or

S5 2-to-1-line MUX?
87

N <
|
| |
.i
W N o O




Demultiplexer (DMUX)

Remember the decoder with enabling?
BIN / DEC| 5 DMUX 5
Al H-D; eney, —HF D,
A, — J D, / D,
° D, D,
S, S,
EN A A,

The decoder can perform demultiplexing if
we take EN as the input line, A, (input lines
of decoder) as the selection inputs



Demultiplexer (DMUX)

A demultiplexer (DMUX) basically reverses the multiplexing function. A DMUX
is a circuit that receives information on a single line and transmits this
information on one of 2" possible output lines. The selection of a specific
output line is controlled by the bit pattern of n select lines. For this reason, the
demultiplexer is also known as a data distributor.

xo—"‘l >0
x1— 1 >0

Data input —

! ’— D
M1 [ ' | Data
So —* > output
\ & ) lines

Select

-
-
-

L

Decoder with enable Demultiplexer

Decoder can function as demultiplexer if the E line is taken as a data input line
and input lines taken as the selection lines.



Typical MUX and DMUX application

e A MUXis a device that allows digital information from several sources to
be routed onto a single line for transmission over that line to a common
destination and a DMUX basically reverses the multiplexing function.

D
Binary data from | Binary data from | Binary data from | Binary data from —E
computer A to computer B to computer C to computer Ato |——— | —————
computer D computer E computer F computer D [ LT
At At, A At f
Multiplexer Demultiplexer J

Aty -
e
O-
Alj PR et

»- > > >
At 1(\
This input This input
controls the controls the
sequence of sequence of
switching. switching.
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5.4 Programmable logic devices

* Implementation technologies introduced so far
are not programmable

— Fixed integrated circuits

* Programmable Logic Device (PLD)

— Integrated circuit with internal logic gates connected
together

— These internal connections can be reconfigured
(erased / programmed) to form a specific logic circuit

* Three types of basic PLDs
— ROM, PLA, PAL



Read-Only Memory (ROM)

* An essential memory device in which permanent binary
information is stored (even when the power is turned off, the
information is still there).

* k-bit address inputs and n-bit data outputs
Inputs: address for the memory

Outputs: the word (n data bits) stored in ROM selected by the k-bit
input address

* k address input can specify 2 words

k address input can specify 2% words

k-bit n-bit
+ 2kx n ROM +}
address inputs data outputs

k n

* Features: - advantage of simple and less connections
- disadvantage of doubling the size with an additional input
- cheap for mass production but expensive for development



Other ROMs

* ROM usually works as a lookup table

* No data inputs as ROM does not have a write
operation (only read operation)

e ROMs that can be written / rewritten
PROM
EPROM (Erasable PROM)
EEPROM (Electrically Erasable PROM)
FEPROM (Field Erasable PROM)
FLASH Memory




PROM

Programmable Read-Only Memory
Perform same functions as ROM
Oldest programmable logic device
Fuse or anti-fuse programmed

One-time writing process has been deferred to
the end-user

Advantage: easy programming and inexpensive
Disadvantage: non-reprogrammable



Fuse-Programmable Arrays

Programmable AND Arrays

+V

P | I L
fuse\ fla, b) = ab’ | ) - - 8 S

. . bcLDnnt_ébc
bcwc u Ei

Fused-programmable Conventional Array logic
AND arrays symbol symbol

0 L0 Closed connection -*-

© o Open connection —-



Example: 8 x 4 PROM

Realize the following functions with a 8 x 4 PROM

fy(a, b, ¢) = Zm(2, 3, 5)

fr(a, b,c)=2m(0, 1, 3,6, 7)
f,(a, b, c)=2m(1, 2, 4, 5, 6)
fo(a, b, c) =2m(1, 3, 5, 6) Programmable OR array
T8 D T( ' m,
DEC D, m
a A, D, x * 1(_”7;
- D, i( J(—mg 2k lines memory
1 D, i my address
C 1A, Ds X M
DGI mﬁ
D; m,

T NYYY

n-bit outputs
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Programming Logic Array (PLA)

* Programmable device similar to PROM but
with different internal structure

* The device is used to implement logic function
in the form of sum-of- product terms

A A" B B C ('

AND < OR
array array




Example: PLA

Implement these 2 functions with a PLA
fi(a, b,c)=ab +ac+abc
fr(a, b, c) = (ac + bC)’ programmable OR array

aabbcc

QL * ) ¥ ab’
Programmable | | ¥ i ) ¥ —F— ac
AND array 4k E ) sk a’bc’
e ) be o 1 x=0=x
alals U o
d B: f2
b
f
C 1

* How many product terms for f, and f,? 60



Minimization in PLA

* Reduce the number of distinct product terms, so as to
Minimize the number of AND gates
Minimize the size of PLA

e Step 1) Simplify the Boolean functions, and also their
complementary functions to minimum number of
terms

e Step 2) Find the combination to produce the minimum
number of distinct product terms (or maximum
common terms)



Minimization in PLA: Example

Implement these 2 functions with a PLA
f.(a, b, c)=Zm(3, 5, 6, 7)
f.(a, b, ¢) =Zm(0, 2, 4, 7)

Step 1) Simplify by K-map first:

62



Minimization in PLA: Example

Since there are two functions f; and £,

There are 4 complemented and
uncomplemented combinations (why?)

(i) f, and f,
(i) f, and £,
(iii) f,” and f,
(iv) f, and f,’

We may implement design (i), (i), (iii), or (iv)
How to choose?

The design (iii) give the min. no. of distinct product
terms (shared 2 common terms)
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Minimization in PLA: Example

Tabular the result of last step in the PLA
programming table

Design (1il): f;" and £,
Product Inputs Outputs
Term abc f, f,
ac’ 1 0-0 11
bc’ 2 -00 11
alb’ 3 00- 1 -
abc 4 111 - 1
cCT T: Uncomplemented output

C:. Complemented output



Minimization in PLA: Example

The final resulting PLA fuse map

aabbcc
1l e

- ——

x
®
o

UV




Programmable Array Logic (PAL)

PLA: both the AND and the OR arrays are
programmable

PAL: the AND array is programmable and the
OR array is fixed

PLA is a general design for implementing sum-
of-product terms, whereas the PAL has fixed
sum-of-product terms

Design for PAL device is easier, but not as
flexible as that for PLA
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PAL Example

Implement these functions with a PAL
w(a, b, ¢, d) = Im(2, 12, 13)

x(a, b, ¢, d)=3m(7,8,9 10, 11 12 13 14,
15)

v(a, b, c d=3m0,2 3 456 7 8 10,11,
15)

Z(a, b, c,d)=2m(1, 2,8, 12, 13)
Analysis
4 inputs (a, b, ¢, d), 4 outputs (w, x, y, z)



PAL Example

Simplify the functions to minimum number of
terms (steps omitted here)

w(a, b, ¢, d) =abc’+ab’cd’

x(a, b, c, d)=a+ bcd

v(a, b,c,d)=ab+cd+bd

z(a, b, c,d)=abc’+abecd’ +acd +abcd
Note: z is sum of 4 product terms

By considering output w as an input variable
z(a, b, c, d w=w+acd +abcd
Now z is SOP of 3 product terms!

68



PAL Example

Tabular the result of last step in the PAL
programming table

AND | t
Product Term nputs Outputs
abcdw
1 abc’ 110--
e s w=abc’+
2 ab’ed 0010 abod’
< Y
4 a 1———-
5 bcd -111- x=a+ bcd
R Y
7 ab 01—--
yv=ab+cd+
8 cd -—11- b’
9 b'd -0-0-
10 w ————1
i z=w+acd +
11 acd 1-00- a2be'd
12 abcd 0001-




PAL Example

The final result

Reuse w ) _T-E-.—-

aabbccddww

o
=~

SR
R




