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Assembly Language

Addresses:

Program:

00 H 11010
01 H 10110
02 H 10100

(03 H 10111

Il Toa {70000
05 H 01011
06 H 10111
07 H 11011
08 H 10110
09 H 11010
0A H 11000
0B H 00010
oc H 11011
oD H 11000
OE H 10000
OF H 00000
10 |4 00000
11
12
13
12
15
16 | 01110

| [17 H oo101

| [18 H 00000

- o
A
1B
1C
1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Fetch in
(from
Execute execute  Clock
out circuitry) in

Fetch Circuitry

Ring Counter

If HALT, INC, and
NOT, then reset
the Ring Counter.
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Ldecccccccccccclleccccccccccccccccleccccccccccccccccbecccccccccccccccctocccccccccccccccadecccccccccccccccadas
Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6

\_-I

If not JEQ, JNE,
JLT, JGE, JGT, or
JLE then reset the
Ring Counter.

Fetch Opcode

Fetch Operand Address

\—t

If IMP then fetch the
Jump Address
otherwise fetch the
Operand Addreass.

Fetch Jump Address

Only JEQ, JNE, JLT,
JGE, JGT, or JLE will
make it to here
because of the resets
at Clock 2 and Clock 4.

Increment Program Counter

Program Counter to Incrementor bus enable
Program Counter Write

e Opcode Register in bus enable
— Opcode Register Write
——— Data Bus to Fetch Circuitry Opcode In bus enable

Operand Register in bus enable

Operand Register Write

Jump Register in bus enable

Jump Register Write

Program Counter to Address Bus enable

Control Lines Out

Decode to determine
how many additional
fetches are needed.

Opcode In

—<}

Detect HALT, INC, and

oT

1

Detect JMP

Detect all jumps
(JMP, JEQ, JNE,
LT, JGE, JGT, JLE)
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Clock 19
Increment
Program
Counter
(control)

ACCUMULA

Assembly
Addresses:

Language

Program:

ARITHMETIC &
LOGIC UNIT

i (ALU)
] OPCODE IN

——= [o00 H 11010
OPC@DE IN E—C')_CK'_I 01 10110
02 10100
Y- =
. FETCH CIRCUITRY | 82 18(1)(1)3
LOAD PROGRAMi 05 01011
I INSTRUCTION COUNTER,
. _REGISTERS __ EXECUTE CONTROL; 06 10111
LN 07 H 11011
08 |H 10110
, 09 H 11010
0A H 11000
PROGRAM COUNTAR | o8 1 00010
0C H 11011
QPADDE QPERAND JUMP oD H 11000
ADDRESS — |ADDRESS 00100 E 441 OE H 10000
NSTRUCTIAN REGISTERS T OF 00000
y — 10 H 00000
[ 1 11
|INCREMENTOR | =
L S — |
01110
=7 17 H 00101
] EXECUTE CIRCUITRY :
| | | 18 H 00000
: ACCUMULATOR - [ 19
! INSTRUCJION REGISTER[CONTROL CONTROL ALU CONTROL MEM 1 1A
‘;j--_-':j._-._-;:J-__.]W. —rrn =
1C
71\ 1D
1E H 10000
1F |H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SUB

nickel

'ﬁm- -

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F
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Clock 19
Increment
Program
Counter
(control)

ACCUMULA

LOGIC UNIT

i (ALU)
] OPCODE IN

ARITHMETIC &

Assembly
Addresses:

Language

Program:

——= [o00 H 11010
OPC@DE IN E—C')_CK'_I 01 10110
02 10100
Y- =
. FETCH CIRCUITRY | 82 18(1)(1)3
LOAD memAMi 05 01011
I INSTRUCTION COUNTER,
. _REGISTERS ___ ExECUTE controy| [ 06 10111
LN 07 H 11011
08 |H 10110
, 09 H 11010
0A H 11000
PROGRAM COUNTAR | o8 1 00010
0C H 11011
QPADDE QPERAND JUMP oD H 11000
ADDRESS — |ADDRESS 00100 E 441 OE H 10000
NSTRUCTIAN REGISTERS OF 00000
y — 10 H 00000
[ 1 11
|INCREMENTOR | =
L S — |
01110
=7 17 H 00101
] EXECUTE CIRCUITRY :
| | | 18 H 00000
: ACCUMULATOR - [ 19
! INSTRUCJION REGISTER[CONTROL CONTROL ALU CONTROL MEM 1 1A
‘;j--_-':j._-._-;:J-__.]W. —rrn =
1C
71\ 1D
1E H 10000
1F |H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SUB

nickel

'ﬁm- -

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F
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00100 + 00001
Left bus into ALU 4 + 1
O 0100
0 0 1 0 0
1

@t T =M o0] =X o 4%0 —10
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equivalent O 0 1 0 1
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Clock 19
Increment
Program
Counter
(busses)

ACCUMULA

Assembly
Addresses:

Language

Program:

ARITHMETIC &
| LOGIC UNIT
| (ALU)
: OPCODE IN

Y 00 11010
OPC@DE IN E—C')_CK'_I 01 10110
02 10100
T ~[[o3H 10111
: E
FETCH CIRCUITRY | oa 10000
LOAD PROGRAM| [ ["05 01011
I INSTRUCTION COUNTER,
. _REGISTERS ___ ExECUTE controy| [ 06 10111
LN 07 H 11011
08 10110
, 09 H 11010
OA 11000
PROGRAM COUNTHR|[ oB 00010
0C 11011
QPAODE (QPERAND JUMP = oD 11000
ADDRESS ADDRESS Il oo OE 10000
NETRUCTIQIN REGISTERS alr OF 00000
| ———1" 20 H_00000
™ [ 11
INCREMENTOR | 17
L S — |
01110
=T 17 00101
! EXECUTE CIRCUITRY ]
| | [ 18 00000
: ACCUMULATOR - [ 19
! INSTRUCFION REGISTER|CONTROL CONTROL ~ ALU CONTROL MEM ! [TTA
__I._:I._._:I._._l_|. e = o B el
1C
LI\ 1D
1E 10000
1F 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SUB

nickel

'ﬁm- -

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F
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Assembly Language

Addresses:

Program:

00 H 11010
01 H 10110
02 H 10100

(03 H 10111

Il Toa {70000
05 H 01011
06 H 10111
07 H 11011
08 H 10110
09 H 11010
0A H 11000
0B H 00010
oc H 11011
oD H 11000
OE H 10000
OF H 00000
10 |4 00000
11
12
13
12
15
16 | 01110

| [17 H oo101

| [18 H 00000

- o
A
1B
1C
1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F
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. ]
] .
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' bocsescoss H
. .
. ]
. SET SET SET SET .
H D Q D Q D Q D Q '
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. .
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]
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.
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Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6
If HALT, INC, and
NOT, then reset
the Ring Counter.
0 1
If not JEQ, INE,
JLT, JGE, JGT, or
JLE then reset the
Ring Counter.
\J
If IMP then fetch the
Fetch Opcode A Jump Address
otherwise fetch the
Operand Addreass. Only JEQ, INE, JLT,

Fetch Operand Address

Fetch Jump Address

JGE, JGT, or JLE will
make it to here
because of the resets
at Clock 2 and Clock 4.

Increment Program Counter

Opcode Register in bus enable
Opcode Register Write

Program Counter to Incrementor bus enable
ke Program Counter Write

Data Bus to Fetch Circuitry Opcode In bus enable

Operand Register Write

Jump Register in bus enable

Jump Register Write

Control Lines Out

Operand Register in bus enable

Program Counter to Address Bus enable

Decode to determine
how many additional
fetches are needed.

Detect HALT, INC, and

Opcode In

—~}

oT

|

Detect JMP

Detect all jumps
(JMP, JEQ, INE,
JLT, JGE, JGT, JLE)
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Clock 20
Fetch 05

(control)

ACCUMULA

OPC@DE IN

LOAD
I INSTRUCTION
. _REGISTERS

CLOCK |

— g— —

!_ FETCH CIRCUITRY

PROG RAMI
COUNTER,
. EXECUTE CONTROLy

ARITHMETIC &
LOGIC UNIT

i (ALU)
] OPCODE IN

LT

i

| \nsTRUC

QPAEDDE QPERAND
ADDRESS  |ADDRESS
NETRUCTIAN REGISTERS

[NON REGISTER

===

ACCUMULATOR
CONTROL CONTROL A

5T

i

PROGRAM COU

L

r
“NCREMENTOR|

|

EXECUTE CIRCUITRY

LU CONTROL MEM |

Assembly Language

Addresses:

Program:

00 H 11010
01 H 10110
02 H 10100

(03 H 10111

Il Toa {70000
05 H 01011
06 H 10111
07 H 11011
08 H 10110
09 H 11010
0A H 11000
0B H 00010
oc H 11011
oD H 11000
OE H 10000
OF H 00000
10 |4 00000
11
12
13
12
15
16 | 01110

| [17 H oo101

| [18 H 00000

- o
A
1B
1C
1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Clock 20
Fetch 05

(busses)

ACCUMULA

Assembly Language

Addresses:

Program:

ARITHMETIC &

LOGIC UNIT

(ALU)
OPCODE IN

— 00 11010
OPC@DE IN E—C')_CK'_I 01 10110
02 10100
r-— [ 03 10111
} FETCH CIRCUITRY | oa 10000
LOAD PROGRAM| [ ["05 01011
I INSTRUCTION COUNTER,
. _REGISTERS __ ExECUTE controy | [ 06 10111
=T | ﬂ 07 H 11011
| 08 10110
“ | 09 11010
0A 11000
PROGRAM COUNTHR| [ oB 00010
0oC 11011
QPGODE QPERAND JUMP oD 11000
ADDRESS  |ADDRESS OE 10000
NETRUCTIQN REGISTERS OF 00000
| -~ 10 H 00000
I_ 1 11
IINCRHWENTORl 17
= —_— — — ]
13
14
15
16 01110
-+ —— ==L ——— 1S -
] EXECUTE CIRCUITRY .
| | 18 00000
: ACCUMULATOR 119
! INSTRUCFION REGISTER|CONTROL CONTROL ~ ALU CONTROL MEM ! [TTA
__I._:I._._:I._._l_|. e = o B el
1C
1 1D
1E 10000
1F 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F
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Clock 20
Fetch 05

(busses)

ACCUMULANOR

01110

Assembly Language
Addresses:

Program:

ARITHMETIC &
LOGIC UNIT

i (ALU)
] OPCODE IN

=== [00 11010
G L2 [or o110
“ 02 10100
- |l 03 10111
. FETCH CIRCUITRY
| Il o2 H Too00
LOAD PROGRAM| 05 01011
I INSTRUCTION COUNTER, ’
_ REGISTERS %CUECOI\_IIRQLJ OE) 10111
ITT o7 11011
08 10110
g : 09 11010
|| 01011 0A 11000
e — PROGRAM COUNTHR| [ 0B 00010
oc 11011
QPADDE QPERAND JUMP oD 11000
ADDRESS  |ADDRESS OE 10000
NSTRUCTIQIN REGISTERS OF 00000
L -~ 10 00000
F' 1 11
| INCREMENTOR | =
= —_— — — ]
13
14
15
16 01110
L4 -t L. - 1 oTeT
: EXECUTE CIRCUITRY :
| | 18 00000
: ACCUMULATOR 19
! INSTRUCI'ION REGISTER|CONTROL CONTROL ALU CONTROL MEM I 1A
T =TT O ]‘| T T =18
1C
21\ 1D
1E 10000
1F 00000

Again:

LOAD

cents

JLT

nickel

LDone. o L

SuB__ |

nickel [

'ﬁm - oo

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Clock 21

ACCUMULA

LOAD

REGISTERS

=il

CLOCK |

— g— —

OPC@DE IN

!_ FETCH CIRCUITRY

PROGRAM|
COUNTER,
EXECUTE CONTROL|

e

I INSTRUCTION

ARITHMETIC &
LOGIC UNIT

i (ALU)
] OPCODE IN

LT

i

| \nsTRUC

QPAEDDE QPERAND
ADDRESS  |ADDRESS
NETRUCTIAN REGISTERS

[NON REGISTER

===

ACCUMULATOR

CONTROL CONTROL A

5T

i

PROGRAM COU

L

r
“NCREMENTOR|

|

EXECUTE CIRCUITRY

LU CONTROL MEM |

Assembly Language

Addresses:

Program:

00 H 11010
01 H 10110
02 H 10100

(03 H 10111

Il Toa {70000
05 H 01011
06 H 10111
07 H 11011
08 H 10110
09 H 11010
0A H 11000
0B H 00010
oc H 11011
oD H 11000
OE H 10000
OF H 00000
10 |4 00000
11
12
13
12
15
16 | 01110

| [17 H oo101

| [18 H 00000

- o
A
1B
1C
1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Fetch in
(from
Execute execute  Clock
out circuitry) in

Fetch Circuitry

Ring Counter

If HALT, INC, and
NOT, then reset
the Ring Counter.

\_-I

] ]
M cococes .
' Increment Increment ¢ Fetch Increment Fetch '
H Program ¢ Program : Operand Program Jump H
H Counter Fetch Opcode :. Counter ¢ Address Counter Address H
: :
. ]
. .
: D SET Q D SET Q D SET Q D SET Q - :
. .
. .
Clock : > > > :
pau_se : CLR Q CLR Q CLR Q CLR Q :
during H H
execute ] 3
. .
. ]
L] .
.
[] ]
. .
R ]
(] ]
. g gy g | gy s e 4
Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6

If not JEQ, JNE,
JLT, JGE, JGT, or
JLE then reset the
Ring Counter.

Fetch Opcode

Fetch Operand Address

\—t

If IMP then fetch the
Jump Address
otherwise fetch the
Operand Addreass.

Only JEQ, JNE, JLT,

Decode to determine
how many additional
fetches are needed.

Opcode In

—<}

Detect HALT, INC, and

oT

1

Detect JMP

JGE, JGT, or JLE will
make it to here

Fetch Jump Address

because of the resets
at Clock 2 and Clock 4.

Increment Program Counter

Program Counter to Incrementor bus enable

Program Counter Write

e Opcode Register in bus enable

— Opcode Register Write

Operand Register in bus enable

Operand Register Write

Jump Register in bus enable

Jump Register Write

Program Counter to Address Bus enable

——— Data Bus to Fetch Circuitry Opcode In bus enable

Control Lines Out

Detect all jumps
(JMP, JEQ, JNE,
LT, JGE, JGT, JLE)

(=—




Clock 21
Increment
Program
Counter
(control)

ACCUMULA

Assembly
Addresses:

Language

Program:

ARITHMETIC &
LOGIC UNIT

i (ALU)
] OPCODE IN

=== [o0 H 11010
OPC@DE IN E—C')_CK'_I 01 10110
02 H 10100
- [ o3 H 10111
. FE
FETCH CIRCUITRY || Foa1-Iica0e
LOAD PROGRAM| | [ 05 01011
I INSTRUCTION COUNTER,
. _REGISTERS ___ ExECUTE controy| [ 06 10111
LN 07 H 11011
08 H 10110
: 09 H 11010
01011 0A H 11000
PROGRAM COUNTAR | [oe 100010
oC H 11011
QPADDE QPERAND JUMP oD H 11000
ADDRESS — |ADDRESS 00101 E 44 L OE H 10000
NSTRUCTIAN REGISTERS T OF 00000
y — 10 H 00000
™ 1 11
| INCREMENTOR | >
L _— e —
01110
=T 17 H 00101
: EXECUTE CIRCUITRY :
| | [ 18 H 00000
- ACCUMULATOR - 119
! INSTRUCJION REGISTER[CONTROL CONTROL ALU CONTROL MEM ] 1A
‘;j--_-':j.__.__;:J-__.]W. = - = e
1C
1 1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SUB

nickel

'ﬁm- -

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Incrementor INC opcode
00101 + 00001

Left bus into ALU 5 + 1
O 0101

e g b b
AYAVE VAV RUAVIRLVAVIRLY
NRRE

Decimal

equivalent O 0110
O 0101 5 Output
+0 0 0O00O0 + 1 Input number + 1

00110 5



Clock 21
Increment
Program
Counter
(busses)

ACCUMULA

Assembly
Addresses:

Language

Program:

ARITHMETIC &
| LOGIC UNIT
| (ALU)
: OPCODE IN

— 00 11010
OPC@DE IN E—C')_CK'_I 01 10110
02 10100
r-— [ 03 10111
| E
FETCH CIRCUITRY | oa 10000
LOAD PROGRAM| [ ["05 01011
I INSTRUCTION COUNTER,
. _REGISTERS ___ ExECUTE controy| [ 06 10111
LN 07 H 11011
08 10110
, 09 H 11010
01011 0A 11000
PROGRAM COUNTHR|[ oB 00010
0oC 11011
QPGODE QPERAND JUMP = oD 11000
ADDRESS  |ADDRESS iF oo OE 10000
NETRUCTIQN REGISTERS - OF 00000
| ———1" 20 H_00000
I_ 1 11
INCREMENTOR | 17
= —_— — — ]
01110
=71 17 00101
] EXECUTE CIRCUITRY .
| | 18 00000
: ACCUMULATOR 119
! INSTRUCFION REGISTER|CONTROL CONTROL ~ ALU CONTROL MEM ! [TTA
__[._:I._._:I._._l_|. e = o B el
1C
1 1D
1E 10000
1F 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SUB

nickel

'ﬁm- -

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Clock 22

ACCUMULA

LOAD

REGISTERS

=il

CLOCK |

— g— —

OPC@DE IN

!_ FETCH CIRCUITRY

PROGRAM|
COUNTER,
EXECUTE CONTROL|

e

I INSTRUCTION

ARITHMETIC &
LOGIC UNIT

i (ALU)
] OPCODE IN

i

| \nsTRUC
I

DE QPERAND
ADDRESS  |ADDRESS
NETRUCTIAN REGISTERS

[NON REGISTER

===

ACCUMULATOR

CONTROL CONTROL A

5T

i

PROGRAM COU

L

r
“NCREMENTOR|

|

EXECUTE CIRCUITRY

LU CONTROL MEM |

Assembly Language

Addresses:

Program:

00 H 11010
01 H 10110
02 H 10100

(03 H 10111

Il Toa {70000
05 H 01011
06 H 10111
07 H 11011
08 H 10110
09 H 11010
0A H 11000
0B H 00010
oc H 11011
oD H 11000
OE H 10000
OF H 00000
10 |4 00000
11
12
13
12
15
16 | 01110

| [17 H oo101

| [18 H 00000

- o
A
1B
1C
1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




SUB opcode

Fetch Circuitry 01011

Fetchin
(from Opcode In
Execute execute Clock
o crep) Ring Counter T
|(secccccccccccccccscccccscccacccccccasacccetcccaaccccccacacceeteccaeccccccacecccecaccsaccccccasaasscsaaananns,
] ]
. ocooee .
' Increment Increment YFetch : Increment Fetch '
H Program Program ¢Operand s Program Jump H
H Counter Fetch Opcode Counter I_A_dc_lrgsi: Counter Address H
E E
. .
: D SET Q D SET Q D SET Q - :
. .
. .
Clock : > > > :
o ) s e 3] |
execute . .
. .
. .
] ]
: :
H :
T . ! Decode to determine
Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6 how many additional
HALT, NG, and fetches are needed.
NOT, then reset
the Ring Counter.
T <
If not JEQ, INE,
JL;OJGE JGT, or Detect HALT, INC, and NOT
JLE then reset the 0 1
Ring Counter. 1 1 =
1 1 0 1 0 0 0
0 d ]
0 0 | o]
1 N
Detect JMP
If IMP then fetch the 0 0
Fetch Opcode Jump Address 0 GF
otherwise fetch the 0
Only JEQ, JNE, JLT,
Operand Addreass. . Detect all jumps
JGE, JGT, or JLE will Jump
Fetch Operand Address e o c:Lere wi UMP, JEQ, INE,
because of the resets ILT, JGE, JGT, JLE)
Fetch Jump Address at Clock 2 and Clock 4.
Increment Program Counter

Program Counter to Incrementor bus enable
Program Counter Write

Opcode Register in bus enable
Opcode Register Write
Data Bus to Fetch Circuitry Opcode In bus enable

Control Lines Out

Operand Register in bus enable
Operand Register Write

Jump Register in bus enable
Jump Register Write

Program Counter to Address Bus enable



Clock 22
Fetch 06

(control)

ACCUMULA

OPC@DE IN

LOAD
I INSTRUCTION
. REGISTER

LT

CLOCK |

— g— —

!_ FETCH CIRCUITRY

PROG RAMI
COUNTER,
. EXECUTE CONTROLy

ARITHMETIC &
LOGIC UNIT

i (ALU)
] OPCODE IN

i

| \nsTRUC
I

DE QPERAND
ADDRESS  |ADDRESS
NETRUCTIAN REGISTERS

[NON REGISTER

===

ACCUMULATOR
CONTROL CONTROL A

5T

i

PROGRAM COU

L

r
“NCREMENTOR|

|

EXECUTE CIRCUITRY

LU CONTROL MEM |

Assembly Language

Addresses:

Program:

00 H 11010
01 H 10110
02 H 10100

(03 H 10111

Il Toa {70000
05 H 01011
06 H 10111
07 H 11011
08 H 10110
09 H 11010
0A H 11000
0B H 00010
oc H 11011
oD H 11000
OE H 10000
OF H 00000
10 |4 00000
11
12
13
12
15
16 | 01110

| [17 H oo101

| [18 H 00000

- o
A
1B
1C
1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Clock 22
Fetch 06

(busses)

ACCUMULA

ARITHMETIC &

LOGIC UNIT

(ALU)
OPCODE IN

=== [00 H 11010 :
COCK | 57 70110 ¢y
i S 02 H 10100 =::
T —
' FETCHCIRCUITRY ||| 2041 (=P
'l 04 H 10001
LOAD PROGRAI\/II 05 01011 -{'
I INSTRUCTION COUNTER,
. REGISTERS ___ EXECUTE conTroy| [ OB 10111
T 07 11011
| -4
08 10110 -‘
— 4 09 - 11010 |deep
01011 J[ 10111 0OA H 11000
== ! PROGRAM COUNTER | [oB 1 50010 |damb,
- q
oC H 11011
QrdbDE QPERBND | JumP o L 11000 ldammb
ADDRESS  |ADDRESS SE L 10000 ldamb,
NSTRUCTION REGISTERS 1 50000 lamb
10 00000 -
i =1 [ —
|INCREMENTOR | m
HEIEE
SN -
13
|
14
|
15 —
16 - 01110 |gmm
ol 4—— .- — L. el
: EXECUTE CIRCUITRY -
| | [ 184 00000 -
|
| ACCUMULATOR - | 19 -
! INSTRUCIION REGISTER|CONTROL CONTROL ALU CONTROL MEM | | 1A
|
1C
1D -
N -
1E 10000 o
1F 00000

Assembly Language

Addresses:

Program:

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Fetchin
(from
Execute execute Clock
out circuitry) in

Fetch Circuitry

Ring Counter

L] L]

M cocoee .

' Increment Increment :Fetch ' Increment Fetch '

H Program Program 9 Operand s Program Jump H

4 Counter Fetch Opcode Counter 0 Address : Counter Address H

' cooes H

. L]

.

§ Q D SET Q D SET Q D SET Q D SET Q D SET Q - E

. ]

. L]

Clock H > 4
gj:z: E ar Q ar Q ar Q E
execute L] .
L] ]

. .

] .

. ‘

1] .

Reset :

r T B D I T T T T i

Clock 1 Clock 2

» Reset?

If HALT, INC, and
NOT, then reset
the Ring Counter.

\_!:

Clock 3 Clock 4

Clock 5

Clock 6

Fetch Opcode

If not JEQ, JNE,
JLT, JGE, JGT, or

Fetch Operand Address

Fetch Jump Address

JLE then reset the 0
Ring Counter. 1
1
1
0
If IMP then fetch the
Jump Address 11 0
otherwise fetch the
Operand Addreass. Only JEQ, INE, JLT'
JGE, JGT, or JLE will
0 0 make it to here

because of the resets
at Clock 2 and Clock 4.

Increment Program Counter

Program Counter to Incrementor bus enable
Program Counter Write

e Opcode Register in bus enable
—— O pcode Register Write

Data Bus to Fetch Circuitry Opcode In bus enable

Operand Register in bus enable

Operand Register Write

Jump Register in bus enable

Jump Register Write

Program Counter to Address Bus enable

Control Lines Out

SUB opcode

01011
Opcode In
01011
Decode to determine
how many additional
fetches are needed.
Detect HALT, INC, and NOT
1 1
1
0
0 _‘d 1
.A n
T -
Detect IMP
0

Detect all jumps
(JMP, JEQ, INE,
JLT, JGE, JGT, JLE)



Clock 23
Transfer
to
Execute

ACCUMULA

Assembly Language
Addresses:

Program:

ARITHMETIC &

LOGIC UNIT

(ALU)
OPCODE IN

R 00 11010
OPC@DE IN E—C')_CK'_I ol oL
02 10100
rY—— - —
! FETCH CIRCUITRY | 82 1833;
LOAD PROGRAI\/II 05 01011
I INSTRUCTION COUNTER,
_ REGISTERS EXECUTE CONTROLJ 06 10111
| r 07 11011
08 10110
| 09 11010
01011 0A 11000
PROGRAM COUNTHRI [ oB 00010
0oC 11011
QPGODE QPERAND JUMP oD 11000
ADDRESS ADDRESS OE 10000
NSTRUCTIAN REGISTERS OF 00000
’ ——— 10 00000
I_ 1 11
IINCRHWENTOR] 1
= —_— — — ]
13
14
15
16 01110
w4+ - - ——L.—. . 1S 55107
] EXECUTE CIRCUITRY .
| | 18 00000
! ACCUMULATOR 19
! INSTRUCFION REGISTER|CONTROL  CONTROL _ ALU CONTROL MEM | 1A
M I el M i '|'| T T~ =18
1C
21\ 1D
1E 10000
1F 00000

Again:

LOAD

cents

JLT

nickel

LDone. o L

SuB__ |

nickel [

'ﬁm - oo

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




. .
Execute Circuitr
Fetch out Execute in Activate and Clock for

opcode execute AND, SUB,
opcode and INC

(to fetch (from fetch
circuitry) circuitry) - Clock in

HALT - disables clock input
—_:ED——’——E>_ (not implemented)
S

£NOT

— )EAND

N OR

\

\
4
\

\
4

|

ot

\
4
\

L
S

N\

2= )3xor

)

A
L
N
A
Q
o
L [J]
& 3|5
y P N = 2|s
elg
7\ q_/f_\ ADD A =10
== EE
A
A A\ ::—L_J SUB A A 8 5
9} ) o ol =
o el [ R o +|9
© © =lel] 2|3
c c o S| by
o ) clSlo x|
£ £l Sl=lg (%
£ £l 2|3|< s[g
— -l
= S 21212 3|8l
. =) zl =)= o9
ALU Jump Compal’lson A A y D N A A = O\ PP W N A Reset after
) _JMP 2 = two clocks
y, - N f_\ A A = y, -, . N N LI\
o
= > — ) -
AL p
5 =
A =D JEQ 2 2l A4 d
3
y, - N 1 8
— 2l Ad4

N N r—\ JNE
=

M~ — LT A

—)_JGE AL
’;:£:<JGT

M~ y, -, N N
— )

M _JLE J N
—1 )

I

\
4
\

\

Choose output

Q for third clock

~—)_LOAD | | A A A A
—

=) STOR A
1L/

5. 5.
4 4
\ \
4 4
\ \
4 4
\ \
- - 4 - 4
5. 5. 5. 5. 5. \. \. \. 5.
4

\

4
\

- N

4

Accumulator out to Data Bus enfble

)

Opcode Register out bus enable
Operand Register out bus enable
Jump Address Register out bus enable

o

o

ALU ADD enable

ALU SUB enable Control Lines Out
ALU INC enable

Opcode bus in le ZIS

Memory Write
Accumulator Write

Program Counter Write

Data Bus to Accumulator in enable

Accumulator out to ALU Left in enable
Accumulator out to Data Bus enable
Accumulator Write

Data Bus to ALU Right in enable

Data Bus to Accumulator in enable

Program Counter Write
Memory Write

OO OO00OO0OO 000




Assembly Language
Addresses: Program: Explanation Hex
Clock 23 — 7 100 11010 Again: LOAD # copy the value at ‘cents’ to the Accumulator 00
Execute, L SHOSK 1 Mo 10110 cents 01
activate OPgPEN I_ L 02 H 10100 JLT # if the value at ‘nickel’ is less than the Accumulator then 02
opcode |_ ' FE:I'C_H.CTR.CUI'I.'RY ' —I 03 H 10111 nickel. # jump to the address ‘Done’’ 03
(control) 04 |H 10000 JRane: — 04
| INST;%AC'%ON PcRooanTTAEI\QI 05 H 01011 I|SUB I |# subtract the value at ‘nickel’ from the Accumulator 05
. _REGISTERS _ EXECUTE_ CONTROL| 06 H 10111 l nickel |' # and pUt the result back into the Accumulator 06
ACCUMULA | T ]_ 07 H 11011 TSTOR ™ T # copy the value in the Accumulator to ‘cents’ 07
08 H 10110 cents 08
, 09 H 11010 LOAD # copy the value at address ‘count’ to the Accumulator 09
10111 0A H 11000 count 0A
PROGRAM COUNTERIf "o }-{ 00010 INC # add 1 to the Accumulator OB
11 0C H 11011 STOR # copy the value in the Accumulator to ‘count’ oC
ND Jump 0D |H 11000 count 0D
ADDRESS OE H 10000 JMP # unconditional jump to the address ‘Again’’ OE
[— = = N REGISTERS OF H 00000 Again: OF
i Alilc)T;I\c/llE;\lucT& ——— 10 H 00000 Done: HALT # stop the processor — end of program 10
' ALU) ITNCREMENTOR-: 11 = 11
! ._CgPFOD-.N_. I_ —— 4 12 1 L
13 13
14 14
15 15
__________________ 16 H 01110 cents 14 # variable -- the name ‘cents’ is the address and 14 is the value 16
17 H 00101 nickel 5 # variable -- the name ‘cents’ is the address and 5 is the value 17
i EAECUTE CIRCUITRY | 18 H 00000 count 0 # variable -- the name ‘count’ is the address and O is the value 18
i ACCUMULATOR 19 19
! INSTRUCFION REGISTER[CONTROL - CONTROL _ ALU CONTROL MEM | 1A 1A
i R Sl e A '|'| B O iy il - 1B
-{ 1C - 1C
1D 1D
1E H 10000 JMP # unconditional jump to the address ‘Again’’ 1E
1F H 00000 Again: 1F




Clock 23
Execute,
activate
opcode
(busses)

ACCUMULA

Assembly Language
Addresses:

Program:

ARITHMETIC &

LOGIC UNIT

(ALU)
OPCODE IN

|
| \nsTRUC

s

[NON REGISTER

N REGISTERS

===

=== [00 11010
SLOCK 1 o1 10110
OPC@DE IN L_u1 02 10100
C FETCH CIRCUITRY | gj 183(1)(1)
LOAD PROGRAMI 05 01011
I INSTRUCTION COUNTER, 06 10111
| REGISTERS EXECUTE CONTROLJ
—IT 07 H 11011
_‘ 08 10110
09 11010
0A H 11000
PROGRAM COUNTHRI [ oB 00010
0C H 11011
JUMP 0D 11000
OF H 00000
10 H 00000
r—— 1 11
“NCREMENTORl 17
R St 13
14
15
............ 16 01110
17 H 00101
EXECUTE CIRCUITRY i 75 1M 00000
ACCUMULATOR 19
CONTROL CONTROL ALU CONTROL MEM I 1A
R ]‘| T T =18
1 :
P, N 1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LDone. o L

SuB__ |

nickel [

'ﬁm - oo

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




. .
Execute Circuitr
Fetch out Execute in Activate and Clock for

(to fetch (from fetch
circuitry) circuitry)  Clock in opcode execute AND, SUB,

opcode and INC

SUB opcode M I
01011
Clock 1
HALT - disables clock input
—_:E>——’—_E>_ (not implemented)
| —{)-INc
] g
S
A :lD“E ENOT
T P\ £AND
y, - N o
A OR
1
_D-%,XOR
11 ® 3|2
EDEM ) i
1 1 1 1) ADD 1 é ok
%Dé N e = SUB e
T T 1 g 4 - %F s
o © 2|g||lc “agf-2
g gl Z[3]= &l
[ =1 = a8l
. = 2 === dlo
ALU Jump Comparison M M T M = = PP M Reset after
° 2
i A — )—MP : sl A AL A )\ two clocks
— — ) £ :
‘[}\ A _JEQ 82 Al )
A | —/ 2|
— 2 )—INE 2 4 A
1 T— LT A A A
A——] =) JGE Ad A A
T— )--JGT A4 A
2 —)
— ) _JLE A4 A
T—— 110 Choose output
Lg for third clock
1—)--LOAD L /o
AD—l | 5 E
—=n +— )_STOR 1 L A 13 )| N |
1L/ S -
2 2 — O Opcode Register out bus enable
EEN M 1 Operand Register out bus enable
0 1 s o el ——0 Jump Address Register out bus enable
o 21=| 1212
T 1l A0 © LR EREE 0
0 lo 0 SEEREE —0 ALUADD enable
A 1l 1o = 3| E| [3]2 =======1 ALUSUBenable  Control Lines Out
1 7O 1l o gl €3] [Ele 0 ALUINCenable
9 b SN EE .
1 2|4 3 1 Accumulator out to ALU Left in enable
1 a g 0 Accumulator out to Data Bus enable
8 0 Accumulator Write
Opcode bus in a 1 Data Bus to ALU Right in enable
0 -
01011 Data Bus to Accumulator in enable
0 Program Counter Write
0 Memory Write



Assembly Language
Addresses: Program: Explanation Hex
Clock 24 - 00 11010 Agai LOAD # th I t ‘cents’ to the A lat 00
] — gain: copy the value at ‘cents’ to the Accumulator
Execute, 0 I Ec,)_CKTJ 01 H 10110 cents 01
SUB I_ L 02 H 10100 JLT # if the value at ‘nickel’ is less than the Accumulator then 02
_ o A— — | . _ : .
Nickel ' FETCH CIRCUITRY | 03 10111 nickel #  jump to the address ‘Done: 03
(Part 1) (] 04 H 10000 JDong: L 04
LOAD PROGRAM|II] 05 H 01011 I|SUB I |# subtract the value at ‘nickel’ from the Accumulator 05
(control) | INSTRUCTION COUNTER, . .
| REGISTERS__ _ ExecUTE conTroy|| 06 [ 10111 || nickel I |# and put the result back into the Accumulator 06
ACCUMULATOR | T ]_ 07 H 11011 TSTOR ™ T # copy the value in the Accumulator to ‘cents’ 07
08 H 10110 cents 08
, 09 H 11010 LOAD # copy the value at address ‘count’ to the Accumulator 09
01110 01011 10111 _ OA H 11000 count 0A
PROGRAM COUNTERIf "o }-{ 00010 INC # add 1 to the Accumulator OB
0C H 11011 STOR # copy the value in the Accumulator to ‘count’ oC
QPGDODE (QPERAND JUMP oD H 11000 count oD
: f ADD 55 ADDRESS OE H 10000 JMP # unconditional jump to the address ‘Again’’ OE
[ - ' NETRUCTIAN REGISTERS oF H 00000 Again: OF
- ARITHMETIC & | :
. 10 H 00000 Done: HALT # stop the processor — end of program 10
' LOGICUNIT I-NV“V . —_— 1 11 11
| (ALU) | INCREMENTOR |
.__ _ OPCODEIN __ .| g 12 [ 12
13 13
14 14
15 15
16 H 01110 cents 14 # variable -- the name ‘cents’ is the address and 14 is the value 16
I 1 ['17 H oo101 nickel 5 # variable -- the name ‘cents’ is the address and 5 is the value 17
: EXECUTE CIRCUITRY - . - .
| | | 18 H 00000 count 0 # variable -- the name ‘count’ is the address and O is the value 18
i ACCUMULATOR "1 19 H 19
! INSTRUCFION REGISTER|CONTROL CONTROL ~ALU CONTROL MEM ! [ 1A |- 1A
—_[-_J._._:r_“H.T._. M — =_EL R
1C H 1C
1D 1D
1E H 10000 JMP # unconditional jump to the address ‘Again’’ 1E
1F H 00000 Again: 1F




Assembly Language
Addresses: Program:
Clock 24 N 11010 Agai LOAD
ain:
Execute, crock | 10110 . cents
SUB e [ E 10100 JLT
_ Y o——— - .
Nickel ' FETCH CIRCUITRY | 10111 nlckel.
(Part 1) . 10000 SRone . 1
LOAD PROGRAM
(bUSSES) | INSTRUCTION COUNTER! proE | S_UB \
. REGISTERS _ _ EXECUTE CONTROL| 10111 I nickel L
ACCUMULAJIOR =T 11011 TSTOR— T
10110 cents
, 11010 LOAD
01110 01011 10111 11000 count
PROGRAM COUNTHR 00010 INC
11011 STOR
QPGDODE (QPERAND 11000 count
- ADDRESS ADDRESS 10000 IJMP
—— == NSTRU(TI@N REGISTERS 00000 Again:
14 - L 00000 Done: | [HALT
Enters the ALU [
| INCREMENTOR |
. OPCODEIN __ . | - — 14
J
01110 cents 14
I | oy l 00101 nickel | [5
: EXECUTE CIRCUITRY -
| | 00000 count 0
\ ACCUMULATOR |
! INSTRUGJFION REGISTER|CONTROL CONTROL ~ ALU CONTROL MEM !
E J._._:r_“H.T._. =
10000 JMP
00000 Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Left bus into ALU

Inequality (Greater Than)

ALU

(Arithmetic and Logic Unit)

Jump Logic

Right bus into ALU

2l

Control Lines In

Greater Than

Less Than or Equal

Greater Than or Equal
Less Than

Equal
Not Equal

Y

Jump Decision Out

Left bus into ALU
01110

Arithmetic

SUB opcode
01110-00101
14 - 5

Right bus into ALU
00101

Invertor

00101 |

Incrementor

1
Turn on left bus to w @
Incrementor crossover | |
Turn off left bus to
Incrementor crossover
N y

Five Bit Adder

01110

ALU Data Bus Out

Activate Five Bit Adder

Control Lines In

INC
SuUB
ADD



Invertor

Bus input
00101
o?l ?1 11 R%
HRRE
11010
Output

twos complement of the input bus



ALU
(Arithmetic and Logic Unit)

Jump Logic Left bus into ALU Arithmetic Right bus into ALU
Left bus into ALU Right bus into ALU 01110 SUB opcode 00101
01110-00101
14 - 5

Inequality (Greater Than)
------------------------------------- Invertor

2l

: 11010
: Incrementor
: 11010
1
Turn on left bus to —w_? @
Incrementor crossover | |
Turn off left bus to
Incrementor crossover
Control Lines In
Greater Than
Less Than or Equal
L Greater Than or Equal -
Less Than
- Five Bit Adder . . .
T e R e R TP RRT . Activate Five Bit Adder
Nqot Equal E
01110} :
; : Control Lines In
: : INC
: : suB
: E ADD

Y

Jump Decision Out ALU Data Bus Out



Incrementor INC opcode

11010 + 00001
Left bus into ALU
11010
1 1 0 1 0
1
Carry out P N
I I
11011
11010 Output
+0 000 1 Input number + 1

11011



ALU
(Arithmetic and Logic Unit)

Jump Logic Left bus into ALU Arithmetic Right bus into ALU
Left bus into ALU Right bus into ALU 01110 SUB opcode 00101
01110-00101
14 - 5

Inequality (Greater Than)
------------------------------------- Invertor

2l

: 11010
: Incrementor
: 11010
1
Turn on left bus to —w_? @
Incrementor crossover | |
Turn off left bus to
Incrementor crossover 11011
Control Lines In
Greater Than
Less Than or Equal
L Greater Than or Equal "
o Less Than . .
coual ----------....--.F.IY.e..B.'.t.f\.(.ififf ........................ . Activate Five Bit Adder
Not Equal 11011
01110 ;
: Control Lines In
: INC
E SUB
' ADD

Y

Jump Decision Out ALU Data Bus Out



Five Bit Adder SUB opcode
01110-00101

Left bus from ALU 14 - 5

01110 Two’s Compiment from
Right bus, after Invertor
and Incrementor
11011
0 1 1 0
- L. - 1 N
Carry out
1_ 1 1 0
Carry is L
ignored R]
in SUB
0 1 0 0 1
Decimal | ‘ ‘ |
equivalent O 1 0 O 1
01110 14 Output
+1 1011 + (-5)

Accurate addition of two 5-bit binary numbers.

01001 9



ALU
(Arithmetic and Logic Unit)

Jump Logic Left bus into ALU Arithmetic Right bus into ALU
Left bus into ALU Right bus into ALU 01110 SUB opcode 00101
01110-00101
14 - 5

Inequality (Greater Than)
------------------------------------- Invertor

2l

: 11010
: Incrementor
: 11010
1
Turn on left bus to —w_? @
Incrementor crossover | |
Turn off left bus to
Incrementor crossover 11011
Control Lines In
Greater Than
Less Than or Equal
L Greater Than or Equal "
o Less Than . .
coual ----------....--.F.IY.e..B.'.t.f\.(.ififf ........................ . Activate Five Bit Adder
Not Equal 11011
01110 ;
: Control Lines In
: INC
E SUB
' ADD

? 01001

Jump Decision Out ALU Data Bus Out



Clock 25
Execute,
SUB
Nickel
(Part 2)
(busses)

ACCUMULA

:
01110

Assembly Language

Addresses:

Program:

\s]

=== [00 H 11010
SO 1 o1 {10110
OPCEPEN | = [02 4 10100
- Y—— —
. FETCH CIRCUITRY | gj 18(1)(1)3
LOAD PROGRAMi 05 01011
I INSTRUCTION COUNTER,
. REGISTERs___ExecuTe controyyfl [ 06 10111
LN 07 H 11011
08 H 10110
, 09 H 11010
01011 |[ 10111 0A H 11000
PROGRAM COUNTHR| 0B - 00010
0C H 11011
QPJODE QPERAND JUMP 0D H 11000
ADDRESS  |ADDRESS oE 10000
NSTRUCTIAN REGISTERS OF 00000
y —— 10 H 00000
™ 1 11
|INCREMENTOR | 5
L _— e —
13
14
15
16 H 01110
vl i+ ——r - —-L_._._ 1 Fe oo
: EXECUTE CIRCUITRY :
| | [ 18" H 00000
- ACCUMULATOR - | 19
! INSTRUCJION REGISTER[CONTROL CONTROL ALU CONTROL MEM ] 1A
‘;j-._-':j._-._-;:J-__.]W. e o e Rl =
1C
1 1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




ALU Jump Comparison

ROk O

SUB opcode

01011

Execute Circuitry

\

\

HALT - disables clock input
(not implemented)

Fetch out
(to fetch
circuitry)

Execute in
(from fetch
circuitry) Clock in

Activate and
opcode

Clock 1f

Third
Clock for
AND, SUB,
and INC

Decode

execute
opcode

\_—_E) INC

\

4

T
a=alll
Is 0 0

p N ﬂ JNE
—1 )

— )_JLT

+—\_JGE
— )

+—)JGT
— )

A+ JLE
—1 )

4

=D [
] 2
£
[}
=L ==
o, i\ £AND
—] =
y, -, N o
::::}—r 50N
A . he}
. )SXOR
Q.
o
QL 2
1_1 g ElE
c
ol<c
Q
m
?DW 1 —)—ADD A 3l
L — 5 2
T 1 8 f sz 2B
e © olQlrs = k]
5 s| t|Els| gl
£ B! — = 2=
£ &) =zl2|2 sl
af =|2|< Sfe
g o] 223  &s
S 3l <= gllo
1 ) X : < A A M Reset after
< 2
L — JMP e pot | 1 two clocks
— ) — s
- -
— =& T
O
=

1

1 Choose output

HH for third clock
1

~——)__LOAD
— )

4

\

+—\_STOR
—1 )

Opcode bus in
01011

Memory Write

Program Counter Write

Data Bus to Accumulator in enable

Accumulator Write
Accumulator out to Data Bus enfpble

N

OO0 ORRrOERr OrO ORrOo

Opcode Register out bus enable
Operand Register out bus enable
Jump Address Register out bus enable

ALU ADD enable
ALU SUB enable
ALU INC enable

Control Lines Out

Accumulator out to ALU Left in enable
Accumulator out to Data Bus enable
Accumulator Write

Data Bus to ALU Right in enable

Data Bus to Accumulator in enable

Program Counter Write
Memory Write



Clock 25
Execute,
SUB
Nickel
(Part 2)
(busses)

ACCUMULA

Assembly Language

Addresses:

Program:

\s]

=== [00 H 11010
SO 1 ot H 70110
OPCEPEN | = [02 4 10100
- Y—— —
. FETCH CIRCUITRY | gj 18(1)(1)3
LOAD PROGRAMi 05 01011
I INSTRUCTION COUNTER,
. REGISTERs___ExecuTe controyyfl [ 06 10111
LN 07 H 11011
08 H 10110
, 09 H 11010
01011 || 10111 OA H 11000
PROGRAM COUNTHR| 0B - 00010
0C H 11011
QPGODE (QPERAND JUMP oD 11000
ADDRESS ADDRESS OE 10000
NSTRUCTIAN REGISTERS OF 00000
y —— 10 H 00000
[ " 11
| INCREMENTOR | 17
L S — |
13
14
15
16 H 01110
vl i+ ——r - —-L_._._ 1 Fe oo
: EXECUTE CIRCUITRY :
| | [ 18" H 00000
: ACCUMULATOR - [ 19
! INSTRUCJION REGISTER[CONTROL CONTROL ALU CONTROL MEM ] 1A
__I._:I._._:I._._H. e o e Rl =
1C
1D
1E H 10000
1F H 00000

Again:

LOAD

cents

JLT

nickel

LRone. o

SuB__ |

nickel I

cents

LOAD

count

INC

STOR

count

JMP

Again:

Done:

HALT

cents

14

nickel

count

JMP

Again:

Explanation Hex
# copy the value at ‘cents’ to the Accumulator 00
01
# if the value at ‘nickel’ is less than the Accumulator then 02
# jump to the address ‘Done’’ 03
04
# subtract the value at ‘nickel’ from the Accumulator 05
# and put the result back into the Accumulator 06
# copy the value in the Accumulator to ‘cents’ 07
08
# copy the value at address ‘count’ to the Accumulator 09
0A
# add 1 to the Accumulator 0B
# copy the value in the Accumulator to ‘count’ oC
oD
# unconditional jump to the address ‘Again’’ OE
OF
# stop the processor — end of program 10
11
12
13
14
15
# variable -- the name ‘cents’ is the address and 14 is the value 16
# variable -- the name ‘cents’ is the address and 5 is the value 17
# variable -- the name ‘count’ is the address and O is the value 18
19
1A
1B
1C
1D
# unconditional jump to the address ‘Again:’ 1E
1F




Optional Next Presentations:
Execute last JLT opcode, clocks 109 to 117

or
Execute full program with separate control line and bus slides for each clock

End of Presentation



