


Different Implementations

* Not easy to decide the “best” way to build something
* Don't want too many inputs to a single gate
* Don't want to have to go through too many gates

* For our purposes, ease of comprehension is important

* Let's logk at a 1-bit ALU for addition: 21;;:1 o Sum

l 001

010
011
+ — Sum 100
101
110
l 111

) CarryOut CIS 350 - Wyatt
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Different Implementations

* Remember that we've developed a simple 1 bit adder

from basic gates (and, or, xor)

Carryln
a—»
+ —> Sum
b —»
1 C... = a*b + aec, + bec,

CarryOut sum = a [ b [ Cin

3 CIS 350 - Wyatt



Review : Logic

* Combining half adders to make a full adder

Cout

Cout

I/COUt

4 CIS 350 - Wyatt



Review: The Multiplexor

Selects one of the inputs to be the output,
based on a control mput

0/1

A

B—

S
|
]_,c

note: we call this a 2-input mux
even though it has 3 inputs!

Lets build our ALU using a MUX:

CIS 350 - Wyatt



Building a 1 bit ALU

Carryln

ﬁ(o’\

1

—

+ 2

v
CarryOut

—» Result

What is Result? if
a=1

b=1
Carryln =0
op=10

What 1s Carry Out?

What is Result? if
a=1

b=1
Carryln =0
op = 01
What 1s Carry Out?

CIS 350 - Wyatt



Building a 32 bit ALU

What 1s Result? 1f
a=0111
b=0011
Carryln=0
op =00

What 1s Carry Out?

What 1s Result? if
a=0111
b=0011
Carryln =0
op=01

What 1s Carry Out?

7

Carryln

l

a0 —»

b0 —»

Carryln

ALUO

CarryOut

al —»

b1 —»]

v
Carryln

» ResultO

ALU1
CarryOuf]

a2 —»

b2 —»

\4
Carryln

» Result1

ALU2

CarryOuf]

:

|

a31 —»

b31 —»

Carryln

» Result2

ALU31

» Result31

CIS 350 - Wyatt



What about subtraction (a—b) ?

* Two's complement approach: just negate b and
add.

* How do wgnegate? a very cldewer solution:

a L 4

>_\ 6-\
>

’—’D 1 » Result
>

b 0 + 2
e -

v




What about subtraction (a—b) ?

* Two's complement app! roach: just negate b and

add egate
. 0/1 B'”M Operatlon So, OpCOdC
Becomes 3 bits
! 000 - and
. — N\ | () 001 - or
° 010 - add

-— 110 - sub
o—») > 1 » Result

—
b 0 4 + 2
LM'1 ]_ ~




Building a 32 bit ALU

What 1s Result? if
a=0101
b=0011
Carryln=0
op=010

What 1s Carry Out?

What is Result? if
a=0111

b=0011
Carryln =1
op=110

What 1s Carry Out?

10

Carryln

l

a0 —»

b0 —»

Carryln

ALUO

CarryOut

al —»

b1 —»]

v
Carryln

» ResultO

ALU1
CarryOuf]

a2 —»

b2 —»

\4
Carryln

» Result1

ALU2

CarryOuf]

:

|

a31 —»

b31 —»

Carryln

» Result2

ALU31

» Result31

CIS 350 - Wyatt



Tailoring the ALU to the MIPS

* Need to support the set-on-less-than instruction

(slt)

* remember: slt is an arithmetic instruction
* produces a 1 if rs <rt and 0 otherwise

* use subtraction: (a-b) <0 mmplies a<b

* Need to support test for equality (beq $t5, $t6,
$t7)

* use subtraction: (a-b) =0 impliesa="b



» To "less" on bit zero

CarryO ut

S

12

—— esu

High bit

Supporting
sl
(see p. 238)

__opcode
111



high bit set if
negative

answer implying
a<b

--____-~$

32 bit
ALU

13

Binvert

Carryln

Operation

$

ao
b0

\ 4 l \ 4

Carryln
ALUO

Less
CarryOut

al
b1

vlv

Carryln
ALU1

Less
CarryOut

a2
b2

vlv

Carryln
ALU2

Less
CarryOut

!

a31
b31

l()arqﬂn
y

A v

Carryln
ALU31

-
Set

Less

-
>

ResultO
OPCODES
Result1 and OOO
or 001
add 010
sub 110

Result2 Slt 1 1 1

Result31

Overflow

CIS 350 - Wyatt



high bit set if
negative

answer implying
a<b

--____-~$

32 bit
ALU

14

Binvert

!

Carryln

Operation

¢

h‘\-»

ao
b0

\ 4 l \ 4

a

Carryln
ALUO
Less

CarryOut

B o

al
b1

”

ResultO

v A 4

Carryln
ALU1
Less

CarryOut

a2
b2

vlv

Carryln
ALUZ2
Less

CarryOut

d

Carryiln

a31
b31

vlv

Carryln
ALU31
Less

Set

Result1

Result2

€C ——» Result31

» Overflow

OPCODES
and 000
or 001
add 010
sub 110
slt 111

CIS 350 - Wyatt



slt Example

3 bits
a=001,b=010,a<b, sooutputa 1
binvert =1, carryin=1, op =11 (slt)

result of addition = 111, carry out = 0, so high

bit 1s set, actual result = 001

this high bit is tied into LESS on bit 0, so it will
be output (selected by the 111 on the
multiplexor) indicating that a <b, our desired

15resp0nse CIS 350 - Wyatt



slt Example

3 bits

a=011,b=010,a NOT<b, so outputa 0
binvert=1, carryin=1, op =11 (slt)

result of addition = 001, carry out = 0, so high

bit 1s clear, actual result 1s 000

this high bit is tied into LESS on bit 0, so it will
be output (selected by the 111 on the
multiplexor) indicating that a 1s not < b, our

desired response CIS 350 - Watt



> Result

Supporting
slt
(see p. 238)

- resuit NOte overflow.

see p.238
see p.329

> Set

TI§ 550 Wyatt



Overtlow

* A simple test for overflow 1in 2s complement
* look at carryout & carryin of high bit

*1.0001 +0001 =0010 !CI and !CO =10V
*2.1111+1111=1110 Cland CO= !0V
*3.1000 + 1000 =0000 !CIand CO= OV
*4. 0111+ 0111 =1110 Cland!CO= OV

* NOTE: for unsigned, you can simply look at the
carryout. If carryout, then overflow



Overtlow

« CI CO OV
0O 0 0
0 1 1
1 0 1
11 0

* For 2's complement overflow detection, run the
carry in on the high bit and the carry out of the
high bit into an XOR gate = overflow detection



Test for equality- zero detector

 Note control lines: o —

»| Less

000
001
010
110
111

20

and

= Or
= add

sub
slt

a0 —»

Carryln

Result0

ALUO

CarryOut

\4

al —»]
b1 —»

Carryln

Result1

—

ALU1
Less

CarryOut

\4

a2 —»]
b2 —»|

Carryln
ALU2

Result2

— =
—.

*Note: zero is a 1 when the

Less

CarryOut

l

|

a3l —»
b31 —»
0 —»

Result31

*result is zero!

Carryln

ALU31

Set
» Overflow

Less

CIS 350 - Wyatt



Conclusion

* We can build an ALU to support the MIPS 1nstruction
set
* key idea: use multiplexor to select the output we want
* we can efficiently perform subtraction using two’s complement

* we can replicate a 1-bit ALU to produce a 32-bit ALU

* Important points about hardware
* all of the gates are always working
* the speed of a gate is affected by the number of inputs to the gate
* the speed of a circuit 1s affected by the number of gates in series

(on the “critical path” or the “deepest level of logic™)

* Our primary focus: comprehension, however,

* Clever changes to organization can improve performance
(similar to using better algorithms in software)

,¢ we’ll look at two examples for addition and multiplisatonvyatt



Problem: ripple carry adder 1s slow

 [sa32-bit ALU as fast as a 1-bit ALU?

* Is there more than one way to do addition?

* two extremes: ripple carry and sum-of-products

* Can you see the ripple? How could you get rid of
1t?

c, = b,c, + a,c, + ab,
c, = b,c, + a,c, +ab,
c, = b,c, + a,c, + a,b,
c, = b,c, + a,c, + a,b,

CIS 350 - Wyatt



- Carry-lookahead adder

 Motivation:

* If we didn't know the value of carry-in, what could we do?

 When would we always generate a carry? g . =a, .
* generates a carryout independent of a carryin

 When would we propagate the carry? p, = a .+ b

* propagates a carryin to a carryout
* Did we get r1d of the ripple?
C, = gy T PyCy

c, = g, t+ p,C, C, =
C; = g, T P,C, C; =
C, = 93 T P3C3C, =

. Feasible! Why? CIS 350 - Wyatt



Use principle to build bigger adders

a0 —o»
b0 —o»
al —b»
b1 —»
a2 —>>»
b2 —>
a3 —>»
b3 —»

a4 —4»
b4 —4»
a5 —5
b5 —5
a6 —o
b6 —&»
a7 —»
b7 —

a8 —
b8 —S
a9 —5
b9 —S
al0 —o
b10 —o»
al1 —»
b11 ——»

al2 —>
b12 —>
al13 —>
b13 —3>
al4 —a
b14 —4
al5 —5
b15 ——

Carryln

|

Carryln

» Result0--3

ALUO
PO ——>
GO —m—m

C1

Carryln

pi
[e]]

ci+1

ALU"1

Gl|——

c2

Carryln

pi+ 1
gi+1

ci+2

» Result4--7
o

ALU2
P2 [—>
G2 —

C3

Carryln

pi +2
gi+2

ci+3

» Result8--11

ALU3
P3 f—
G3|——
ca

24 CarryOut

i+3
8i+3
i+

C

» Result12--15

Can’t build a 16 bit adder this
way... (too big)

Could use ripple carry of 4-bit
CLA adders

Better: use the CLA principle
again!

CIS 350 - Wyatt



Overtlow

* A simple test for overflow 1in 2s complement
* look at carryout & carryin of high bit

*1.0001 +0001 =0010 !CI and !CO =10V

*2.1111+1111=1110 Cland CO= !0V
*3.1000 + 1000 =0000 !CIand CO= OV

*4. 0111+ 0111 =1110 Cland!CO= OV

* NOTE: for unsigned, you can simply look at the
carryout. If carryout, then overflow

55 CIS 350 - Wyatt



Test for equality- zero detector

 Note control lines: o —

»| Less

000
001
010
110
111

26

and

= Or
= add

sub
slt

a0 —»

Carryln

Result0

ALUO

CarryOut

\4

al —»]
b1 —»

Carryln

Result1

—

ALU1
Less

CarryOut

\4

a2 —»]
b2 —»|

Carryln
ALU2

Result2

— =
—.

*Note: zero is a 1 when the

Less

CarryOut

l

|

a3l —»
b31 —»
0 —»

Result31

*result is zero!

Carryln

ALU31

Set
» Overflow

Less

CIS 350 - Wyatt



The Processor: Datapath & Control

* We're ready to look at implementation of MIPS
* Simplified to contain only:

* memory-reference instructions: 1w, sw
* arithmetic-logical instructions: add, sub, and, or, slt

* control flow instructions: beqg, j

* Generic Implementation:
* use the program counter (PC) to supply instruction address
* get the instruction from memory

* read registers

* use the instruction to decide exactly what to do

57 CIS 350 - Wyatt



Implementation Details

* Abstract / Simplified View:
Two types of functional units:

* clements that operate on data values (combinational)

* elements thatcontain state (sequential)
—>| Data
——
Register #
—> Address Instruction Registers >AL Address
Instruction Register #
menmory } Data |
Register # menmory

28




State Elements

* Clocks used 1 synchronous logic

* when should an element that contains state be
updated?

UL
AN

cycle time

rising edge

29 CIS 350 - Wyatt



An unclocked state element

* The set-reset latch

* output depends on present inputs and also on
past inputs

R




* An edge triggered methodology

Our Implementation

* Typical execution:

* read contents of some state elements,

* send values through some combinational logic

* write results to one or moxe

31

State
element
1

Clock cycle

Combinational logic

tate elements

State
element
2

CIS 350 - Wyatt



Register File

* Note: we still use the real clock to
determine when to write

Write l_

0
1

C
Register 0
D

C
Register 1
D

1 . | n-to-1
Register number ™ gecoder | :

Rk

n—1

n

C
Register n — 1
D

C
Register n
D

B

Register data ®




Register File

Read register

number 1 v
. a .
Register0 ——"¢ —| Read register Read
i > number 1 ea
Register 1 —4 M data 1
’ > U » Readdata1 _| Read register
Register n— » X numbeRr 2. tor fil
Registern —¢ > Write egisier e
\_/ ' register
Read register 1 Read
number 2 Write data 2
=m data
" M
» U » Read data 2
»| X
\_/

13 CIS 350 - Wyatt



Simple Implementation

* Include the functional units we need for each

Instructiom t.
address IOH —
PC
Instruction > >Add Sum
Instruction
memory _
d —| Address Read
data 16 ) 32
A \ Sign | \
N lextend| M
a. Instrugtion memory b. Program counter c. Adder —| Write Data
data memory
5
i © Bee?gtem
d 9 Read
; 5 data 1
nRjr?q'tS;; d*» 2%?3 or 2 a. Data memory unit b. Sign-extension unit
Ug Registers Data
e Write
= register
Read
: data 2 .
Data {e—> Write Why do we need this stuff?
a. Registers b. ALU

Y CIS 350 - Wyatt



Simple Implementation

* Include the functional units we need for each

1]
. Instruction
address —)
- P —)
Instruction = > Add Sum
Instruction
memory —
a. Instruction memory b. Program counter c. Adder

35 CIS 350 - Wyatt



Simple Implementation

* Include the functional units we need for each

Instructiee
Iu&’. Read
register 1 Read N
[
Register< =5| Read data 1
numbers register 2
. Registers > Data
ao,| Write
9 register Read
Write data 2 Y
Data < ==——> data
a. Registers b. ALU

36

CIS 350 - Wyatt



Simple Implementation

* Include the functional units we need for each
instruction

— Address Readl
data
| Write Data
data me mory
a. Data memory unit b. Sign-extension unit

37 CIS 350 - Wyatt



Building the Datapath

* Use multiplexors to stitch them together

PCSr
p—)
M Add M
X
A
v 4= >AddreSLIII
| @
—p |
Registers .

d Read ALUSTG 3| ALU operation MemWrite
8 L PC s Rc;eé:ld register 1 Read |
d address Read data 1 MemtoReg

| register 2 > Zero

NStrUCON e ) ALU ALU

er_tet g Reazd M result Address %‘Z?g >
Instruction regls er ata u '\d
memory - \é\gt';e X Data X
e - ! Write memory
Regertel data
n 16 Sign 32
\
1 extend MemRead




PCSr

v

4

Read
address

Instruction

Instruction

memory

39

Registers
Read
register 1

Read
register 2

Write
register
Wite
data

data 1

Read
data 2

Reg\\itg

36 Sign

Y| extend

)

Add ALl
resul

ALU operation

X

MemWtite

32

MemtoReg

—p
|

X C

CIS 350 - Wyatt



Control

Selects the operations to perform (ALU, read/write, etc.)
Controlls the flow of data (multiplexor inputs)

Information comes from the 32 bits of the instruction

Example:
add $8, $17, $18 Instruction Format:

“a ANN qda ANANT1 A A1 ANAN N NANDN
—00600660—160661 316616 010666—0666060—1066000

op rs rt rd shamt funct
ALU's operation based on instruction type and
function code



Control

s BVAWAY

N

100($2)

11UV
14 Wit ~AFfFant

IU UIlt UILIISLUL

+t
11

W$.

C.

1ra

rS

mp!

Exa

. 4@@@4—h OOOld—Q@@@l 0000000001100] 0()‘

CIS 350 - Wyatt
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Control

* ALU control input

000
001
010
110
111

AND

OR

add

subtract
set-on-less—-than

Why 1s the code for subtract 110 and not 011?

42

CIS 350 - Wyatt



Control

ALU
result

Add

PC

Read

© occEFEaS o GQo

c >

address

Instruction

Instruction [31-26]
——

Instruction [25-21]

Control

Read

Instruction [20— 16]

Read

Instruction
memory

Instruction [15—-0]

L.

Instruction [15-11]
—_—

Write
register

Write
data

register 1

register 2
Registers Read

Read

data 1

data 2

Instruction [5—- 0]

ALU

r control

0
M
u
X
1
Read
Address data ] 1
M
u
Data X
em
Write memory 0
data

Look at
drawing
in book

Instruction RegDsf|

R-format

Memto-
Req

Write

Mem| Mem
Read| Write

0 0

Branch

lw

_—t -

SW

o

beqg

X | X |[o|=

X |X|[=[©

o

1 0
0 1
0 0

- (O |O

0

>
~lololole
=3

43
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v

4=
Read
address
Instruction
[31-0]
Instruction
memory

44

xcZ ©

N
X

Data

Read
data

Instruction [31—26]
*> Control
Instruction [25-21] | Read
| register 1 Read ‘
Instruction [20-16] | Read data 1 .
register 2
0  Registers . >ALU AL
M Wite data 2 N resultf—4—>| Address
u register M
Instruction [15-11] 1X Write b /
data —p{ 1
»| Wite
data
Instruction [15-0] € | sign | 2
N lextend| M ALU
control
Instruction [5-0]

OxecZ—

CIS 350 - Wyatt




Try at home this:

add $3, §5, $17

PC =100
$3 =77
$5 =68
$17 =32

45

Control
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Control

* Try this:

* lw $3, (16) $15

* PC =100
* $3 =77
* $15 =400

* memory @ (16) $15 =257

46 CIS 350 - Wyatt



MAIN Control

Memto Reg|Mem Mem
InstructigiRegDstALUSrc Reaq [Writ¢ReaqWrit¢ BranchALUOPp/ALUp
R-format 1 0 0 1 0 0 0 1 0
lw 0 1 1 1 1 0 0 0 0
S W X 1 X 0 0 1 0 0 0
beq X 0 X 0 0 0 1 0 1

47
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ALU Control

* Describe hardware to compute 3-bit ALU control

input

* given instruction type

* function

T~ ALUOp

computed from instruction type
00 = Iw, sw

01 = beq,
11 = arithmetic

code for arithmetice

Describe

ALUOp Funct field Operation

ALUOp1 | ALUOPO |F5|F4|F3|F2|F1|Fo0 ): Look at
0 0 IX[X|X[X|X|X] 010 drawing
X 1 XX x| xIx|I x| 110 :
1 X |x|x|ololo|lo]| o010 in book
1 X |x|Ixlolol1]o0 110
1 X |x|xlol1]lo|lo]| 000
1 X |x|xlol1]o]1 001
1 X [xIxl1lol1]o0 111

48
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Control

* Simple combinational logic (truth tables)

Inputs
Op5
Op4
Op3
ALUOp o
Op1
! ALU control block
Op0
| ALuopo oboocd [abol| 1o&l] 5odléd
ALUOp1
Outputs
F3 Operation2 R-format] Iw Sw beq RegDst
=p Operation
~ =g~y osmton | p ) ALUSTC
F (5-0) o 1 MemtoReg
Operation0 D— RegWrite
FO ' )j:
MemRead
MemWrite
Branch
ALUOp1
ALUOpPO

49 CIS 350 - Wyatt



ALU & MAIN Control

* Simple combinational logic (truth tables)

Op5
“ Op4
Op3

ALUOpO Op2

ALUOp1 Op1
OpOOO i OOT OOTOOOOZ
F3 :
e JUJUUT e
)
)

F2 :
F (5-0) 1 _Di R-format Iw sw beq

F1

a1

RegDst

ALUSrc

MemtoReg

RegWrite
MemRead
MemWrite

$—— Branch

ALUOPp1

ALUOpO

50 CIS 350 - Wyatt



Control

* Simple combinational logic (truth tables)

F (5-0)

51

|

F3

F2

ALUOpPO

L

ALUOp1

F1

FO

16

CIS 350 - Wyatt



MAIN Control

* Simple combinational logic (truth tables)

Inputs

OpS _, ® > »
Op4 > > » ®
Op3 * ¢ ® ®
Op2 * -» » ®
Op1

[

*
OpO
" 0000(132 jo]s]e) T &) T (o]e]e)

@)
LJ LJ KJ Outputs
R-format w sw beq
L

RegDst

O—1—e
O—e

) ALUSrc

* MemtoReg
T ) RegWrite
I MemRead
L g MemWrite

Branch
T ALUODP1

ALGBgeY - Wyatt
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Our Simple Control Structure

* All of the logic 1s combinational

* We wait for everything to settle down, and the right

thing to be done

* ALU might not produce “right answer” right away

* we use write signals along with clock to determine when to

write

* Cycle time determined by length of the longest path

e
t

53

(o)

W
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Our Simple Control Structure

Combinational logic

e State
t element
1
Clock cycle —

54

q

State
element
2

CIS 350 - Wyatt




Single Cycle Implementation

* (Calculate cycle time assuming negligible delays
except:

* mgmory (Zns), ALU and adders (2ns), register 1l

aCCeSS

(B"l flS) Add
v 4= Add reéllllt
t P>
Instruction [25—21] Read
PC Read register 1 Read
> address Instruction [20— 16] Read data 1

Zero

ALU ALU
result

| Address  Read
data

Instruction register 2
1 Read
(31— 0]~ | IN ol wite (Reac
i register
Instruction Instruction [15—11] g Write

memory data  Registers

write Data
data memory

5 @ oFTTOCD o@o

Instruction [15— 0] 16 [ sign 32
v extend

Instruction [5—0] r




Single Cycle Implementation

.y

address

Instruction
[31-0]

Instruction

memory

56

ction [5-0]

16 sign | 32
extend
Instru

Zerg

> AU AL
result

oxc =

resul

Wite Data

v

[

[ d
Instruction [25—21] | Read
| register 1 Read
nstructon [20-16]  |Read ~ detal
"| register 2
I |wie  dotmog—{ 1
. ¥ register
Instruction [15-11]f x Write )lf
! O [Loaia_ Regsters | | ¢/
Instruction [15—-0]

Read
Address v

datg memory

oxc

CIS 350 - Wyatt




Where we are headed
* Single Cycle Problems:

* what if we had more complicated instruction like floating point?

* wasteful of area

* One Solution:
* use a “smaller” cycle time

* have different instructions take different numbers of cycles

-

Instruction

n p—

register o| Data

PC
Instructi Register #

. Memory o data Registers DALUH{ ALUOU
y Memory »| Register # —

data - B =

Data register Register # |

57 CIS 350 - Wyatt
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Where we are headed

PC

Address

Memory

Data

Instruction
or data

_,| Instruction {__

register

Memory
data
register

Data
Register #
Registers

Register #

Register #

>ALU ALUOut¢

58
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Multicycle Approach

* We will be reusing functional units
* ALU used to compute address and to increment PC

* Memory used for instruction and data

* Our control signals will not be determined
soley by 1nstruction

* ¢.g., what should the ALU do for a “subtract”
instruction?

* We’ll use a finite state machine for control

59 CIS 350 - Wyatt
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