We ae going to shw from beginning to end moto wire up a generic 8-bit machine. This machine will
use a 2-operand format, meaning that instructions are of the time A=8a-Hor example, "Add r0, r1"
IS rO=rO+rl.

The machine is byte-addressableffsets are sign-extended, and jumps are done by adding the sign-
extended offset field to the PC. Immediates are not sign-extended.

The machine has 3 different instruction formats: A, B, and C.

A-type: Opcode ds S extra
7-4 3 2 1-0

B-type: Opcode ds Immediate
7-4 3 2-0

C-type: Opcode Offset
7-4 3-0

The ALU can perform 4 functions:
Operation ALUO ALU1

Add 1 1
Or 1 0
And 0 1
Not A 0 0

Here are a f& of the instructions that kra been defined:

Name Opcode Operation

add 0001 rds=rds+rs

addm 0010 rds=rds+mem|rs]

addi 0011 rds=rds+imm

jmp 1111 PC=PC+offset (offset is sign extended)

On the following page is a diagram of the machine. The control signals are in italics. MAR does not
need an "out" signal, because the MemRead and MemWrite signals control whether or not memory
looks at the MAR signal. The X register does not need an "out" signal either - the ALUn&yisaler

form an operation, which we can ignore if wankt The"#1" register contains the number 1, which is
used to increment the PC. The SE block is sigerel logic, and needs some furthgplanation. The
problem is that the ALU requires an 8-bitlwe, but the Immediate field is only 3 bits wide, and tife of

set field is only 4 bits wide and also needs to be sitgnded. Thesign extend logic creates a 5-bit

value which matches the contents of bit 3, so that the 8-bit value generated led3388210 (instead

of 76543210). The AND gate is necessary because an immediate instruction is natesigeds and

there needs to be a way to ensure that the top 5 bits are all set to zero.
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Here are the 21 control signals.

PCin PCout IRIn IRout RO1 ROout #1lout
R1lin Rlout MDRin MDRout Zin Zout MARIn
Xin ALUO ALU1 MemRead MemWrite Bus Offset

In order to &ecute an instruction, we must neakure that each of these control signals is set to the
appropriate value at the appropriate tink@ example, here are the steps necessary to fetch an instruc-
tion from memory:
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RO + R1 vould be performed:

Once the instruction has been fetched, it musixbeu¢éed. Heres hov RO
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Here is hav a imp would be performed @ae remaed for legibility reasons):
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= RO + immd) instruction:

Here is an Immediate (RO
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= R1 + mem[RO]):

A memory access (R1

+—




Once e@ery instruction has been fully specified in this manwoee can create sequential logic circuits
which will cause each control signal to be set to the right value at the rightltinttee following dia-

gram, the State number is in the top center of each circle, and inside the circle are the signals that neec
to be asserted that cycle.
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From this diagram we can create the fwoilog table, which describes the exact boolean equation for
evay control signal. Since there are 17 states, we will need 5 state variables, Y4-YO. In this table,

"State0" = 00000, "Statel"

00001, eRememberwhen doing sequential circuits, both the current

outputs and the next state values must be calculated. In this table, the NextState values are calculate
based on the current state and the current inglitee current inputs are 17-14, which are the opcode bits
and come from the Instruction &ister). Thisis a Moore model, since the outputs are a function of the
current state only.

PCin= State2 + Statel? PCout= StateO + Statel0
IRin= State3 | Rout= State8 + Statell
ROin= State6 + State9 ROout= State4 + State7 + State
Rlin= Statel6 Rlout= State5 + Statel4
MDRin= MDRout= State3 + Statel5
Zin= Statel + State5 + State8 + Statell + Statelb

Zout= State2 + State6 + State9 + Statel2 + Statel6

MARiIn= StateO + Statel3

Xin= StateO + State4 + State7 + StatelO + Statgldut= Statel

ALUO= Statel + State5 + State8 + Statell + Statelb

ALU1= Statel + Stateb5 + State8 + Statell + Statel5

Mread= StateO + Statel + State2 + Statel3 + Statvrite=

Bus= Statel + Stateb5 + Statel5 Offset Statell

NextStateO=  State6 + State9 + Statel2 + Statel6 NextStatel= StateO

NextState2=  Statel NextState3= State2

NextStated= State3 57 *16 * I5 * 14 NextState5= State4

NextState6= Stateb NextState7= State3 *I7 * 16 * I5 * |4
NextState8= State7 NextState9=  State8

NextStatelO= State3 *I7*16 *I5* 14 NextStatell= StatelO

NextStatel2= Statell NextStatel3= State3 X7 * 16 * 15 * 14
NextStatel4= Statel3 NextStatel5= Statel4d

NextStatel6= Statelb

Here, for example, are the exact boolean equations for a couple of signals:

PCin = 4 * Y3 * Y2 * Y1 * YO) + (Y4 * Y3 * Y2 * Y1 * Y0)

R1in = (Y4*Y3*Y2* Y1 *Y0)

NextState4d Y4 * Y3 *Y2*Y1L*YO* [7**16*|5* |4
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If there are aychanges to the design (additions or modifications), then it will obvioustystddstantial
effort to generate an entireweset of sequential logic circuits. It is much easier to create a small mem-
ory which will contain the values of the control signals during each cycle, and then aVevie ka is

cycle through the memory correctlifor ekample, suppose | create a memory which is 24 bits wide, and
addressed by using the top 4 bits of the opcode and the left most 3 bits of the memoryl towtmuit

look like this:

7 - .
16 _ Microcode Memory
5 ]
4 - ==
=5 =z . ..%3
zzz T _ =358, 3 >  #* @)
222 83933385852 8nbax5EERS w7
BRES 53555555 535535555P0288306 2
ililliiiiilililliilii

Using this approach, the control memorgul look something the table on the following pagyéhat
happens is the folleing: Thetop 4 bits of the IR pnade the location in the memory where the steps to
execute that instruction reside. The Next bits step us through the sequence of opef@tioasthe
sequence has completed, we return to the xxxx000 location and perform the instructioAftetctne

4th step of the instruction fetch, the IR will be loaded withwa imstruction, and we will then go to that
part of the control memory and perform the appropriate steps.

Thus, in this case, the magic "decode" stage amounts to nothing more than jumping to the correct part of
the memory! The table on the following page shows some of the contents of the microcode memory.
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As | discussed in class, the actual diagram needs to be modified a bit in order to incorpoaatdtibe f
the instruction specifies which register is to be the source and which is to be the desfirraiomodi-
fied diagram would look i this:

. * Rsin

. * Rdsin
® ¢— Rsout
. * Rdsout

PCin IRin
PCout L 'ROUJ (ROin) (Roout) (Rlin) (Rlout) #lout
PC IR RO R1 #1
A A A A
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. A 8 A
MDRin 170 1 7-0 3 2-0 7-0 7-0
L MDR MAR | MARIn 7-0
A _‘ Y y Xin
MDRout Offset Bus —0 (mux) 1 X o
Instruction/Data — MemRead ALUO ALU
Memory — Memwrite ~ ALUL
Zin Z Zout
8

This would not require gnnew sgnals, we would just need to rename 4 of thé®0in, ROout, Rlin,
andRlout would becomeRdsin, Rdsout, Rsin, andRsout.



The microcode steps in order to perform an add would loektik:
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The machine, including the microcode, would loole likis:
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Suppose the IR currently contains 0001 100 0, and will contain 1 1 1 1 0 kt1 Qets <e if we can walk through what

is happening in the microcode. Here is step 0 of fetch:

O+ 0 0« |O|0|o|o]x ololo|lojo|o|x|o|lo|lo|o|jo|o|o|jo|o|o|o|o|o|o|o|x o|lo|o|o|o|d|o|x
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Suppose the IR currently contains 0001 1 00 0, and will contain 1 1 1 1 0 Xxtl Heeeis step 1 of fetch (zeros V&
been remwed for readability):

Control
Memory
Address
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-~ C OO
5 — 3 —
~c 0 g-—
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= 0
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111 NNN
7654 210
0000 000
0000 001
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Suppose the IR currently contains 0001 100 0, and will contain 11 1 1 0 kt1 ®aeis step 2 of fetch:

Control
Memory
Address

111 NNN
7654 210

N~ X 0o 2

R~ X 2

o+ X g Z

5-07T

-~ OO T

S5 — -

~c O g —

~ - 00X

-
S _XoxkL

—coxwmoL

~c O N

s x>

~ S o H

oCr >

RrCr>»

Q.m(‘DWZ

® ~—=5=

c

r—f('D(/J—h—hO

0000 000

=

0000 001

=

0000 010

=

0000 011

0000 1xx

0001 000

0001 001

PR R %

0001 011

0001 100

0001 101

IR

0001 110

0001 111

0010 000

0010 001

0010 010

PR R X

0010 011

0010 100

[N

0010 101

0010 110

RlR k|-

0010 111

0011 000

0011 001

0011 010

0011011

0011 100

0011 101

0011 110

0011111

1111 000

1111 001

1111 010

1111011

1111 100

1111101

1111 110

1111111
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Suppose the IR currently contains 0001 100 0, and will contain 1 1 1 1 0 kt1 ®aeis step 3 of fetch:

Control
Memory
Address

111 NNN
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1111 100

1111101

1111 110

1111111
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At this point, we hee fetched the ne instruction, and IR contains 1111 0 1 1 0 (which is a jump instructibe)will per-
form the first step of the jump instruction.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O
Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f
Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f
tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S
IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 11 1
0001 110
0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0010 000 1
0010 001 1 1 11111 1
0010010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 1|1 11 1
0010111 1 1
0011 000 1 1 11 1
0011 001 1 1 11111 1
0011 010 1111 1 1
0011011 || 1 1 1
0011100 || 1 1 1 1
0011101 | 1| 1 1 1 11
0011 110
00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
1111 000 1 1 11 1
1111 001 1 1 1)1 1|1 1
1111 010 1111 1 1
1111011 || 1 1 1
1101 1 1
1111101 | 1| 1 1 1 111 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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At this point, we hee fetched the ne instruction, and IR contains 1 1 1 1 0 1 1We will perform the second step of the
jump instruction.

Control [ N|N|N|P|/P|I|]I|R|IRIRIRIM|M|Z|Z|M|X|#|A|A|M | M |B|O
Memory e | e| el C|C|R|R|O|O|2|1|D|D|Jijo|A|iT|1|L|L|Tr|w]lul|f
Address | x | x | x||i|o|i|o]i|lo|i|]OoO|R|R|NnNjfu|R|njojU|U|e|r | |s]|f
tj{t|t|nju|ln|u|n|ul nf u i|o t| i ul 0| 1| alli s
IMMINNN || 2] 1|0 t t t t{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IxXX || X | X | X || X | X | X[ X[ X | X[ X|X| X | X|X]|X| X[ X|X[|X|X]|X]X|X]|X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 111 1
0001 110 1
0001111 || X | X | X || X | X | X[ X[ X[ X[ X|X| X | X|X]|X| X[ X|X[X|X]|X]X|X]|X
0010 000 1 1 1 1
0010 001 1 1 11111 1
0010 010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 11 11 1
0010111 1 1
0011 000 1 1 111 1
0011 001 1 1 11111 1
0011 010 1111 1 1
0011011 || 1 1 1
0011100 || 1 1 1 1
oo11101 | 1| 1 1 1 111
0011 110
00112111 || X | X | X || X | X | X[ X [ X[ X | X|X| X | X | X]|X| X[ X|X[|X|X]|X]X|X]|X
1111 000 1 1 111 1
1111 001 1 1 11|11 1
1111 010 1111 1 1
1111011 || 1 1 1
1111100 || 1 1 1 1
1/1]|0 1 1 1|1 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X [ X | X[ X | X | X | X | X|X| X | X|X|[X]|X]| X ]| X]|X]X
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At this point, we hae fetched the neinstruction, and IR contains 1 1 1 1 0 1 1@ will perform the third step of the jump
instruction.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O

Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f

Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f
tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S

IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e

7654 210 t e t

0000 000 1 1 11 1

0000 001 1 1 11111 1

0000 010 1111 1 1

0000 011

0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X

0001 000 1 1 11 1

0001 001 1 1 11111 1

0001 010 1111 1 1

0001011 || 1 1 1

0001100 || 1 1 1 1

0001101 | 1| 1 1 1 11 1

0001 110

0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X

0010 000 1

0010 001 1 1 11111 1

0010010 1111 1 1

0010011 || 1 1 1

0010100 || 1 1 1 1 1

0010101 || 1| 1 1 1 1

00101101 | 1| 1 1|1 11 1

0010111 1 1

0011 000 1 1 11 1

0011 001 1 1 11111 1

0011 010 1111 1 1

0011011 || 1 1 1

0011100 || 1 1 1 1

0011101 | 1| 1 1 1 11

0011 110

00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X

1111 000 1 1 11 1

1111 001 1 1 1)1 1|1 1

1111 010 1111 1 1

1111011 || 1 1 1

1111100 || 1 1 1 1

1111101 | 1| 1 1 1 111 1
0|0 1

1111121 || x | x X | X | X | X[ X|X|X|X]| X ]| X]|X X | X | X | X | X | X | X |X]X
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At this point, we hee finished the jump instruction, and we willmdoegn fetching the next instruction. This is step 0 of
that fetch.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O

Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f

Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f
tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S

IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e

7654 210 t e t

0000 000 1 1 11 1

0000 001 1 1 11111 1

0000 010 1111 1 1

0000 011

0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X

0001 000 1 1 11 1

0001 001 1 1 11111 1

0001 010 1111 1 1

0001011 || 1 1 1

0001100 || 1 1 1 1

0001101 | 1| 1 1 1 11 1

0001 110

0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X

0010 000 1

0010 001 1 1 11111 1

0010010 1111 1 1

0010011 || 1 1 1

0010100 || 1 1 1 1 1

0010101 || 1| 1 1 1 1

00101101 | 1| 1 1|1 11 1

0010111 1 1

0011 000 1 1 11 1

0011 001 1 1 11111 1

0011 010 1111 1 1

0011011 || 1 1 1

0011100 || 1 1 1 1

0011101 | 1| 1 1 1 11

0011 110

00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0|0 1 1 111 1

1111 001 1 1 1)1 1|1 1

1111 010 1111 1 1

1111011 || 1 1 1

1111100 || 1 1 1 1

1111101 | 1| 1 1 1 111 1

1111 110 1

21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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At this point, we hee finished the jump instruction, and we arsvrfetching the next instruction. This is step 1 of that fetch.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O
Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f
Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f
tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S
IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 11 1
0001 110
0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0010 000 1
0010 001 1 1 11111 1
0010010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 1|1 11 1
0010111 1 1
0011 000 1 1 11 1
0011 001 1 1 11111 1
0011 010 1111 1 1
0011011 || 1 1 1
0011100 || 1 1 1 1
0011101 | 1| 1 1 1 11
0011 110
00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
1111 000 1 1 11 1
o|1/|0 1 1711 1] 1 1
1111 010 1111 1 1
1111011 || 1 1 1
1111100 || 1 1 1 1
1111101 | 1| 1 1 1 111 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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At this point, we hee finished the jump instruction, and we arevrfetching the next instructionThis is step 2 of that fetch.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O
Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f
Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f
tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S
IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 11 1
0001 110
0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0010 000 1
0010 001 1 1 11111 1
0010010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 1|1 11 1
0010111 1 1
0011 000 1 1 11 1
0011 001 1 1 11111 1
0011 010 1111 1 1
0011011 || 1 1 1
0011100 || 1 1 1 1
0011101 | 1| 1 1 1 11
0011 110
00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
1111 000 1 1 11 1
1111 001 1 1 1)1 1|1 1
O| 11|12 1 1
1111011 || 1 1 1
1111100 || 1 1 1 1
1111101 | 1| 1 1 1 111 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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At this point, we hee finished the jump instruction, and we arsvrfetching the next instruction. This is step 3 of that fetch.
Let's assume the IR contains 00110 1 1 0 (an add immediate instruction). On thgatexte will start ®ecuting the
addi instruction.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O
Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f
Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f
tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S
IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 11 1
0001 110
0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0010 000 1
0010 001 1 1 11111 1
0010010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 1|1 11 1
0010111 1 1
0011 000 1 1 11 1
0011 001 1 1 11111 1
0011 010 1111 1 1
0011011 || 1 1 1
0011100 || 1 1 1 1
0011101 | 1| 1 1 1 11
0011 110
00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
1111 000 1 1 11 1
1111 001 1 1 1)1 1|1 1
1111 010 1111 1 1
1/10]0 1 1
1111100 || 1 1 1 1
1111101 | 1| 1 1 1 111 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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At this point, we hee finished fetching the meinstruction, and the IR contains 0 0 1 1 0 1 WM& will now start executing
that instruction. First we will do step O.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O
Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f
Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f
tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S
IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 11 1
0001 110
0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0010 000 1
0010 001 1 1 11111 1
0010010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 1|1 11 1
0010111 1 1
0011 000 1 1 11 1
0011 001 1 1 11111 1
0011 010 1111 1 1
0011011 || 1 1 1
1101 1 1
0011101 | 1| 1 1 1 11
0011 110
00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
1111 000 1 1 11 1
1111 001 1 1 1)1 1|1 1
1111 010 1111 1 1
1111011 || 1 1 1
1111100 || 1 1 1 1
1111101 | 1| 1 1 1 111 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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At this point, we hee fetched the ne instruction, and IR contains 0 0 1 1 0 1 1We will perform the second step of the
addi instruction.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O
Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f
Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f

tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S
IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 11 1
0001 110
0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0010 000 1
0010 001 1 1 11111 1
0010010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 1|1 11 1
0010111 1 1
0011 000 1 1 11 1
0011 001 1 1 11111 1
0011 010 1111 1 1
0011011 || 1 1 1
0011100 || 1 1 1 1

1|11]0 1 1 1)1
0011 110
00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
1111 000 1 1 11 1
1111 001 1 1 1)1 1|1 1
1111 010 1111 1 1
1111011 || 1 1 1
1111100 || 1 1 1 1
1111101 | 1| 1 1 1 111 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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At this point, we hee fetched the ne instruction, and IR contains 0 0 1 1 0 1 1Vle will perform the third step of the addi
instruction.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O
Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f
Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f

tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S
IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 11 1
0001 110
0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0010 000 1
0010 001 1 1 11111 1
0010010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 1|1 11 1
0010111 1 1
0011 000 1 1 11 1
0011 001 1 1 11111 1
0011 010 1111 1 1
0011011 || 1 1 1
0011100 || 1 1 1 1
0011101 | 1| 1 1 1 11

0|0
0011111 || x | X | X || X | X | X | X X[ X[ X | X | Xx|Xx X | X[ X| X | X| X | X |[Xx]X
1111 000 1 1 11 1
1111 001 1 1 1)1 1|1 1
1111 010 1111 1 1
1111011 || 1 1 1
1111100 || 1 1 1 1
1111101 | 1| 1 1 1 111 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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At this point, we hee finished the addi instruction, and we willmbegn fetching the next instruction. This is step 0 of that
fetch.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O
Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f
Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f
tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S
IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 11 1
0001 110
0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0010 000 1
0010 001 1 1 11111 1
0010010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 1|1 11 1
0010111 1 1
0|01 1 111 1
0011 001 1 1 11111 1
0011 010 1111 1 1
0011011 || 1 1 1
0011100 || 1 1 1 1
0011101 | 1| 1 1 1 11
0011 110
00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
1111 000 1 1 11 1
1111 001 1 1 1)1 1|1 1
1111 010 1111 1 1
1111011 || 1 1 1
1111100 || 1 1 1 1
1111101 | 1| 1 1 1 111 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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We ae continuing to fetch the next instruction. This is step 1 of that fetch.

Control
Memory
Address

111 NNN
7654 210

N~ X 0o 2

R~ X 2

o+ X g Z

5-07T

-~ OO T

S5 — -

~c O g —

~ - 00X

-
S _XoxkL

—coxwmoL

~c O N

s x>

~ S o H

oCr >

RrCr>»

Q.m(‘DWZ

® ~—=5=

c

r—f('D(/J—h—hO

0000 000

=

0000 001

=

0000 010

=

0000 011

0000 1xx

0001 000

0001 001

0001 010

PR R %

0001 011

0001 100

0001 101

0001 110

0001 111

0010 000

0010 001

0010 010

PR R X

0010 011

0010 100

[N

0010 101

0010 110

RlR k|-

0010 111

0011 000

0011 010

0011011

0011 100

0011 101

0011 110

0011111

1111 000

1111 001

1111 010

1111011

1111 100

1111101

1111 110

1111111
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We ae continuing to fetch the next instruction. This is step 2 of that fetch.

Control
Memory
Address

111 NNN
7654 210

N~ X 0o 2

R~ X 2

o+ X g Z

5-07T

-~ OO T

S5 — -

~c O g —

~ - 00X

-
S _XoxkL

—coxwmoL

~c O N

s x>

~ S o H

oCr >

RrCr>»

Q.m(‘DWZ

® ~—=5=

c

r—f('D(/J—h—hO

0000 000

=

0000 001

=

0000 010

=

0000 011

0000 1xx

0001 000

0001 001

0001 010

PR R %

0001 011

0001 100

0001 101

0001 110

0001 111

0010 000

0010 001

0010 010

PR R X

0010 011

0010 100

[N

0010 101

0010 110

RlR k|-

0010 111

0011 000

0011 001

0011011

0011 100

0011 101

IR

0011 110

0011111

1111 000

1111 001

1111 010

1111011

1111 100

1111101

1111 110

1111111
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At this point, we hee finished the addi instruction, and we argtietching the next instruction. This is step 3 of that fetch.

Control [ N|N|N|P|/P|I|I|RIRIRIRIM|M|Z|Z|IM|X|#|A|A|M|M|B|O
Memory e | e| el C|C|R|R|O|O|1| 1| D|D|i|lo|/A|i|l2|L|L|Tr|w]|u]f
Address | x | x | x|[i|o|i|]o]i|lo|]i|]O|R|R|Nju|R|nNnjojlU|U|e|r | |s]|f
tjt|t|nju|ln|fu|n| ul nj u i|o t| i ul 0| 1| alli S
IMMINNN || 2] 1|0 t t t t|{njlu n t d |t e
7654 210 t e t
0000 000 1 1 11 1
0000 001 1 1 11111 1
0000 010 1111 1 1
0000 011
0000IXX || X | X [ X || X | X | X [ X[ X[ X|X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0001 000 1 1 11 1
0001 001 1 1 11111 1
0001 010 1111 1 1
0001011 || 1 1 1
0001100 || 1 1 1 1
0001101 | 1| 1 1 1 11 1
0001 110
0001111 || X | X [ X || X | X | X[ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
0010 000 1
0010 001 1 1 11111 1
0010010 1111 1 1
0010011 || 1 1 1
0010100 || 1 1 1 1 1
0010101 || 1| 1 1 1 1
00101101 | 1| 1 1|1 11 1
0010111 1 1
0011 000 1 1 11 1
0011 001 1 1 11111 1
0011 010 1111 1 1
170]0 1 1
0011100 || 1 1 1 1
0011101 | 1| 1 1 1 11
0011 110
00112111 || X | X [ X || X | X | X [ X[ X[ X | X|X| X | X |X|X|X|X[|X|X]|X|X]|X|[X]X
1111 000 1 1 11 1
1111 001 1 1 1)1 1|1 1
1111 010 1111 1 1
1111011 || 1 1 1
1111100 || 1 1 1 1
1111101 | 1| 1 1 1 111 1
1111 110 1
21112 || X | X | X[ X [ X [ X | X | X | X[ X[ X | X | X | X|X|X|X|X]|X|X|X|X|X]X
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After this cycle, the IR will contain a mevalue, and we will go to the appropriate entry in the table based on the top 4 bits in
the IR, and repeat the entire proceBetever. Or at least until it crashes. :-)
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