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CS History: Apple Lisa

First mass-market PC that used a
graphical user interface

Released in 1983

Cost $9,995 (equivalent to
$33,800 in 2026)

Used the Motorola 68000 CPU,
the first 32-bit CPU

Shipped with 1 MB of RAM




Control Path

* Our data path is complicated, and we don’t use each element
for each instruction or use it in different ways, e.g.,
— add and addi use the ALU but not the data memory;

—|d, sd, add, and addi require the ALU to perform an addition whereas
beq and sub require the ALU to perform a subtraction

* How do we know which elements to use or what operation to
have them perform? The information is encoded in the
instruction itself!



What control signhals do we need?

Our data path consists of four major components
1. Instruction memory and PC register

2. Register file

3. ALU

4. Data memory

For each component, we’'re going to consider what control
signals it needs to perform the correct operation for the
instruction on the correct data



Warmup: Consider the multiplexer below. What
value must the select input S, have for the output Z

So

to have the same value as input B? L

A—0
—Z
B—1
/
0
1
2

. It depends on the value of A
It depends on the value of both A and B

moO®m»P



Blue inputs are some of the control signals
Today, we’re going to hook some logic up to them
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Read . c 4 peration
—| PC &> address register 1 theaEIi | > MemWrite
Rez_ad . MemtoReg
Instruction register 2 ALU
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|nStructi0n register data 2 resu alia
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data
| Write Data
RegWrite "| data memory
MemRead
32: Imm 64 emRea




Recall: PLAs

e Derived from truth table

using sum of products

U1
J LJ LJ e Allow us to encode

arbitrary functions

-——D * Used to derive control
signals in the data path
from bits in the
instruction




Datapath With Two Control Units

Add

Branch
\ MemRead
Instruction [6-0] | MemtoReg

» Control ALUO
| MemWrite

| ALUSrc
RegWrite

Instruction [19-15] Read

Read register 1 Read

address . -
Instruct 24-20
nstruction [ ] .| Read data 1

Instruction register 2

31-01 T , . Read ALU pLY Read
Instruction [11-7] Write ea 0 result Address’ 1o

Instruction register data2
memory
| Write y

data Registers + Data
g\;rge memory

Instruction [31-0] 32 ® 64 I

| Gen N

Zero

—“xc=
Oxc=z—

A

Instruction [30,14-12]




opcode
Instruction [6-0]

rsl
Instruction [19-15]

| Read
address

Instruction
[31-0]

Instruction
memory

» Control

Splitting instructions into fields

Branch

Shift
left 1

\ MemRead

| MemtoReg

["ALUOp

| MemWrite

| ALUSrc

RegWrite

Read

Instruction [24-20]

register 1 Raad

»| Read data 1

A{ Instruction [11-7]

register 2

| Write Read

™ register data2

Write

Instruction [31-0]

 J

data Registers

 J

Al
~(0

“xc=

Immediate
2 [ 1mm | 64

funct7-funct3

Instruction [30,14-12]

31 25 24 20 19 15 14 12 1 7
funct7 rs2 rs1 funct3 rd opcode

31 20 19 15 14 12 1 7
imm[11:0] rs1 funct3 rd opcode

31 25 24 20 19 15 14 12 1 7
imm[11:5] rs2 rs1 funct3 imm[4:0] opcode

31 30 25 24 20 19 15 14 12 1 8 7
[12] imm[18:5] rs2 rs1 funct3 imm[4:1]  |[11] opcode

31 12 1 7
imm[31:12] rd opcode

31 30 21 20 19 12 11 7
[26] imm[18:1] [11] imm[19:12] rd opcode

R-Type

I-Type

S-Type

B-Type

U-Type

J-Type

The diagram shows all of funct3 but only bit 30 of funct7 because this implementation supports only a handful of instructions
In general, all of funct7 (bits 31-25) are needed by the ALU control



When the processor is executing the instruction
or t0O, tl, tZ

what value does the select input to the multiplexer

need to have? _ /}

Write Read >
1 register data2 }

| Write
data Registers

A. O

32 Imm
B. 1 Gen
C. X (a ”don’t Care") struction [30,14-12]

64




opcode
Instruction [6-0]

| Read
address

Instruction
[31-0]

Instruction
memory

[

Instruction [19-15]

> ControIJ ALUOp
| MemWrite

| ALUSrG
RegWrite

The Main Control Unit

Control signals derived from instruction opcode

Branch

Shift
left 1

| MemRead

| MemtoReg

_ | Read

Instruction [24-20]

| register 1 pagq

data 1

»| Read
register 2
Instruction [11-7] Write Read

Instruction [31-0]

™| register data 2 ]
_ | Write

data Registers

‘x:g&

Al

Imm

|

G
func\Tji/

Instruction [30 14-12]

Input: 7-bit opcode
Output:

* One 2-bit ALUOp signal to
control the ALU

e Six 1-bit signals to control
multiplexers, the register file
and the data memory



Let’s derive some control signhals!

 We'll tackle this systematically by following the data as it flows
through the data path

* Recall that every instruction has 3 steps to be executed:

1.
2.

Fetch the instruction from instruction memory and update the PC

Decode the instruction and get the operands for the ALU out of the
register file or from an immediate field in the instruction

Execute the instruction and store the result back into the register
file



Fetching Instructions

Read instruction from instruction memory

Update PC value to address of next (sequential)
Instruction

PC is updated every clock cycle, so it does not need
an explicit write control signal just a clock signal

Read from memory each time, so we don’t need an
explicit control signal for the instruction memory or

PC

Add

4 p

» PC

. |Read

" |Address

Instruction
Memory

Instructionm=—




Decoding Instructions

Send fetched instruction’s opcode to the main

control unit

Instruction

Read two values from the register file B

Register numbers are contained in the
instruction (fields rs1 and rs2)

Decode happens for every instruction; this is
where control signals are produced

»Read reg 1

Register

»Read reg 2

File
Write reg

Write Data

Read
Data l

Read
Data 2




Producing control signals

After reading opcode

* Produce most control
signals

* Includes the ALUOp control
sighal—which goes to the
ALU control unit—and the
ALUSrc control signal which

selects the ALU’s second
operand

>

PC

Read
address

Instruction
[31-0]

Instruction
memory

Branch
\ MemRead
Instruction [6-0
[6-0] N Control‘ MemtoReg

Instruction [19-15]

A J
= xc= ©

Add Sum

ALUOp

MemWrite
| ALUSrc

RegWrite

Read

Instruction [24-20]

register 1 peag

+| Read data 1

—®

Instruction [11-7]

register 2

Write Read

Zero
ALU o1 U

register data2

| Write

Instruction [31-0]

data Registers

—‘x:ga

32 @64

Read
Address data

Write Data

| datg Memory

| Gen

Instruction [30,14-12]

result

Oxc=z—




When the processor is executing the instruction
sd s0, 24 (sp)

what value does the select input to this multiplexer

need to have? _ /}

Write Read >
1 register data2 }

| Write
data Registers

A. O

32 Imm
B. 1 Gen
C. X (a ”don’t Care") struction [30,14-12]

64




. And

For load/store, our ALU operation will be

/ \dd Ainvert Operation
[ ]
Binvert
L

N\
()
. Set less than ’ w :

. Subtract I

. None of the above

1d t0, 8(tl)



ALU Control Unit

 Combinational logic (the main control unit) derives 2-bit
ALUOp signal from opcode

* ALU Control Unit takes ALUOp and the instruction’s funct7 and
funct3 fields as inputs and derives a 4-bit ALU control signal

Ainvert

Binvert Carryln
opcode | ALUOp | Operation ALU function , : I
ate—0 ) -
Id 00 load word add | . } °
1
sd 00 store word add R Dﬁ 1
beq 01 branch equal subtract ! — Result
R-type 10 arithmetic/logic | depends on funct7/funct3 o I
func7,fu;1:ct3 — » eat g
Q-p+> Main 7r A'LU'CJ;;V . = Set
7 Control —A-I-LLQ-|237L> Control 4 | ! s
Overflow Cwverflow
detection




e ALU used for

ALU Control signal

— Load/Store: op = add
— Branch: op = subtract

— R-type: op depends on funct7/funct3 fields

Binvert

Al
1
a—rv (o )
\—{»—‘1|
DW
1

ALU control Function Ainvert Binvert/Carryln0 | Operation
0000 AND 0 0 00
0001 OR 0 0 01
0010 add 0 0 10
0110 subtract 0 1 10
0111 set-on-less-than | 0 1 11
1100 NOR 1 1 00

Owverflow



Ainvert Operation

@
=1

ALU Control Unit

&

= Hesult

Takes as input 2-bit ALUop (derived from opcode)..

—/
and 10 bits of funct fields; outputs 4 bits — e

Instruction ALUOp funct?, ALU function Ainvert Binvert ALU

funct3 operation
load dword 00 (add) XXXXXXX, XXX  add 0 5 10 (add)
store dword 00 (add) XXXXXXX, XXX  add 0 0 10 (add)
branch equal 01 (subtract) XXXXXXX, XXX  subtract 0 1 10 (add)
add 10 (r-type) 0000000, 000 add 0 0 10 (add)
subtract 0100000, 000  subtract 0 1 10 (add)
AND 0000000, 111  AND 0 0 00 (and)
OR 0000000, 110 OR 0 0 o1 (or)

set-on-less-than 0000000, 010  set-on-less-than 0 1 11 (less)



Executing R Format Operations

R format operations (add,

31 25 24

20 19

sub,

15 14 12 1

slt, and, or)

7 6 0

funct?7

rs2

rsi

funct3

rd opcode R-Type

— perform operation (specified by funct7/funct3) on values in rs1 and rs2

— store the result back into the Register File (into location rd)

Instruction

RegWrite

l

v

v

v

\ 4

Read Addr 1

Register
Read Addr 2

File
Write Addr

Write Data

Read
Data 1

Read
Data 2

ALU co

o

\ 4

>ALU

ntrol

— overflow
— zero

v

e

Note that Register File is not written every cycle (e.g., sd), so we
need an explicit write control signal for the Register File



ALUOp =00 (add)
ALUOp = 01 (subtract)
ALUOp = 10 (R-type)

Branch

MemRead

MemtoReg

ALUOp

MemWrite

ALUSrc

RegWrite

R-Type Instruction

Add

‘\

Read

PC &~ address

Instruction

Instruction
memory

Instruction [6-0]

Instruction [19-15]
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p
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Write
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Instruction [31-0]
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data Registers

Read

Read 0
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Gen

Instruction [30,14-12]

32 =® 64

Zero
ALU ol U
result

Read

> Address data

Write Data

> data memory

Oxec=—

31

25 24 20

funct?

rs2

rsi

15 14
funct3

12 11

rd

opcode

R-Type



Executing Load and Store Operations

compute memory address by adding base
register to 12-bit signed-extended offset field

. RegWrite ALU control MemWrite
store value written to the Data Memory
. l overflow l
load value read from the Data Memory, written oy Jero
H H . Read > »(Add
to the Register File | Register "o ress
Instruction >Read Addrl 2 > Data
—— File Memory Read Data
»\Write Addr ALU y
Read
Data 2, —=p\Write Data
»\Write Data _|
. Imm MemRead
\
32 Gen 64
31 20 19 15 14 12 N 7 6 Y
imm[11:0] rsi funct3 rd opcode
12 5 3 5 7
offset[11:0] base width dest LOAD
3 25 24 20 19 15 14 12 1 7 6 0
imm[11:5] rs2 rsi funct3 imm[4:0] opcode
7 5 5 3 5 7
offset[11:5] src base width offset[4:0] STORE




ALUOp =00 (add)
ALUOp = 01 (subtract)
ALUOp =10 (R-type)

Branch

MemRead

MemtoReg

ALUOp

MemWrite

ALUSrc

RegWrite

Load Instruction

Add I
4 — Add Sum
,
Branch
\ MemRead
Instruction [6-0] | MemtoReg
» Control ALUO
/ MemWrite
| ALUSrc
RegWrite
Road Instruction [19-15] Read
PC {es| N2 register 1 Reaq
address Instruction [24-20] data | -
»| Read 7
Instruction | 1 register 2 ALU ere
[31-0] Instruction [11-7] Write Read (0 r:SILL'{( Address F\’deazig 1
Instruction register 2@ 2 M M
memory u u
Write X o X
> [ 1 0
data i
Registers | write Data
"4ty Memory
Instruction [31-0] :\"2 m 64 I
| Gen ®
Instruction [30,14-12]
31 20 19 15 14 12 1 7 6
imm[11:0] rsi funct3 rd opcode
12 5 3 5 7
offset[11:0] base width dest LOAD




Executing Branch Operations

Branch operations involve

 compare the operands read from the Register File during decode for equality

(zero ALU output)

* compute the branch target address by adding the PC to the 12-bit sign-
extended and shifted offset field in the instruction

Branch
target
address

l zero (to branch

PC >
> Add
31' . . . . '25 24‘ . '2@ 19‘ '15 14' '12 11' . . '7 6' . . o)
) imnl1[12|1‘@:5] . ‘r52l . . ‘ rsi ) . funct?:l . im.m[4:1|I11] . olpcodtla
7 5 5 3 5 7
offset[12[18:5] src2 srcl BEQ/BNE offset[4:1]11] BRANCH ALU control
»Read Addr 1
Register DRteaiI —_
> ata
Instruction >|Read Addr 2
— File >
. ALU
Write Addr
Read
. Data 2 —>
Write Data
\ Imm

32 Gen | 64

control logic)



ALUOp =00 (add)
ALUOp = 01 (subtract)
ALUOp =10 (R-type)

Branch

MemRead

MemtoReg

ALUOp

MemWrite

ALUSrc

RegWrite

Branch-on-Equal Instruction

-

Instruction [6-0]

Branch

\ MemRead

| MemtoReg

Control ALUO
/ MemWrite

| ALUSrc

RegWrite

Instruction [19-15] Read
PC &> Rggd ™| register 1 ggaq
address Instruction [24-20] data 1 -
»| Read z
Instruction | | register 2 ALU ero
[31-0] Instruction [11-7] Write Read 0 reAsLLﬁJt Address Rf;g 1
Instruction ™| register data 2 M M
memory u Y
_ | write . 1’( 0
data i
Registers Write Data
data Memory
; _ 32 m 64 |
Instruction [31-0] o Imm | ALU |
@ control
Instruction [30,14-12]
31 25 24 280 19 15 14 12 N 7 6
) imrp[12|1§!:5] . Ir52 . . rsi . flunct3‘ . im_m[4:1|l11] qpcodt‘a
7 5 5 3 5 7
offset[12]10:5] src2 srcl BEQ/BNE offset[4:1]11] BRANCH



Control Truth Table
 |Rtype s |beq

EOEIYe] L 0110011 0000011 0100011 1100011
Branch 0 0 0 1
MemRead 0 1 0 0
MemtoReg 0 1 X X
ALUOp 10 00 00 01

0 0 1 0
ALUSrc 0 1 1 0
RegWrite 1 1 0 0

ALUOp =00 (add)
ALUOp = 01 (subtract)
ALUOp = 10 (R-type, use funct7/funct3 to determine ALUCtrl signals)



Implementing Jump and Link (JAL)

|||||||

28] imm[18:1] [11] imm[19:12] rd |  opcode

18
offset[20:1]

* jal uses 20 bit, sign-extended and shifted-by-1 offset

* Computation:
offset = SignExtend(immediate) << 1
pc = pc + offset



Do we need to modify our design memory
to do jump and link?

A

B
C
D
E

=

Read
address

Instruction
[31-0]

Instruction

Yes — we need both new control and data path.
Yes — we need just data path.

No — but we should for better performance.
No — just changing control signals is fine.

Single cycle can’t do jump.

Instruction [6-0]

Instruction [19-15]

Branch
\ MemRead
. Control\ MemtoReg
/ ALUSrc
RegWrite

I

ALUOE
MemWrite

. Read

Instruction [24-20]

register 1 Raad

| Read data 1

—e

Instruction [11-7]

register 2

Write Read

™| register data 2

Write

Instruction [31-0]

data Registers

—‘x:g&

Zero

ALU oL U
result

"\ Gen

Instruction [30,14-12]

A

Read
Address data

Write Data
data Mmemory

Oxc=z—




>

Instruction [6-0]

Branch

\ MemRead

addi x10, x11, 6

| MemtoReg

e

“xc=2

Zero

ALU o1 U
result

» Control
Branch oo
/ MemWrite
ALUSrc
Me m Read RegWrite
Instruction [19-15] Read
Memto Reg L pcles Eggr%ss " register 1 read
Instruction [24-20] .| Read data 1
ALUO ) Instruction | | register 2
[31-0] . - Read
Instruction [11-7] Write d faz
i Instruction ™ register dala
MemWrite memory J
| Write
ALUSrC | data Registers
RegWrIte Instruction [31-0] 32 ® 64

ALUOp =00 (add)

ALUOp =01 (subtract)

ALUOp =10 (R-type)

"\ Gen N

Instruction [30,14-12]

Read
Address data

Write Data
data memory

Oxc=z—




Reading

* Next lecture: Pipelining
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