ELE 455/555
Computer System Engineering

Section 2 — The Processor
Class 1 - ALU
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MIPS ISA

« 10 Arithmetic Instructions
 ADD, ADD Immediate, ADD Imm Unsigned, ADD Unsigned
« Subtract, Subtract Unsigned
« Set Less Than, SLT Imm, SLT Imm Unsigned, SLT Unsigned

* 5 Logical Instructions
« AND, AND Immediate, NOR, OR, OR Immediate

« 2 Branch Instructions
« Branch on Equal, Branch on Not Equal

e 2 (3) Shift Instructions
« Shift Left Logical, Shift Right Loglcal (Shift Right Arithmetic)
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« ALU Implementation

» 5 Logical Instructions
« AND, AND Immediate, NOR, OR, OR Immediate

 2inputsAandB

}&

— Out
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* ALU — Implementation

- ADD

S
* Inputs: A, B, C,, )
\

* Arithmetic Instructions \/I/\z

* Outputs: Out, C_ 4

Out
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* ALU — Implementation

e Arithmetic Instructions InvB G4 \*\2

« SUB (2's compliment) \
- A—B=A+B+1 ¢
« Invert B and add 1 (C;5p=1) \)
* Inputs: A, B, C,, B [: j Out
* Outputs: Out, C_;

Cin |_

+
C <
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* ALU - Implementation

* Revisit NOR InvA InvB G \/I/\z
- A+B=AB N 4[>o—[L
R L

Out

\_
+50
_‘
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* ALU - Implementation

* Pre-plan for set function InvA InvB Cin \*\2
Sub )

Out

B
_‘

Set

Cout /
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InvE Inwih Cind crrLo

— | I
lrwd brwl Cin Ol

« ALU - Implementation st s o

1 - bit Ot
B8 ALU

32 bits 1

Irvik  Brvls n
41— & .
- Dutl
1 - bit ot ut
Bl—{ B ALU
-1 % Cout
InvA InvB Ci, CTi | LI |
2 —
A \ imeA bwB Cin O
A 1 bt Outz
\\‘ Chat
—)/ B2=—B  ALU
B
1 ¢ —_— Cont
n Out I
L |+ M
Set Cout '.I
— | I
.l v i lvB Cin CHl
A=A 9 it Dut3t

B3l=— B ALU
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* ALU — Implementation

 Branches
- BEQ, BNEQ

* Need to know if 2 numbers are equal
* Yes: A-B=0
 No: A-B#0

« ZERO = NOR of all outputs
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* ALU — Implementation

« Set On Less Than

 IfA<B:Out[0] =1, Out[31:1] =0
« IfA=B:Out[31:0] =0

A<B > (A-B)<O0

 Subtraction is implemented by addition
- A-B> A+B+1

« MSB after subtraction indicates sign
« MSB =1 - negative number
« MSB = 0 - positive number
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* ALU — Implementation

e Set On Less Than — cont'd

« MSB after subtraction indicates sign
« MSB =1 - negative number
« MSB = 0 - positive number

» Exception: Subtraction (addition) is not valid if overflow occurs
If overflow occurs, MSB is wrong sign

SET: MSB xor OVERFLOW

C,:MSB SET
Al ut31 )D_

o
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InvE Il Cind ciro| Qutd
e | | COutl
. I vl Cin CHl Out2
 ALU - Implementation 0
1-bit Ot DD
20— B ALY
. cout Qut3l
——— 4 |
Il bvB Cin Cnl
AL w— .
1 - bit Pt Outl
Bl ALY
o —5 Coul
— | LI ]
InvA InvB Ci, CT‘L}\ e, bwB Cin Ol
\ . B 1 bit D2
A _/ B2 el ALY ot
\\‘ T — Cout
- _)/ /"\\_,I/H‘\
Cm Ol.lt M
]+ —— 1 1 |
i bvB Cin Cxl
C
Set out 831 —] 4 .
- Out3i
1 - hit Pt
Cone |~ B3l B AL
W — Cout = IIT
e Dhrwmrflore
Cout

ELE 455/555 — Spring 2016 12 © tj



* ALU — Implementation

« Control
* invA
* invB
* Cin
» ctl[1:0]
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— Zero

> -4 Result

— Overflow
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InvA InvB Cin Cfi
2

« ALU — Implementation . mb
) >
Operation invA invB Cin cti[1] ctl[0] _C: ]
g AND 0 0 1 1 = y

DeMorgan OR
~____ _»

ADD

SuB

Addition = BEQ
BNE

SLT

Ctl
%
A —4

32

Ool|l|lo|o||lo|o||r|O
R, |O]|I~]|O
R, |O]||IX |X |X
OJ|IOC|O||IOC|O||F |+
ol |r]|lr|r ]I~ |O

— Zero

> < Result

— Overflow

B—4
e
Cout
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* ALU — Implementation

* Note: C,, and invB are always the same - combine (negB)
Reduces control lines to 4

Ctl
%
Operation invA negB cti[1] cti[0] A -4

32
AND 0
OR
NOR

ADD

— Zero

> —“ Result

— Overflow

B—4
32
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* ALU — Implementation
* 5 out of 8 instructions involve addition

Current implementation is very slow — why?

Operation invA negB cti[1] ctl[0]

AND 0
(0]}

\[0]

ADD

SUB

Addition =< BEQ
BNE

SLT

= | =N = | = =1 | =Y = [ o)

O||lOo|O||lO|O||—]|O
oflr ||~ ]l—]o

ollo|o||lo|o||r |

—
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It crpLon| autd
I — | | outl
* ALU — Implementation =
AD —| A . Quts
 Enhanced Adder s LBt | Lo
Adan —| ADD
. Out3l
— | |
[
M= 1 - bit Dutt
Bl — Ot | o
st —| ADD ALY
e
— | |
InvA InvB CT\L}\ e =
2
,ﬂ.z— ®
iy EATHIS
I B3] m— ADD
g —| s
‘Dﬁ MegB
L nlaa)® AAUA
A A £ NN
Add Out * | |
32 bit N .
ADDER MBl= A 3 hit o Cutit
Set B3l mem | B
| aoe ALY
L~ : Ac ° m'g*l— 5 _L,—DV_ SET
e — .
I Cos3t
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~agi— Shift Conirol (Figure Az)

Figure Aj: Logic Diagram of A 32 hit lefi-shifi barrel shifier

realworldtech.com

* Not-shified Input

’/ Shifted Input

18

Inpui/Output Connection

B taptag tag tor T s B s Top I P Yl Nig Npp Mg Mis Y4 Nzt Yo te e fp Yg Y5 N4 Iz o In I o Ip

|| InputBuffering Block
[[] 2 mput Mux Block (Figure Aq)
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AD —| A 1 - bit Ot Quts
Bl Ot |
reao —| #00 AW
Out3l
— | |
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« Multiplication

0111 Multiplicand
x 0 1 0 1 Multiplier

0 01 00 0 1 1 Product

g Sy o §1
XE 0PI !

(0) dg il dl
X OIS ()" Rl

00000111
+ 000000CO0O0 Add

011 1
+ 00000000 Add

¢ JOmOSy YY1 M

0 00O0OT1T11
x 00 00O 101

R0 10,0, 0 181 1

shift

shift

1
USSR D SO S
0 00O0OOOTOG
00000111

+ 00 00O0O0OO

0000000
+ 000001 1 1 Add

=

SKIP

=

0 00OOT1T11

shift

shift

Add

i

—

—

- O

Xx x x 0010O0O0 11

Add

000111
+90% W @ 0§ 191 W

i

o

o

o

 JC STl SO ] A

shift

001 0O0O0T11

shift

SKIP

Add

0 00 0O
+ 001 00111

080 1 30 SO sl
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 Multiplication

Start

-
%

Y

Multiplier0 = 1 1. Test

Multiplier0

Multiplier0 = 0

\

1a. Add multiplicand to product and
place the result in Product register

I

Y \
| 2. Shift the Multiplicand register left 1 bit I

y
| 3. Shift the Multiplier register right 1 bit |

No: < 32 repetitions

Yes: 32 repetitions
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0 1
x 0 1
0 1
0 00 OO 0
0 00 OO 1
0o 1 o}
0
® 4 0
1
1 g )
() )
0 00 OO 1
0 01 0O 1
O 18 TR | 0
0
oW Wi N0 0
0 01 0O 1

Add

shift

shift

Add

shift

shift

done © tj



« Multiplication

Start

A

Multiplier0 = 1 1. Test

Multiplier0d

Multiplier0 = 0

\

1a. Add multiplicand to product and
place the result in Product register

Y Y
| 2. Shift the Multiplicand register left 1 bit |

Y
| 3. Shiftthe Multipier register right 1 bt |

No: < 32 repetitions

_l 164 bits

SR

Multiplicand
Shift left |-e—

-
\_/ ADD Multiplier
64-bit ALU Shift right

32 bits
Isb
Product _ Control test
Write
64 bits

Yes: 32 repetitions

ELE 455/555 — Spring 2016
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« Multiplication — negative numbers

Start

<

sign extend multiplicand

Multiplier0 = 1 1. Test

Multiplier0

Multiplier0 = 0

Y

1a. Add multiplicand to product and
place the result in Product register

Y Y
| 2. Shift the Multiplicand register left 1 bit |

Y
sign extend I 3. Shift the Multiplier register right 1 bit I

64

No: < 32 repetitions

SR

Multiplicand

Shift left

sign extend
164 bits

N

signextend g,
Multiplier

64-bit ALU

Product
Write

64 bits

Yes: 32 repetitions

64
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Shift right
64 32 bits

Control test 5 y

2x timing penalty to support negative numbers
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« Multiplication — negative numbers

Check signs of multiplier and multiplicand
2's complement anything that is negative
Keep track of signs

When done:
« 1 negative - complement the output
« 0/2 negative - done

Penalty
* no penalty of both positive
* no penalty if 2 negative - Invert and set Cin=1 for first 2 additions
« 1 add penalty if 1 negative - Invert and set Cin = 1 for first addition
= 2’s complement output (one additional add)
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« Multiplication refined
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Multiplicand
_l 132 bits
b £
32-bit ALU
§- e
Profluct Shift rlght Control
Write test
64 bits Multiplier
25
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Multiplication — reality

« Un-roll the loop
» Trade HW for speed

« 31 adders
5 add delays
Mplier31 « Mcand Mplier30 « Mcand MplnedQ Mcand Mplier28 Mcand Mplier3 « Mcand Mplier2 « Mcand Mpliert « Mcand Mplier0 = Mcand

,,l lll‘

1 bit -+ 1 bit—+ $:3:9 1bit+ 1 bit+
N
32 bits
Product63 Product62 s Product47..16 <o Product1 Product0
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* Division =

0111111 1 Dividend Ox3F
=+ 0 00 0 01 0 1 Divisor 0x05
0 000 1 1 0 0 Quotient
R 0 0 1 1 Remainder
Remainder =0 Remainder < 0
1 0 0RO O 1 1
Dl (lhlsDiils 1 Ll B
- 01 0 1
&l (o) Wil
0 0 1 0 Positive
01 0 1
- 01 0 1
> iy @@t il
0 0 0 O Positive
0 0 0 1
- 01 0 1
+ i (0191
11 00 Negative
2 w0l o), ol Correct
0 0 0 1 No: < 33 repetitions
@O0 Ll il
- 01 0 1
n®q @ 9 val Yes: 33 repetitions
B SR S ) Negative
R0 R (0 il Correct
0 0 1 1 Remainder
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D —

Divisor
Shift right

Remainder = 0

Remainder < 0

64 bits
Y

N

64-bit ALU

Remainder

Write

64 bits

—-—

Quotient
Shift left |-

32 bits

Control 1\

A

No: < 33 repetitions

Yes: 33 repetitions
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* Division
* Optimized

Divisor

_,I 132 bits
\/

32-bit ALU

e

Shift right
Remainder Shift left
Write

64 bits
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Floating Point Arithmetic
« Addition

Consider a 4-digit binary example
1.000, x 2-1 + —1.110, x 2-2 (0.5 + —0.4375)

1. Align binary points

Shift number with smaller exponent
1.000, x 2-1 + -0.111, x 21

2. Add significands
1.000, x 2-1 + —0.111, x 2-1 = 0.001, x 2-1

3. Normalize result & check for over/underflow
1.000, x 2-4, with no over/underflow

4. Round and renormalize if necessary
1.000, x 2=* (no change) =0.0625
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Floating Point Arithmetic
« Addition

_;ﬂ
-
By

| Sign | Exponent Fraction

Fraction | | Sign I Exponent

Small ALU

Exponent
difference

Control

AL

Increment or
decrement

> Rounding hardware

Shift left or right

\ \ \
ELE 455/555 b { Sprlng 2016' Sign I Exponent I Fraction I 31

Compare
exponents

Shift smaller
number right

Add

Normalize

Round
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 Floating Point Arithmetic
« Multiplication

Consider a 4-digit binary example
1.000, x 271 x —1.110, x 272 (0.5 x —0.4375)

1. Add exponents
Unbiased: -1 + -2 = -3
Biased: (-1 + 127) + (-2 + 127) = -3 + 254 — 127 = -3 + 127
2. Multiply significands
1.000, x 1.110, = 1.1102 = 1.110, x 2-3
3. Normalize result & check for over/underflow
1.110, x 2-3 (no change) with no over/underflow
4. Round and renormalize if necessary
1.110, x 273 (no change)
5. Determine sign: +ve x —ve = —ve
~1.110, x 23 =-0.21875
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Floating Point Arithmetic
Multiplication

FP multiplier is of similar complexity to FP adder
« But uses a multiplier for significands instead of an adder

FP arithmetic hardware usually does
« Addition, subtraction, multiplication, division, reciprocal, square-root
* FP < integer conversion

Operations usually takes several cycles
« Can be pipelined
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EXtensions
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* Floating Point Arithmetic

 FP hardware is coprocessor 1
« Adjunct processor that extends the ISA

« Separate FP registers
« 32 single-precision: $f0, $f1, ... $f31
 Paired for double-precision: $f0/$f1, $f2/$f3, ...
* Release 2 of MIPs ISA supports 32 x 64-bit FP reg’s

* FP instructions operate only on FP registers
* Programs generally don’t do integer ops on FP data, or vice versa
» More registers with minimal code-size impact

 FP load and store instructions

 Jwcl, 1dcl, swcl, sdcl
e e.g., 1dcl $f8, 32($sp)
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