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Reminder 1

o

e Fully work through a computer
— cilrcuit
— assembly code
e Simple but Complete Random Access Machine (SCRAM)

— every instruction 1s 8 bit
— 4 bit for op-code: 9 different operations (of 16 possible)
— 4 bit for address: 16 bytes of memory

e Background reading on web page

— The Random Access Machine
— The SCRAM
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Circuit (At This Point) QY
& ¢
¢ el _>A168RAMW
" PC INC—T —» DI DO
ft —
¢ MBR
WC IR 5 |
R
Decoder
LYYYYYYYY
Control
Logic
Unit

FEFEERELE 1 )
-

CLEA
Decoder ]
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Instruction Fetch

e Retrieve instruction from memory

e Increase program counter

Time Command

to MAR < PC
t4 MBR < M, PC <~ PC + 1
to IR < MBR

)
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lda
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Micro Program 5

L)
=

e Load into accumulator

Op Code Time Command

d1 ts MAR < IR(D)
d1 ta MBR < M
q1 ts AC < MBR
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Accumulator QY
v |
| " MAR A W
16x8 RAM
" PC INC—f —»{ DI DO
tt '
| 1" MBR
WC IR 5 -<
l v
Decoder
YYYYYYYYY 4
Q Y
Control AC
Logic ?
Unit

FEEECEEEE 1)
-

CLEA
Decoder ]
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AC < MBR T
Y I
¢ " MAR A w
16x8 RAM
v PC INC—f —» DI DO
-t ]
¢ MBR
W
C |R D -« @
l v
Decoder
YYVYVYYVY .
Q T
AC
Control
Logic T
Unit
T | NOT>O A 1 : 1
YYYYRR Y *T‘»‘.l ccumulator receives value
Decoder [+ =~ T from memory buffer (MBR)
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MAR < IR(D) : QY
' I
¢ MAR —> A w
16x8 RAM
v PC INC—T —>»{ D DO
1t !
| " MBR
W(l; |R < @
Decoder
YYYYVVYYY 4
Q
" Ac
Control
Logic f
Unit
**HT* Yy * Memory address comes from
Decoder |+ =~ T data field of instruction
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MAR < IR(D) o QY
Y MAR A w
&V i 16x8 RAM
P: ,N¢C—‘ SSeIeActor —> DI DiJ
| 1" mBR
W
13 IR < ®
Decoder
YYYYYYYYY 4
Q Y
AC
Control
Logic f
Unit
. [o=ge Selector
FrETREEET 1)
INC _CLEA . !
Decoder  [*— T picks between inputs
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let’s do this again

but focus on flags
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Micro Program n QY

e Load into accumulator

Op Code Time Command

d1 ts MAR < IR(D)
d1 ta MBR < M
q1 ts AC < MBR
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qi t3: MAR < IR(D) o QY
| ¢
¢ MAR > A w
Y i 16x8 RAM
PC o |°Selector | DI DO
FE L ¢
| 1" MBR
WC IR 5 -< s
|
Decoder
HHg YYYY 4
Control AC
Logic f
Unit

FEFEEREEE 1 )
:

CLEA
Decoder ]
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q:1 T4 MBR < M 13 il:r'
Y '

W

¢ MAR > A
A & A 16x8 RAM
PC o [°Selector | =D DO
oy Lt ¢
Ly
¢ MBR
W
c IR -< ®
Decoder
YYVYYYYVY 4
: " ac
Control
Logic ?
Unit

FEFEEREEE 1 )
:

CLEA
Decoder ]
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qi Tsa AC «+— MBR
v '
¢ " MAR A W
A & A 16x8 RAM
PC o [°Selector | {0 DO
P L ¢
| " mBR
WC IR < ®
l
Decoder
YYYYYYYYY }
Q W
Control AC
Logic f
Unit
FEFEREEEE )
Decoder <+ T

A
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control logic unit
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Objective 15 QY
" IR
e Given 1: =
— Instruction op code Q
T tep i : T Decoder
— Time step in micro program ¢¢¢¢¢¢¢¢¢
Q
e Output
Control
— signals to register transfer Logic
— signals to selectors Unit

FREFEEERY |

INC  CLEA
Decoder <+ T
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Example

e Step 1n micro program: q; tz MAR <

e Needs to signal

— MAR write flag set
— MAR’s selector to input IR(D)

IR(D)

'

MAR

G

:

PC INC

\

!

16x8 RAM
DI DO

bt

e

IR

> Selector
=5

'
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Add Wires to the Circuit

} ¢

| MAR —>{A
v i 16x8 RAM

PC o [°Selector —>{DI DO
L i

—» (W

¢ MBR
WC IR - ®
l
Decoder
TYYIYYVYY .
:; Control i AC
Logic ?
Unit

FEEFREEEE 1)

CLEA
Decoder ]
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Inside the Control Logic Unit 10 QY
Decoder
28 Yyvvvvvvy
s 8 [
g; .g-——-x1
fe! X2

IIILIILIY

Decoder

Micro instruction: q; AND ts: MAR <« IR(D)
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Inside the Control Logic Unit 0 QY
Decoder
0 f %1 YYYYYYY
z 3
<§‘: S—x1
° X2 AND[_
ITILITLY,
Decoder

Micro instruction: q; AND ts: MAR <« IR(D)
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Inside the Control Logic Unit 0 QY
Decoder
22 Yyvvvvvvy
Eg S—x1
el 4

—

ZIILILLY

Decoder

Micro instruction: q; AND ts: MAR <« IR(D)
Set signal to MAR write flag
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Inside the Control Logic Unit 2 QY
Decoder
28 Yvvvvvvvy
s O q1
r o |
E% 9—x1—Cr|
8 Xz_‘_— AND[_

—

ZIILILLY

Decoder

Micro instruction: q; AND ts: MAR <« IR(D)

Set appropriate value to MAR selector
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Inside the Control Logic Unit s QY
Decoder
28 Yvvvvvvvy
s O q1
r o |
E% 2—x1—CH|
8 X2 AND[_

5 T
ZIITITIT

Micro instruction: q; AND ts: MAR <« IR(D)

Increase micro program time step
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Inside the Control Logic Unit QY

Control logic is a large matrix

to t; ty t3 ts ts tg t7 tsg

ala ala ala s ala ala ala ala ala
qo 5 £ kAl 45 H kAl 4 5 kAl
ala ala ala ala ala ala ala ala ala
q 1 A A kAY 5 A KA 5 5 A
s ala ala ala ala ala ala s ala
q 2 Al EAY KAl KAl A ks A Y
ol als als s als als s ol als
q3 5 kA kA N 5 kA 45 &
s ala ala ala s ala ala s s
q4 5 KAl 4 5 kAl kA 4 5 KAl
ala ala ala ala ala ala ala ala ala
q 5 A kA kAl 5 A EAY 5 Al A
s ala ls s J‘- ols s s ala
ol ala ala ola ala ala ala ala s
q7 5 KAl kAl 45 5 kA kAl 5 £l
ala ala ala s ala ala ala ala ala
q8 5 A KA 5 A EAY 5 5 A
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Inside the Control Logic Unit s QY

Control logic is a large matrix

to t; ty t3 ts ts tg t7 tsg

ala ala ala s ala ala ala ala ala
qo 5 £ kAl 45 H kAl 4 5 kAl
ala ala ala ala ala ala ala ala ala
q 1 A A kAY 5 A KA 5 5 A
s ala ala ala ala ala ala s ala
q 2 Al EAY KAl KAl A ks A Y
ol als als s als als s ol als
q3 5 kA kA N 5 kA 45 &
s ala ala ala s ala ala s s
q4 5 KAl 4 5 kAl kA 4 5 KAl
ala ala ala ala ala ala ala ala ala
q 5 A kA kAl 5 A EAY 5 Al A
s ala ls s J‘- ols s s ala
ol ala ala ola ala ala ala ala s
q7 5 KAl kAl 45 5 kA kAl 5 £l
ala ala ala s ala ala ala ala ala
q8 5 A KA 5 A EAY 5 5 A
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Inside the Control Logic Unit o QY

Control logic is a large matrix

qo 22N "~ 22y P2y ™~ "~ "~ 2N "~
ql 22N 22N ™ ™ ™~ X 1 X2 t 22y P2y 22N
q2 P2y "~ "~ P2y 22y "~ "~ P2y 22N
ala als ala ala als als ala ala ala
q3 -~ "~ "~ 22y -~ 22y 22y P2y v
ala ala ala ala ala ala ala ala ala
q4 22N 22N "~ 2N ™~ 223 "~ 2N 22N
q5 22N 22N 22y P2y 22N 22N 22y P2y 22N
q6 4 kA >
q7 22N "~ 22y P3N "~ "~ "~ 2N "~
q8 22N 22N 22y P2y 22N 22N 22y ™ ™~
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1da
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LDI: Load Indirectly 20 G

e Specified memory address contains address for value
e Basically a pointer operation

e Steps

— load value of specified memory address
— use that value as a memory address (second lookup)

— store value from second lookup into accumulator
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Micro Program for LDI

e Load indirectly into accumulator

Op Code

Q2
Q2
Q2
Q2
92

Time

Command

MAR < IR(D)
MBR < M
MAR < MBR
MBR < M

AC < MBR

)

29

<
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> t3: MAR < IR(D) o QY
| ¢
¢ MAR > A w
Y i 16x8 RAM
PC o |°Selector | DI DO
FE L ¢
| 1" MBR
WC IR 5 -< s
|
Decoder
HHg YYYY 4
Control AC
Logic f
Unit

FEFEEREEE 1 )
:

CLEA
Decoder ]
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Qo ta: MBR < M 31 i.:'y
/ ¢
¢ MAR > A W
W A 16x8 RAM
PC ¢ SSelector | DI DO
? ¢_\_4 A ¢
| 1" mBR
WC IR < R
l
Decoder
HHg YYVYY T
Control AC
Logic ?
Unit

FEFTEETEE 1)
.

CLEA
Decoder <
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g2 ts: MAR ¢ MBR o QY
. '

¢ MAR > A
.8 A 16x8 RAM
PC o |°Selector | DI DO
oy Lt ¢
_>W
¢ MBR
W
c IR -< ®
Decoder
YYVYYYYVY 4
: " ac
Control
Logic ?
Unit

FEFEEREEE 1 )

CLEA
Decoder ]
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go te: MBR < M o QY
/ ¢
¢ MAR > A W
W A 16x8 RAM
PC ¢ SSelector | DI DO
? ¢_\_4 A ¢
| 1" mBR
WC IR < .
l
Decoder
HHgHH T
Control AC
Logic ?
Unit

FEFTEETEE 1)
.

CLEA
Decoder <
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Q2 Tr7. AC «+— MBR
v .
¢ " MAR A W
A & A 16x8 RAM
PC o [°Selector | ={DI DO
P L ¢
| " mBR
WC IR < ®
l
Decoder
YYYYYYYYY }
Q W
Control AC
Logic f
Unit
FEFEREEEE )
Decoder <+ T

A
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sta
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STA: Store Value from Accumulator 36 in

e We now need to write to memory
e Address to be written with comes from instruction

e Value needs to be transferred from accumulator
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Micro Program for STA 7 QY

e Store value from accumulator

Op Code Time Command

ds t;s MAR <« IR(D)
ds ty M < AC
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gs tz: MAR < IR(D)
: '
¢ " MAR A w
Y & 16x8 RAM
PC o |° Selector DI DO
e ¢
| 1" mBR
WC IR 5 | ®
l
Decoder
HHg YYVY
Control AC
Logic f
Unit
FEFEREEEE )
Decoder <+ T

-
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g3

t,: M « AC

'

W

!

¢ MAR > A
¥ A 16x8 RAM
PC oM [°Selector DI DO
i ¢
| " mBR
WC IR - ®
l
Decoder
HH%}HH
Control A
Logic f
Unit
T O
XIIITILL! lm 1
Decoder <+ T

[

39

L)
~=
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ST1
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STI: Store Value Indirectly v @

e Specified memory address contains address for value

e Steps

— load value of specified memory address
— use that value as a memory address (second lookup)

— store value from accumulator to that address
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Micro Program for STI

e Store indirectly into accumulator

Op Code

Q4
Qa4
Qa4
Q4

Time

Command

MAR < IR(D)
MBR <+ M
MAR < MBR
M < AC

At
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ds tz: MAR < IR(D)
: '
¢ " MAR A w
Y & 16x8 RAM
PC o |° Selector DI DO
e ¢
| 1" mBR
WC IR 5 | ®
l
Decoder
HHg YYVY
Control AC
Logic f
Unit
FEFEREEEE )
Decoder <+ T

[
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Ja T4 MBR < M
Y '

W

¢ MAR > A
A & A 16x8 RAM
PC S Select DI DO
? ,N¢C—‘ e ei: or > ¢
Ly
¢ MBR
W
c IR -< ®
Decoder
YYVYYYYVY
; " ac
Control
Logic f
Unit

FEFEEREEE 1 )
:

CLEA
Decoder ]

-
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qs ts: MAR < MBR
: '

W

¢ MAR > A
A 8 A 16x8 RAM
PC S Select DI DO
? |N¢C—‘ e eAc or . ¢
Yy
¢ MBR
W
c IR -< ®
Decoder
YYVYYYYVY
: " ac
Control
Logic f
Unit

FEFEEREEE 1 )
:

CLEA
Decoder ]

[
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da

tg: M < AC

'

W

!

¢ MAR > A
¥ A 16x8 RAM
PC oM [°Selector DI DO
i ¢
| " mBR
WC IR - ®
l
Decoder
HH%}HH
Control A
Logic f
Unit
T O
XIIITILL! lm 1
Decoder <+ T

[

46

L)
~=
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arithmetic logic unit
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Arithmetric Logic Unit

—-co
Hz

{su A

ALU
S

B

Cl

e Adds two numbers: S=A+B

e With subtraction flag: S=A-B

e Overflow handling with carry in (CI) and carry out (CO)

e Zero flag:

set if result of operation is 0
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Accumulator
I I
{sug A B
—CO ALU Cl
— Z S

v

—>{\V

AC

v

e Store result of ALU operation in accumulator (AC)
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AC = AC =+ B 50 in!,'
\ 4 |
{su A B
—4CcOo ALU Cl |-
— 7 i
" Ac

e Accumulator feeds back into ALU

e Operations are AC = AC + B or AC = AC - B
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ALU in Circuit

!

W

!

¢ MAR > A
W A 16x8 RAM
PC S Selector DI DO
? IN¢C ‘ < : ¢
| 1" mBR
W
c IR -
l —
Decoder s A B
YYYYYVYYY 10 AU
. S
vy
CLoorgi"cc:) | S Selector
Unit ;
W Y ac
T O
FEFFEETEE )
Decoder « T(’LEA
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add
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ADD: Add to Accumulator 53 i'

e Add value from memory address to accumulator

e Steps

— load value of specified memory address
— use that value as input to arithmetic logic unit

— store output from arithmetic logic unit into accumulator
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Micro Program for ADD QY

e Load indirectly into accumulator

Op Code Time Command

ds t;  MAR + IR(D)
qs t, MBR + M
qs ts AC + AC + MBR
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gs tz: MAR < IR(D)
' }

W

CLEA

MAR > A w
&v R A 16x8 RAM
PC S Selector DI DO
; IN¢C ‘ : ) ;
T
| MBR
W
c IR 5 |
l A
Decoder fsug A B
YYYVYVYYY oo AL o
. i s
v
CL%rg{g | S Selector
Unit v
W Y ac
T O
FERTEETE 1)
INC T

Decoder —

[
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Qs ta: MBR < M - i':"
' |

CLEA

¢ " MAR > A
W A 16x8 RAM
PC S Selector DI DO
; IN¢C ‘ C . ¢
Y
\ MBR
W |
c IR -
l —
Decoder fsug A B
YYYYYYYYY oo AL o
. i s
vy
CL%rg{g | S Selector
Unit v
W Y ac
T O
FERTEETE 1)
INC T

Decoder —
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qQs Ts- AC «— AC + MBR 57 i.y
* }

CLEA

MAR > A w
&v A 16x8 RAM
PC S Selector DI DO
? IN¢C ‘ < ; ¢
Ny
\ MBR
W
c IR -
l —
Decoder {sug A B
YYIYYYYYY o0 AU ar
. S
v
CL%rgircc:) | S Selector
Unit v
W ™ ac
T O
FERTEETE 1) |
INC T

Decoder —
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sub
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SUB: Subtract from Accumulator o QY

e Subtract from accumulator the value from memory

e Same as ADD, just set subtraction flag of ALU
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Micro Program for SUB 0 QY

e Load indirectly into accumulator

Op Code Time Command

ds ts MAR <« IR(D)
as t, MBR « M
ds ts AC < AC - MBR
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gs tz: MAR < IR(D)
' }

W

CLEA

MAR > A w
&v R A 16x8 RAM
PC S Selector DI DO
; IN¢C ‘ : ) ;
T
| MBR
W
c IR 5 |
l A
Decoder fsug A B
YYYVYVYYY oo AL o
. i s
v
CL%rg{g | S Selector
Unit v
W Y ac
T O
FERTEETE 1)
INC T

Decoder —

@
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Qs ta: MBR < M 62 i.:’y
' |

CLEA

¢ " MAR > A
W A 16x8 RAM
PC S Selector DI DO
; IN¢C ‘ C . ¢
Y
\ MBR
W |
c IR -
l —
Decoder fsug A B
YYYYYYYYY oo AL o
. i s
vy
CL%rg{g | S Selector
Unit v
W Y ac
T O
FERTEETE 1)
INC T

Decoder —
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[

qQs Ts- AC «— AC + MBR 63 i.y
* }

CLEA

MAR > A W
&v A 16x8 RAM
PC S Selector DI DO
; IN¢C ‘ ¢ . ¢
W
\ MBR
W
c IR -
l —
Decoder —t»isuB A B
YYYYYYYYY o0 AU ar
. s
vy
CL%rgircc:) | S Selector
Unit v
W ™ ac
T O
FERTEETE 1) |
INC T

Decoder —
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Jmp
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Program Counter (PC) 65

e Position of the next instruction is stored in program counter

e This gets updated during instruction fetch

Time Command

t, MAR < PC
t; MBR « M
t, IR <« MBR
=~ t3 PC <+ PC+ 1
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JMP: Jump 5 Q!

e Assign value to position of the next instruction

e Sequencing of micro program

— instruction fetch (includes program counter inc)
— command-specific micro instructions

e No problem that program counter gets modified twice
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Micro Program for JMP o QY

e Change program counter to specified address

Op Code Time Command

qr ts PC < IR(D)
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q7 tz3: PC < IR(D)
' ¢
¢ MAR [—> A w
; PC INC SSele4ctor DI 1 RAN DO
i o A "
| MBR
WC IR 5 |
l A
Decoder —ft»{sus A B
TP To' - af
S
vy
Control S
ogic Selector
=
T O AC
PR L)
Decoder < T

@
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JPZ
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Zero Flag 0 QY

e Zero flag

— set when result of a ALU operation is 0

— stored in flag

— »lsuB A B
-l 4co ALU Cl
Z YA S
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Z Flag in Circuit n QY
: ¢

¢ MAR > A W
W A 16x8 RAM

PC \\c S Selector DI DO

=
| ! 1" mBR
WC IR <
l —

Decoder —»suB A B
YYVYYYYYY W Hco ALV cif
Q Z Z i
Ccz)ntiré) | - S Selectc?r

LUr?it - I
T O AC
PR 1)

CLEA
Decoder —
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Micro Program for JPZ @

e Z flag is a condition for executing a micro program
(same as JMP)

Zero Op Code Time Command

1 q7 ts PC « IR(D)

e If not set, no micro program is executed
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