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multiplicand

multiplier

\\\‘1000

T x*1001

product

FounlS csjloso

1000

0000
0000
1000

1001000
Spochot

-

Multiplicand

Shift left

lm bits

Multiplier

NV
64-bit ALU

Product
Write

64 bits

Shift right

32 bits

Control test )




(aob) pom

Multiplicand 0000 X
Multiplier 000 )

: i 0000 Yo X 20
Partial 0000 y, X 21
products < 5

: : 0000 Yo X 2
bit-matrix 2
. 0000 Yq X 23

Product 0000000 y4

20D = (20 +y,x 28 271 with z% =0 and z¥ =z
|— add —|
|— shift right —|

FounlS csjloso



1. Test
MultiplierD

Multiplier0 = 1 Multiplierd = 0

L J

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

Y Y

2. Shift the Multiplicand register left 1 bit

Y
3. Shift the Multiplier register right 1 bit

FounlS csjloso

po ))J0) oy m—

-
Multipicand
Shift left
—I &4 bits
—
R
) Multipliar
E4-bit ALU Shift right

A2 bits




s 0Cs jnally o po=—

Multiplicand

32 bits
1 ~ 1 9= 0N CSpe Syppo 0o S g 2e2

32-bit ALU

Product Shift nght Control
Write test
64 bits

N - .7 . B = - & =
M0 Ew@ CSylho Cpizr AZ0 (0 o Mot Slar) Crppo o

From adder
Cout Sum P
| , |
Partial product Multiplier
J{k—1 i
: e
v
To adder Y

FounlS csjloso



0110 =6
multiplicand

| ]
%\It/ﬁu// shift .

right
| product W

multiplier

00po 010D =5

PuolS cs)jloxo

add 0110 0101

0011— 0010 %‘L
add 001 1 0010 %}gf
0001~ 1000 oy
add 0111 100 1 T
0011— 1100) % l>
add 001 1 1100 )
0001— 1110 =30 .

Mary Jane Irwin ( www.cse.psu.edu/~mji )
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20 cslasaiSe po=—

Mpliar31 » Mcand Mplier30 = Meand Mpllarﬂa Mecand Mpllarza Meand Mplior3 = Mcand  Mplier2 = Mcand Mpliar1 = Mcand  Mpliar0 = Mcand

,.1 ll l.r

1 bit = 1 bit— 000 1bit=+ 1 bit=+
N
32 bits
Products3 Product&2 e Product47..16 .. Productl Product(

LG )G oGl b Typo o
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(an)d)) = cslaesiiSe po=—

0000000000000000 <«
0000000000000000 <«
0000000000000 00 0«
0000000000000 0 0 0 <
0000000000000 0 0 0«
0000000000000 0 0 0«
0000000000000 0 0 0«
0000000000000 0 0 0<

00 0000000000000 0«
0000000000000 0 0 0«
0000000000000 00 0«
0000000000000 0 0 0«
0000000 0«
00000 0«

o0 e
o0 0o
e oo
o0 0o
o0 0o
o0 0o
00
[

[

[

[

[ ]

%

artial products
Pl cs)mgﬂ P

X Jaidninw

David Harris
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csla))) csaadiS po=—

Y3 y2 Y1 Yo
/
7 _
Xo (
|
1
|
X1 }I/
| CSA
I Array
I
X2 |
|
|
I
X3 f
)
/
p _
( ( ( X =
_[ Y S I N R 5 R CPA -
I N\ J J J ¥ — /"{.{'\
[ | | | VAL
p7 Ps Ps Pa Ps P2 ¥ Po IR
Ay
AB  ———— A BF
Sin A Cin critical path A B A B €I
vy I's
B > Sin
— Cout Cin = Cout Cin
v Cout Cin Sout
Cout Sout s Sout
out
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500
b)) csla))) cs
(...an

>

Po

P

P2

Yo

Y4

Y,

Y3

Py

Ps

Pe

P7

lo

JuolS cs)jloxo
PG



(.an))) cslal)) cslassiS pom—

X3 O X2 O X1 O XO 0
o[ hos o] lon ]
MA MA MA MA

0
A\ 4 \ 4 \ \
MA MA MA MA

0
A A
MA MA MA MA

0
A 4 A A v A A
MA MA MA MA

0
N A
FA ¢ FA [€ FA [¢ HA
Z7 Zg Zs5

FounlS csjloso

Yo

Y1

Yo

Y3

Z

Z3

Z4

~

Our original
dot-notation
representing
multiplication

Straightened
dots to depict
array multiplier
to the left

Csholl Csodidiu




)90 b csamwlan j)ao=—
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(20)90 chaws) ez e o ) ki j) ¢ JUn=—

NN/

AN




Lo ol (ST jiZu g b opmiis 0 sz i P

po csaly) L m—

FA with
AND gate
and latches

(for a,,

intermediate
sum and

carry)




. .o >
Booth « o ol jgSJ)=—

0 : 0 / / / / / : 0 0
+1 -1
+1 -1
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CO T DT 0 0 1671 0
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MIPS )5  pom—

DD (ANUBAY N (51 (3N 9394w ObS s
s

— HI: most-significant 32 bits

— LO: least-significant 32-bits

Olygws —
emult rs, rt / multu rs, rt
OPs Oblac plail

o
i rd /- mflo rd
o)gbie sip slecld @ HI/LO (slgias JGED) o g
emul rd, rs, rt ; *‘B-

rd @ gbj)les crams JGET o :

19
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(Csn ) )
QUOtient 1. Subtract the Divisor register from the
Remainder register and place the
dividend result in the Remainder register
o 1001 l
]OOO )1001010 Flemainder;-ﬂ Remainder < 0
—— 7 -1000 .
divisor Y Y
10 2a. Shift the Quotient register 1o the left, | | 2b. Restore the original value by adding
_ setting the new nghtrmost bit to 1 the Divisor register to the Remainder
e (09— 101 register and placing the sum in the
- Remainder register. Also shift the
Quotient register to the left, setting the
1010 nawluulsrlgrﬁmﬂhhuu
-1000 1
remainder ’ IG r on
- 3. Shift the Divisor register right 1 bit ey

) Coao O _:,,,"'_' ' ’I' =

AaN4ZA

MNo: < 33 repetitions ’ r%j?‘:?

33rd repetition? )

Yas: 33 repetitions

Dividend=Quotient X Divisor + Reminder
FouolS csjloso




AP odlecop o Lo p

N co Cspav
== 5
P i ad
—_—
Divisor
Shift right |-
l 64 bits
l -—
\/ Cuotient
32 bits
Remainder Control ™
Write test
64 bits

FounlS csjloso



Divisor

J, lsz bits
N
32-bit ALU

Y -

Shift right |- /
Remainder Shift left |- ( Control
Write |- test

64 bits

s cpo flocvouc |
BopolS csjloso



(W) —al) SouolS csjlosn see
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0110 =6
multiplicand

| ]
%\It/ﬁu// shift .

right
| product W

multiplier

00po 010D =5

PuolS cs)jloxo

add 0110 0101

0011— 0010 %‘L
add 001 1 0010 %}gf
0001~ 1000 oy
add 0111 100 1 T
0011— 1100) % l>
add 001 1 1100 )
0001— 1110 =30 .

Mary Jane Irwin ( www.cse.psu.edu/~mji )
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Carry save adder=—

S .
This bit i Q00000 Carysave Carry-save : : : : : : Two
being! 'O O OO OO, input addition carry-save

represents ~------------- ’ 000000 inputs
oerflow © 00 0 O® O Binary input 000000

(ignogeit) - ______ \

0900000
\ E 0000090 ECarry-save ‘oo & e oL Cary-save
‘_0_ _Q_!_?__Q_ _9 ) output 000000 addition
0900000
‘deeee 0 @
a. Carry-save addition. b. Adding two carry-save num bers,?‘ﬁ“}
.-:'?'_:Ej-;%'1—u

5%
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Carry save adder=—

o

¥

o o/

Iy:

/3

/

/
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(anbo)) g cslaoriiSpom—

0000 <X 1
@e0o v

Q00O O®® 0 x 2x or3x
000000

Product 00000000 V4

Multiplicand
Multiplier

All parEai products Several part|al products

[T T

Small tree of

Large tree of carry-save

adders depth !

) — \_rl
- ™ Log-

row CS oty Adder | depth Adder

Product Product
(a) Full-tree multiplier (b) Partial-tree multiplier
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(.an))) cslal)) cslassiS pom—

X3 0 X2 0 X1 0 XO 0
0 l 0 l 0 l 0 l 0000
y 0000
MA MA MA ma | 7 o660
0 (XX X J
00000000
A\ 4 \ 4 N A ZO
MA VA VA VA Y1 Our original
dot-notation
0 representing
Y Y y 2 multiplication
MA MA MA MA | 72
0 XXX
v 2 v v 7 0000
y3 “? o000
MA MA MA MA o000 O
0 XXX 2
) ) ) Z3 Straightened
FA FA FA HA dots to depict
array multiplier
to the left
Z7 Zg Zg Zy

m C St Csakidc o
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po csaly) L m—

FA with
AND gate
and latches

(for a,,

intermediate
sum and

carry)
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(..an)3)) Booth o b jgS))=—

x; | T;_1 || Operation Comments Yi
0 0 shift only string of zeros 0
1 1 shift only string of ones 0
1 0 subtract and shift | beginning of a string of ones | 1
0 1 add and shift end of a string of ones 1

Copyright Koren 2008

-6 x 6 (1010 x 0110)= -36

1111 1010 x 0 0000 0000
1111 0100 X —1 0000 1100
1110 1000 x 0 0000 0000
1101 0000 X +1 1101 0000
Final Sum: 1101 1100 (-36)

FounlS csjloso



(..an)3)) Booth o b jgS))=—

-6 x-2 =12
1010 x 1110
1111 1010 x 0 0000 0000
1111 0100 X —1 0000 1100
1110 1000 x 0 0000 0000
1101 0000 x 0 0000 0000
Final Sum: 0000 1100 (12)

PuolS cs)jloxo
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MIPS )5  pom—

DD (ANUBAY N (51 (3N 9394w ObS s
s

— HI: most-significant 32 bits

— LO: least-significant 32-bits

Olygws —
emult rs, rt / multu rs, rt
OPs Oblac plail

T
emfthi rd / mflo rd ﬁ@
2)9Bis s slasld @ HI/LO ¢slgias JED) « k5
emul rd, rs, rt g *‘B'

rd a gbj)les cemd JEB) @ :

)

FounlS csjloso



(Csn ) )
QUOtient 1. Subtract the Divisor register from the
Remainder register and place the
dividend result in the Remainder register
o 1001 l
]OOO )1001010 Flemainder;-ﬂ Remainder < 0
—— 7 -1000 .
divisor Y Y
10 2a. Shift the Quotient register 1o the left, | | 2b. Restore the original value by adding
_ setting the new nghtrmost bit to 1 the Divisor register to the Remainder
e (09— 101 register and placing the sum in the
- Remainder register. Also shift the
Quotient register to the left, setting the
1010 nawluulsrlgrﬁmﬂhhuu
-1000 1
remainder ’ IG r on
- 3. Shift the Divisor register right 1 bit ey

) Coao O _:,,,"'_' ' ’I' =

AaN4ZA

MNo: < 33 repetitions ’ r%j?‘:?

33rd repetition? )

Yas: 33 repetitions

Dividend=Quotient X Divisor + Reminder
FouolS csjloso




AP odlecop o Lo p

N co Cspav
== 5
P i ad
—_—
Divisor
Shift right |-
l 64 bits
l -—
\/ Cuotient
32 bits
Remainder Control ™
Write test
64 bits
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Divisor

J, lsz bits
N
32-bit ALU

Y -

Shift right |- /
Remainder Shift left |- ( Control
Write |- test

64 bits

s cpo flocvouc |
BopolS csjloso



20 A sy =—

S elall s)lgs Oy @ 1) eawds Hlgiged °
30,0 Elodl boyis C)g0 @ (Ga)dd —

as)s yo )3 SRT siils Paapw slaels)gd))
3350 303 Craud 2)la Gy OIsis

30,0 elail Oglais slaels )s iyl oo b —

nal's
L
|
i) W
s
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MIPS ;5 o =—

ostatwl LO g g HI slacl3 i) eoundd (sansds (sl °
R,
— HI: 32-bit remainder
— LO: 32-bit quotient
Oyl —
—div rs, rt / divu rs, rt
o (3 5)0ley Cg0 @ 300 80 ) B3 Qi = T
-3)3 ax(alw] 13y Syl 1 O30 2303 @ wyws Slp — rﬁm

- mfhi, mflo

FounlS csjloso



J9UD Juos =—

) Sy Jouw slac) g (s)line) slac) giolal sy °
S0 (-0 03(aTw) HoLUKD s (530 eI
— WA EC109P¢ 0
— P, VIAPA

— 00000000) = o,Ix |09

Copyright 2004 Koren

IBM/370 DEC/VAX Cyber 70
Word length (double) 32 (64) bits 32 (64) bits 60 bits
Significand+{hidden bit} 24 (56) bits 23+ 1 (65 + 1) bits 48 bits ﬂ
Exponent 7 bits 8 bits 11 bits N
Bias 64 128 1024
Base 16 2 2
Range of M = <M<1 <M<l 1< M <2
Representation of M Signed-magnitude Signed-magnitude |One’s complement
Approximate range 163 ~ 7.107° 2127 ~1.9. 1038 RS R
Approximate resolution [272% =~ 10=7 (10=17)|272* ~ 10=7 (107 17)| 274 ~ 10~

Pl cs lawe El cbo Jigb Jt6 Cogd s €9 s psdliel sl g rpoy CS



(...caw)5)) Ul juos =—o

A0 sybs [EEE Std 754 5)1s3Guw) 19A0 Jw ys
o gilad (sly aid) )5 ay slaogad (31)Slg 3)lsilw) o)
Sl g5 1y joliuk

A3 Jas LB (ale s0l@s (5l o3k albg slaasby LaIydossy —
230,06 0313 LIS gD g3 @ slac] 3)1s3Bw) ) Gub

* single
* double
single: 8 bits single: 23 bits ﬁf
double: 11 bits double: 52 bits JAOR
S| Exponent Fraction

x = (—1)° x (1+ Fraction)x 2(®®enen-ies)

Single: Bias = 127; Double: Bias = 1023



(...caw)5)) Ul juos =—o

A0 sybs [EEE Std 754 5)1s3Guw) 19A0 Jw ys
o gilad (sly aid) )5 ay slaogad (31)Slg 3)lsilw) o)
Sl g5 1y joliuk

A3 Jas LB (ale s0l@s (5l o3k albg slaasby LaIydossy —
230,06 0313 LIS gD g3 @ slac] 3)1s3Bw) ) Gub

* single
* double
single: 8 bits single: 23 bits ﬁf
double: 11 bits double: 52 bits JAOR
S| Exponent Fraction

x = (—1)° x (1+ Fraction)x 2(®®enen-ies)

Single: Bias = 127; Double: Bias = 1023



Denormal Numbers Jaial 5)sc)m—

Exponent = 000...0 = hidden bit is O

x = (—1)° x(0 +Fraction)x 2>

onalad 133 1) (533005 slac) plgIe L) oIne
Sl

:0303 )1)3 )0 plp ) S G4y a5 (3)g0 )s

X =(=1)°>x(0+0)x27°% =+0.0

b @alp 0 Cslp Ot p culp Cauk 2



Infinities and NaNs

colges 9 oclm—

 Exponent =111...1, Fraction = 000...0

— F00
Ol ax3@xw! Jad 1 (say Obuwlas )y —
 Exponent =111...1, Fraction # 000...0
(Not-a-Number (NaN)) sscl —
AL 6 )b Sbwlas Y50k —
ly sa Obunlas ) o3BT G 15 slac) ool — ﬂﬁ&

o
3 -:'E" RS
A3l =8
W

Single precision Double precision Object represented 3
ponent Fractio Exponent Fraction b

0 0 0] 0 0]

0] Nonzero 0 Nonzero + denormalized number

1-254 Anything 1-2046 Anything * floating-point number

2bb 0 2047 0 * infinity
255 Nonzero 2047 Nonzero NaN (Not a Number)




(W11 —ol) SyuolS cslozo ees
2oL csanla

oo &%
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J9UD Juos =—

) Sy Jouw slac) g (s)line) slac) giolal sy °
S0 (-0 03(aTw) HoLUKD s (530 eI
— WA EC109P¢ 0
— P, VIAPA

— 00000000) = o,Ix |09

Copyright 2004 Koren

IBM/370 DEC/VAX Cyber 70
Word length (double) 32 (64) bits 32 (64) bits 60 bits
Significand+{hidden bit} 24 (56) bits 23+ 1 (65 + 1) bits 48 bits ﬂ
Exponent 7 bits 8 bits 11 bits N
Bias 64 128 1024
Base 16 2 2
Range of M = <M<1 <M<l 1< M <2
Representation of M Signed-magnitude Signed-magnitude |One’s complement
Approximate range 163 ~ 7.107° 2127 ~1.9. 1038 RS R
Approximate resolution [272% =~ 10=7 (10=17)|272* ~ 10=7 (107 17)| 274 ~ 10~

Pl cs lawe El cbo Jigb Jt6 Cogd s €9 s psdliel sl g rpoy CS



Exponential Notation=—

Aibl,o 1234

123,400.0 : x 102
12,340.0 x 10-!

1,234.0 x 100 |
123.4 x 10!
12.34 % 10°
1.234 x 103

0.1234 x 10*

s glald P slac) plal °

.).g‘\'(,.o CU W 3C <5.3J

- olals § 0193 Olohas e b gl
SR S9lale slagilal o |15




(...caw)5)) Ul juos =—o

A0 sybs [EEE Std 754 5)1s3Guw) 19A0 Jw ys
o gilad (sly aid) )5 ay slaogad (31)Slg 3)lsilw) o)
Sl g5 1y joliuk

A3 Jas LB (ale s0l@s (5l o3k albg slaasby LaIydossy —
230,06 0313 LIS gD g3 @ slac] 3)1s3Bw) ) Gub

* single
* double
single: 8 bits single: 23 bits ﬁf
double: 11 bits double: 52 bits JAOR
S| Exponent Fraction

x = (—1)° x (1+ Fraction)x 2(®®enen-ies)

Single: Bias = 127; Double: Bias = 1023



Single Precision Format=—

32 bits

¢ Mantissa (23 bits)

¢ Exponent (8 bits)

»
>

Sign of mantissa (1 bit)

Value = (—I)S 1.F x 257147




Denormal Numbers Jaial 5)sc)m—

Exponent = 000...0 = hidden bit is O

x = (—1)° x(0 +Fraction)x 2>

onalad 133 1) (533005 slac) plgIe L) oIne
Sl

:0303 )1)3 )0 plp ) S G4y a5 (3)g0 )s

X =(=1)°>x(0+0)x27°% =+0.0

b alp 0 Cslhp e p cup Cam ‘



Infinities and NaNs

colges 9 oclm—

 Exponent =111...1, Fraction = 000...0

— F00
Ol ax3@xw! Jad 1 (say Obuwlas )y —
 Exponent =111...1, Fraction # 000...0
(Not-a-Number (NaN)) sscl —
AL 6 )b Sbwlas Y50k —
ly sa Obunlas ) o3BT G 15 slac) ool — ﬂﬁ&

o
3 -:'E" RS
A3l =8
W

Single precision Double precision Object represented 3
ponent Fractio Exponent Fraction b

0 0 0] 0 0]

0] Nonzero 0 Nonzero + denormalized number

1-254 Anything 1-2046 Anything * floating-point number

2bb 0 2047 0 * infinity
255 Nonzero 2047 Nonzero NaN (Not a Number)




ol polio el =—

+0) + (+0) = (+0) — (-0) = +0
+0) x (+5) = +0
0)/(-5)=-0

+OO) (+oo) = 4+

-+

(
(
(
(

X — (+oo) = —0

(+0) x X = *oo, depending on the sign of x

x/ (+0) = +0, depending on the signof x =

Wty




03130 (sbas )> YoUub jaas sac Ay gilsd *

2P cslisn o cywlom—

Ol Joacs
0 10000011 01000000000000G00000000
4 |11 A|0[O0[O0[O0| O
110000010 11110110000000000000000, =%
| ;
1 = negative -
0 = positive q




230 ¢,-0 350 33 W yais as (Sbuwlas °

(+0) / (x0) = NaN

(+o0) + (—o0) = NaN
(£0) x (o) = NaN
(£o0) / (+o0) = NaN

(aan@s ¢ Obuwlas ys 33cl

NaN + x = NaN
NaN + NaN = NaN
NaN x 0 = NaN
NaN x NaN = NaN

NaN < 2 - false

NaN = Nan - false
NaN # (+w0) - true
NaN = NaN - true

Ly Uiy ) m—

..........

e
GOy
b ‘-J'..' 4 K ANk '.'I"-'- i

ey L
P AR LA
P i
Aol }5
P
Y




U o o ass)s Q}S)JSJP-—

Short (32-bit) format
{ | |
_i18bits, | 23 bits for fractional part L
7 ibias =127} (plus hidden 1ininteger part) ~>~.__
L 112610127,
iSignE :E::;nent \‘\ Significand b \\\\ iO, iOO, NaN
‘. Ibias=1023, \ its for fracti \
~ I—1aoszzto1023; ?;iut:tiigenam?stle%aer:pan) 5 1f X 2e
t | |
Long (64-bit) format
(s slac) Cuis slac)
_ 0 max-— FLP- min—- *£0) min* FLP+ max+ 400 o
-4 L - g
| Lty LLLLLL Hll | L Lol |
| |II| T II | TTTTTI |II| |
Yol es Yy @Sy Hiy @S5)3 peS @51y
(5030200 (5030300
R 12)0)8 (5030388 SHIUY
a5 12)9)8 )1 slaig.ed e Dy 1w )l Sladg.ed

ylows 50)0 )

)l (50)0 )




| | | | | | | >
00.0 00.1 01.0 01.1 10.0 10.1 11.0 11.1 * TTU?’LC(ZE)

Round-to- 4
nearest(z)

100. | _
011. ,—, i

010. |

001. |

000. | R

I R R R T R R Round-to-nearest(z)
00.0 00.1 01.0 011 10.0 10.1 11.0 11.1 X

X
X + 1
X + 1

Copyright 2004 Koren



29) oo GBS &) 1S SS=—

Number | Round(x) Number
X0.00 XO0. X1.00
X0.01 X0. X1.01
X0.10 XO0. X1.10
X0.11 X1. X1.11




IEEE754 5))30Uw) o cioS oS cslagui =—

Operation| FError
+ 0 0
+ 0 —0.25 ulp
+ 0 —0.50 ulp
+0.5 ulp | +0.25 ulp
+ 0 0
+ 0 —0.25 ulp
+0.5 ulp | +0.50 ulp + 0
+0.5 ulp | +0.25 ulp + 0

Total 0 +0

Operation
+ 0
+1 ulp
+1 ulp
+1 ulp
+ 0

R
0
0
1
1
0
0
1
1

_ O, O,k O~ OoOln

_H_ OO F~OOoOlXT
—_ O = O~ O~ OoOln

(a) Round-to-nearest-even scheme (c) Round-to-plus-infinity scheme

w2

Operation

Operation

Error

+0
+ 0
+0
+ 0

0
—0.25 ulp
—0.50 ulp
—0.75 ulp

Total

—0.375 ulp

(b) Round-to-zero scheme

Copyright 2004 Koren

—_ O = O = O = O

+ 0
+1 ulp
+1 ulp
+1 ulp

+ 0

+ 0

+ 0

+ 0

(d) Round-to-minus-infinity scheme
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0o H)Isbo P8I °
— Exponent: 00000001
— actual exponent=1-127 =-126

— Fraction: 000...00 = significand = 1.0
—+1.0 x 27126 =~ +1.2 x 1038
0300 )Ishs (RIPS)
—exponent: 11111110
—> actual exponent = 254 — 127 = +127

— Fraction: 111...11 = significand = 2.0
—4+2.0 x 2t127 =43 4 x 10*38

Sublo L)

S{ONORT
=1, .L_ g

e,
[ ",;_‘_3‘“':'1','“_;""
riil"p:%"'- '-°~'-$II
Rt




icbian <8 L cwled bl csargsan=—m

038 Ysdos 33005 °
— Exponent: 00000000001
— actual exponent = 1 — 1023 = -1022
— Fraction: 000...00 = significand = 1.0
— 1.0 x 271022 = £2 2 x 10308

0360 )1sBs (PGS °

— Exponent: 11111111110

— actual exponent = 2046 — 1023 = +1023 2
— Fraction: 111...11 = significand = 2.0 |
— +2.0 x 271023 = +1.8 x 10+308

Sublo L)
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— Single: approx 223
* Equivalent to 23 x log,;2 =23 x 0.3 =6

O3B Jle) @38) Jubd L Pl °

— Double: approx 252
* Equivalent to 52 x log,,2 =52 x 0.3 = 16

OB Ylnel @8) 231300 b Pl °

........

Sublo L)



IEEE 754 ;i juow 5)xc) < batin=—

Feature Single/Short Double/Long
Word width in bits 32 64
Significand in bits 23 + 1 hidden 52 + 1 hidden
Significand range [1, 2 — 2-29] [1, 2 — 2757
Exponent bits 8 11
Exponent bias 127 1023
Zero (£0) e+bias=0,f=0 e+bias=0,f=0
Denormal e+bias=0,f#£0 e+bias=0,f#0
represents +£0.f x 2-126 represents £0.f x 2-1022
Infinity (o) e + bias =255,f=0 e + bias =2047,f=0 &
Not-a-number (NaN) | e + bias = 255, f#0 e +bias =2047,f#0 | A,
Ordinary number e + bias € [1, 254] e + bias € [1, 2046] \“T;%j"
e € [-126, 127] e € [-1022, 1023] T
represents 1.f x 2¢ represents 1.f x 2¢ el
min 2-126 ~ 1.2 x 10-38 2-1022 = 2 2 x 10308 | b
max ~ 2128~ 3.4 x 1038 ~ 21024 ~ 1 8 x 10308 -




Start

,, J9ULD AR JD =02 =—

1. Compare the exponents of the two numbers;
shift the smaller number to the right until its

exponent would match the larger exponent . @ -) )' S L‘A U‘ | U\ i_) \) LQU\QS \).S.?\ . 1

2. Add Iha:ighificands Q )3(5995 3 m b )(5 U'l‘ —

> °39:“(r° @ng\ Cu‘“\)

Y

3. Normalize the sum, either shifting right and Mgﬁ)(’_‘) EAA (0Y) L) (S)L\-n_C\ )_2)(_(-)_4) 2

incrementing the exponent or shifting left

and decrementing the exponent Q .)-).))n) Egég Q.bﬁ) )[ . . ) d_D(A .3
SUDG0 ()1 1)9)S

S0W¢,8 33 Jols 4
( Excemrun ) (,_D))).) \AC L))‘)-) )‘ A ) g) \)3 Q D °
4. Round the sﬁr{il‘:;e:n; ::: t:m appropriate .) gm (,.A

l

Still normalized?

Overflow or ™. _Yes

underflow?

Mo




JUd juo @2 Jjo)

Sign | Exponent Fraction Sign | Exponent Fraction
L L |
N Cao re
\B{ill ALU pe
exponents
Y
Exponent
difference
rry Yy Y
o1 )= - O ~C D
L
' Y
Shift smallar
Control #=| Shift right number right
14 Y
S
Big ALU Add
Y
—_ 0 1
_ | Increment or [ y .
| decrement Shitt baft or right Nomalize
1_+
* Rounding hardware Round

b

r

Sign | Exponent

Fraction

J

J \

- A




Y
1. Add the biased exponents of the two
numbers, subtracting the bias from the sum
to get the new biased exponent

.r 3,0 gos oo b laplgs .1

2. Multiply the significands

JIUD AR i =

- oo ) lasignificand .2

Y

- - e L] - L
3. Normalize the product if necessary, shifting : ) ( ) ) ) o
it right and incramenting the exponeant ° ) ("‘6 =

l 19)3 § o3 Jlaigy slacl .3
— 306 (38 13)9)8 b
) (o) )3 § Mg 333 shacl 4

number of bits )(A.\.GJ ARVAWL )Lé.) D)Q.)D
| SIQW (-0

No

Still normalized? .)().ﬁ)(,.b . i\ —l \\C ..! n-c

5. Sat the sign of the product to positive if the

signs of the original operands are the same,
if they differ make the sign negative

Y

I: Done )
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W 333 9 S)lwuwgS@s (@1BT (IS ¢ §I)EI
Ao3(,0 oladl |y axnw
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JoULD juow 32 )gm—

LocO Loc4 Loc 8
4 B / location

Memory

m <232

up to 2 30words

Loc Loc
m-8 m-4

EIU 50| Execution FPU-~ " [ g0 | Fidating-
(Main proc.)| g1 | & integer (Coproc. 1) [ g1 | point unit
$2 unit / $2 \
\
I I | :'
ol Integer \\‘ FP 531 /
AA N 7/
ALU I mul/div “arith | 7 et
!
Hi Lo
— T™MU Badvaddl Trap &
(Coproc. 0) [ status | mMemory
Cause unit
EPC

Coprocesspr 1




MIPS 55 9 jusw cslac los))jgims =—0o

)9l Jras Cilalac sl ASlas O ¢ g (w
:3)1> 3980
— $f0, $f1, ... $f31
W 03 o) Lhcbos 8y i) aslatw) Gy )s —
233195, Y118 a3a3w] 3)g.0 (20 93 )0

« $f0/3f1, $f2/$f3
)1 3 Ylga 9 Cuoib 03 9396w MIPS P (saiums —

:'él?-
oo SOl (59) B i )qu o u\)w> - 4B




(.anl)) MIPS 5 j9lid junw cslac o)) jgiwy =—oy

O3ngd § O3lgd Olygiws
- lwcl, 1dcl, swcl, sdcl
e 1dcl $f8, 32($sp)
(0828 08y b Obuwlas ©

e add.s, sub.s, mul.s, div.s
-add.s $f0, $f1, $f6

cacbis @8y b Sbuwlas o B

. add.d, sub.d, mul.d, div.d e

—eg.,mul.d $f4, $f4, $f6 "




(.anl)) MIPS 5 j9lid junw cslac o)) jgiwy =—oy
awsds Ol °
-C.XX.S,c.xx.d (xxis eq, 1t, le, ...)

— Sets or clears FP condition-code bit
eg.c.lt.s $f3, $f4

OBy Olygians

- bclt, bclf
* e.g., bclt TargetLabel v

MOB

ey
Ed
L. ‘J..
=)




Copy

Arithmetic <

Conversions:

J9Ud oo <Jjgilns j) cslanwdd =—

Instruction

Usage

Move s/d registers

mov.* fd, fs

Memory access{

Control transfer{

Move fm coprocessor 1 mfcl rt,rd
Move to coprocessor 1 mtcl rd,rt
Add single/double add.* fd, fs, ft
Subtract single/double sub.* fd,fs, ft
Multiply single/double mul.* fd,fs,ft
Divide single/double div.* fd,fs, ft
Negate single/double neg.* fd,fs
Compare equal s/d c.eq.* fs,ft
Compare less s/d c.lt.* fs,ft
Compare less or eq s/d c.le.* fs,ft
Convert integer to single cvt.s.w fd, fs
Convert integer to double cvt.d.w fd, fs
Convert single to double cvt.d.s fd,fs
Convert double to single cvt.s.d fd, fs
Convert single to integer cvt.w.s fd, fs
Convert double to integer cvt.w.d fd, fs
Load word coprocessor 1 | lwcl £ft,imm(rs)
Store word coprocessor 1 swcl ft,imm(rs)
Branch coproc 1 true bclt L
Branch coproc 1 false bclf L




g @ ol cbal JUn=—

Cobyawss e

float f2c (float fahr) {
return ((5.0/9.0)*(fahr - 32.0));

}

f2c: lwcl $f16, const5(5gp)
lwc2 $f18, const9($gp)
div.s $f16, $f16, $f18

lwcl $f18, const32(Sgp)
sub.s $f18, $f12, $f18
mul.s $fO, $f16, $f18
ir Sra
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' d
' Problems

Algorithms

' Language (Program) Programmable
Machine (ISA) Architecture  Computer Specific
Micro-architecture Manufacturer Specific

1 'ﬁ;\*
L
1 1 x:t:l-3::‘--{}-»';'-,L J.I:}l%;
Circuits 2=

Devices g ‘-'b

Partially from BRIGHAM YOUNG UNIVERSITY
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Performance = 1 / Execution time simplified to 1/ CPU execution time

CPU execution time = Instructions x CPI / (Clock rate)

Performance = Clock rate / ( Instructions x CPl)

ORD 1) 3)lg bawgd aslby Ay ()6 *
23300 (0
— Instruction count
— CPIl and Cycle time
Cunid 3)0.8 (59) 13 Y1350 3)lg0 ISA g Ylials —
238)5 ) )3 (w)) 3108 O HlUBy a5 s33gy
W Jouw slael CPU iy asid ¢,al)b jlislcrim —
A58 podlie 1) JSuw Job g )eTws o (sl

.........




(cean)o)) JUES ¢y =—
) o3 (S)lwastn (s)lwaslyy Gy gudy o3l )s
Joly a5 s aslgd A1)l MIPS slaasiylsp
D0 1) Ol)gIws

— Memory reference: 1w, sw

— Arithmetic/logical: add, sub, and, or, sl1t

— Control transfer: beq, j

op rs rt rd shamt funct

6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
op rs rt constant or address
6 bits 5 bits 5 bits 16 bits

p

6 bits 26 bits
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0,0 a5 35,0 o)) Absls i) slwla guysl @ PC »
30,8 (1519 )93)s )oTws .3gb Iyl BSETGS
W 33gidg,0 03l lasiglac (Jacll)giws €65 @ almy
30,0 033194 MBI 3)0.8 (SlaCLS slgias JUs plgic
Jacdl)plws €3 @ Ay °
35,0 )1)B as(aTw] 3)g.6 1) dlasl sl ALU —

O buwlos (sanaild os)gT Cawsy @ °

Gty OloTws )3 53 )giws gupsT 9391 Cuws @y ¢ E{g
Adla )y O3/ 33led — _
PC js 53 joiams gw)st osls ))yd — ¥ "‘S




CPU j) 5 colojm—

v C,c//)/b,w/u @ ez
g/ o)(zcx//(_,@/&ié//ﬂ@

PC

Address Instruction

Instruction
memory

Data

Register #
Registers

Register #
Register # (

Address

Data
memory

Data




control signal

s >3J9-—
Ielb) Jaln a5 osly sla B3 BUA ) )15 (slo 63w

(2))81C3am Culad (sl 3135 B b)) 3)g.8 00 a5 silwa

S50 )1hS a3aTw 3)g.0

g ——

Add

-

G,

~|Add

Address Instruction

Instruction
memory

—
[ =

[ .

Data

Register #
Registers
Register #

Register # Regwrite

— Branch
=
M
L| -
A o]
N
ALU operation
> |
MemWrite
>ALU | Address
M
" Zero Data
o x memory
= Data
MemRead

'|
—'*I Control |

/T =

f

\_/
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3,0 35 ;2030 )0 @ (Slaosls °
0,0 o3BT euw B (o Sl e

A e Auws A3 )1 (3 3ia sladsls sl °

0,0 o3BT (3,8 53380 8(5)25

13,0 EMLBT Alws gy @ la)lss

b oy

3 sloylss— S0
(233 slo) e
PP sloyss—

AW b
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 Arithmetic/Logic Unit

-Y=3S711:10

10
11

M
u
X

S

—>

Y

B—P

~Y =F(A, B)

........




D —

Write —
Clk —>

Clk

Write

Sy, o3laTw! a @y gulbws el gl jl o

State
element
1

Combinational logic

State
element
2

Clock cycle —

State

" | element

——{ Combinational logic

v
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1135 pus» @ wyls @l ¢4y )s Datapath
L] 2300 Aan)d «osls

sloosls 5083 g JET1 (gojlsy alg o931 )5
doosiisgas ALU Jaliv g cauwl CPU
A0 0 83158(5)35 § Lo dapnsly s

Gk )35 @ MIPS (3lhuwlas salg G aslslys © &
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4
L, pC Read
address U
Instruction —— . ) (o
snlg Ylea 03938l b %}6
- f-:.-. '\J
Instruction ﬁ
memory &
35518




Arithmetic-logical instruction R £¢5 cslajgimo o

rs rt rd shamt funct
6 Dits 5 bits 5 bits 5 bits 5 bits 6 Dits
(5 ALU
\ Read operation
register 1 Read ) QL\
= e
Register 5 |Read data 1
numbers register 2 ZEro -
" > Data >ﬁtLU AL
5 | write Registers U N
*" | register feale
“‘ a2 —
Data { Write J
Data
l RegWrite 214
a. Registers b. ALU

register file
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B sy 9136 Giws B w s b °
23005 QoA 1) ()35 § asly (slaJGSauw

i
Add
i —-
/- RegDst
/ \_Branch
f | MemRead
Instruction [31-26] = | MemtoReg
= ontrol} ALUOE
\ | MemWrita
| ALUSrc
/' RegWrite .
Instruction [25-21] | Raag qy.u.g-ﬁ i
H.Hljeg;'dﬂss registar 1 Read - E‘-":_::'L’{g“:}j;\;,
Instruction [20-16] Read datat " "‘Esﬁ‘-l"ﬁ}' J:".r;,_";f-_»‘
Instrugtion || '[ register 2 hLuZe:n} p-:%_ 335&1‘1
[31-0] write ~ Read (0 AL'T't » Addressﬁdead —(1 < e
Instruction Instruction [15-11] register data 2 M resu ata
memory - u u
Write dod II
dala Registers Write Data
*| data Memory
Instruction [15-0 16 m 32 / \ T
[15-0] | sign-1| = [ aLu -

Instruction [5-0]

) Fw ) |.control.
\-l-/ e




Bl o by 9 g gy m—

op|rs | Address Memory

I
i
Register Q— [ Byte ] Halfword Word

[

oms] B ghdy a3 by yiwas) 030381 b
.).ﬂ(,» Cundy @ Addls )s W) )00 sBld
Cuwl o)) Al L3 @ Al sse 30181 j) gy
0 gB)wS Cuslle Gy

MemWrite
Read
— Address datal "
Data
Write ~ memory
data
MemBRead

b. Sign extension unit

a. Data memory unit
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silga s 1) Lol (slgins °

3950 awslns ©

v ¢(,80)a g ALU i1 aslatw) b —

.\.)(ﬁ(,» Cuny @ 1y vobs un)ﬁ e

33,8 ()5 1)y alasls gwysT Crslle —
M3 (-8 CAMAD A8 Clow @y aalg gy —

PC-relative addressing

op

rs

rt

Address

Memory

35,0 ad0sl PC+4 a |y Juols —

I

FPC

|

Word

@_.

..............
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- _ & . - . &
Crpd fhppli Olpicnoigl
VPl Sl g St

PC +4 from instruction datapath —

Branch
Read ALU operation
Instruction register 1 Read N
Read data 1
register 2 To branch
Write Registers control logic
register Read
Write data 2
data
RegWrite
15 | Signs.
—

extend
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) o3 (S)lwastn (s)lwaslyy Gy gudy o3l )s
Joly a5 s aslgd A1)l MIPS slaasiylsp
D0 1) Ol)gIws

— Memory reference: 1w, sw

— Arithmetic/logical: add, sub, and, or, sl1t

— Control transfer: beq, j

op rs rt rd shamt funct

6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
op rs rt constant or address
6 bits 5 bits 5 bits 16 bits

»

6 bits 26 bits
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B sy 9136 Giws B w s b °
23005 QoA 1) ()35 § asly (slaJGSauw

Add

'
/

instruction [31-26]

=|Cﬂntml

RegDst
\_Branch

| MemRead

| MemtoReg

| ALUOp

| MamWrite

| ALUSrC

/' RegWrite

Instruction [25-21])

Read
address

Instruction [20-16]

Instruction
[31-0]

Instruction

— L.

memory

Instruction [15-1 I_]_

_| Read

Rasad data 1
register 2
Write Read

(0

register data2

Write
dala Registers

Instruction [15-0]

e =s

Zero

ALU ALy

rasult

»| Address data

Instruction [5-0]

7\
|' ALU |
|\control|

\_/

Y

Read

4o Data
Writ
data Memory

1

HxEZ
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Instruction |

.,

Read
register 1

Read
register 2

Read
data 1

Registers p.. 4

Write
register i
Write
data
HegWrite
s | Sign-
~ | extend

ALUSrc

“xe=0

ALU

Zero

ALU
result

ALU operation

MemWrite

32

Address

Write
data

Read
data

Data
memory

MemtoReg

1
M
u
X

0

Y

MemRead




PC

PCSrc

i
NN

Read
address
Instruction

Instruction
memory

Shift
left 2

ALUSr:

Al
fegister 1 Read
Read et 1
register 2
Whits Registers g
e data 2
Wirite
| data
RegWrite
16
St Sign-

M
u
ALU X
>‘“‘d result
4 ALL operation
MemWrite
MemtoReg
Read
Address dala
_| write  Data
| data memory

MemRead




ALU s say=——
(s033)1s)y slo)e3ws j) ;3805 NAYN) aslsl )y
3)5 eanlgd sbwasty ) MIPS

a1y A (D8 JBAY )y o3 ()2 )NSosls aw °
:0235(,0 ad05) pj Olygiws Syl $slp Jyis

* lw, sw

* beq

o arithmatic-logical instruction ja
— add, sub, AND, OR, set on less than e L

o3lw a)b () @ e 1) «J joTws» cslsl )y e
:30)8] @anlod

4y




ALU IS bkt =—

ALU operation
ALU control Function g
0000 AND YLy zeo— |
0001 OR )
0010 add )
0110 subtract ‘
0111 set-on-less-than
1100 NOR
%
;05,0 03wl ALU Jy3iS boba i) calias Cilygiws (slp _@*""7’1
— Load/Store: F = add z;gj;
— Branch: F = subtract : & |
— R-type: F depends on funct field % b




:ALU J)1i5 saly slassgyg ©

ALU s sa)g=—

3)1s ALUOD 00 @ ¢539)9Ca3 g —
R g0 slaJaaygims funct gnay —

opcode ALUOp | Operation funct ALU function ALU control
lw 00 load word XXXXXX | add 0010
SwW 00 store word XXXXXX | add 0010
beq 01 branch equal XXXXXX | subtract 0110
R-type 10 add 100000 add 0010
subtract 100010 subtract 0110
AND 100100 AND 0000
OR 100101 OR 0001
set-on-less-than 101010 set-on-less-than 0111

.............




(anhs) ALU oJjiis salym—

Oely «albuwsis J)3i5 salgy il aslalwl o
300 (o) )5 saly gsib SagS
soly Aoy Jlidl el A3lg3o (5)5 pain
30 J)35
Acln gl Sepn s ) J)55 salg Sepw —
) Auasl eluwauw

A0 aolgs axalw ALU J)3iS salg o o5 ys ¢ 47

SO (sjbwaslyy (5a0Mb 33)3g3 Laids YB3 ay
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ALU s JSIJ9 Csw) cJopgm—
s e P e

load word XXXXXX 0010
SW 00 store word XXXXXX add 0010
Branch equal 01 branch equal XXXXXX subtract 0110
R-type 10 add 100000 add 0010
R-type 10 subtract 100010 subtract 0110
R-type 10 AND 100100 AND 0000
R-type 10 OR 100101 OR 0001
R-type 10 set on less than 101010 set on less than 12 s
ALUCp
¥ AL control block
ALUORD
ALUOp1 :: Operation3
Eq - Operation2
F2 Operation > Operation
F(5-0) 1 2: )
] F1
— Operation0 |
Fo ] H>—1

4

ALU operation




A0 3104 2318 ApB ol J)IES salg caslsl )y
1330, A38)5 Jaall)giws )l a5 (S sla G5y

0 rs rt rd shamt funct

31:26 25:21 20:16 \15:11 10:6 5:0

35 0r43 rs rt \ address

31:26 25:21 20:16 \ \ 15:0

address

15:0
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B sy 9136 Giws B w s b °
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Add

/7 '\J RegDst

/ \ Branch

[ | MemRead

|
Instruction [31-26] e I' MemtoReg
= entrol g
\ | MamWrite
| ALUSrc
/__RegWrite

Instruction [25-21] | geag ATy
register 1 gaaq
Instruction [20-16] Reaq datal - E,r_;&, & ,.,;s%
Instruction | | I_F register 2 Zero p-:%_ : j_‘,-;\ﬂ
(31-0] [T Wite  Read r- ALU | Read -
Instruction | | ||nstruction [15-11]

Read
addrass

-

<
oy
'\.Eé_.

Address —
e data 2 rasult data
memaory

—“xc=
1=

| Write .
dala Registers . Data
Write memory

— data
Instruction [15-0] 15‘- @ Esz "/A LLI\' {

L

Instruction [5-0]

) Fw ) |.control.
\-l-/ 1w
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035 opcode @ asgd b )33 sla B by
S0 (0

Al ALU saasds @ a5 cuwlGiiwl PCSre (gis »
)

Signal
name Effect when deasserted Effect when asserted

RegDst The register destination number for the The register destination number for the Write
Write register comes from the rt field register comes from the rd field (bits 15:11).
(bits 20:186).
RegWrite None. The register on the Write register input is
written with the value on the Write data input.
ALUSrc The second ALU operand comes from the | The second ALU operand is the sign-
second register file output (Read data 2). | extended, lower 16 bits of the instruction.
PCSrc The PC is replaced by the output of the The PC is replaced by the output of the adder
adder that computes the value of PC + 4. | that computes the branch target.
MemRead | None. Data memory contents designated by the
address input are put on the Read data output.
MemWrite | None. Data memory contents designated by the
address input are replaced by the value on
the Write data input.
MemtoReg | The value fed to the register Write data The value fed to the register Write data input
input comes from the ALU. comes from the data memory.
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| Input or output | _ Signalname | Rformat | 1w | sw | beq
Op5

Inputs 0 1 1 0
Op4 0 0 0 0
0p3 0 0 1 0
Op2 0 0 0 1
Op1 0 1 1 0
Op0 0 l 1 0

Outputs RegDst i 0 X X

ALUSrc 0 1 1 0
MemtoReg 0 1 X X
RegWrite if 1 0 0
MemRead 0 1 0 0
MemWrite 0 0 1 0
Branch 0 0 0 1
ALUOp1 1 0 0 0
ALUOpO 0 0 0 1
Inputs
Opb
Opd
Op3
Op2
ovo 1T ]
56bdd [5bb T alo I 564[44
LJ LJ tj Outputs
R-format Iw SW beq RegDst
) ALUSTo
MemtoReg
) RegWrite
MemRead
Mem\Write
Branch
ALUOp1
ALUOpO
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Instruction [25-0] . Jump address [31-0]
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> Add . |+ M M
X X
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address ~
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Instr Instr Register | ALU Memor | Register write | Total
fetch read op y access time
w 200ps | 100 ps 200ps | 200ps | 100 ps 800ps
SW 200ps | 100 ps 200ps | 200ps 700ps
R-format | 200ps | 100 ps 200ps 100 ps 600ps
beq 200ps | 100 ps 200ps 500ps
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Clock |

Time
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Time
allotted Instr 1 Instr 2 Instr 3 Instr 4

CIockJ |

Time , {.1“
needed

3 cycles 5 cycles 3 cycles 4 cycles
Time
allotted Instr 1 Instr 2 Instr 3 Instr 4
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red Inst Reg ALUZero !
Address ALLVOV E
PC : ZReg|| 4
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Cycle 1 Cycle 2 Cycle 3 Cycle 4

Cycle 5

Notes for State 5:

% Oforj or jal, 1forsyscall,
don'’t-care for other instr’s Jump/

@ Oforj, jal, and syscall, Branch
1for jr, 2for branches

# 1forj,jr,jal,andsyscall,
ALUZero (') for beq (bne),
bit 31 of ALUoutfor bltz

For jal, RegDst = 2, RegInSrc =1,
RegWrite = 1

State 0
Inst’'Data = 0

State 5
ALUSrcX =1
ALUSrcY =1
ALUFuUnc =~
JumpAddr =%
PCSrc =@
PCWrite = #

State 6

Inst’'Data = 1
MemWrite =1

State 1 State 2 State 3

w/

Mﬁ?rvv$ﬁg<1211 ALUSrcX = 0 sw ALUSrcX = 1 Iw Inst'Data = 1
ALUSrcX =0 ALUSrcY =3 ALUSrcy =2 MemRead = 1
ALURune = 4 ALUFunC = + ALUFuNC = +

PCSrc =3

PCWrite =

Start Speculative
calculation of
branch address

State 7 State 8

ALUSrcX =1
ALUSrcY =1or 2
ALUFunc = Varies

Note for State 7:
ALUFunc is determined based ALU-
on the op and fn fields type

RegInSrc =1
RegWrite =1
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RegDst=0o0r 1

Branches based
on instruction

State 4

RegDst =0
ReginSrc =0
RegWrite = 1
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— syscalllnst
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unc =+ unc =
rc =3

Note for State 7:
ALUFunc is determined based
on the op and n fields
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MemWrite RegDst
IRWrite RegWrite !
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Single-cycle (T.= 800ps)

Program
execution T 200 400 600 800 1000 1200 1400 1600 1800
order I I I | | I I I I
(in instructions)

w $1, 100($0) | """ (Reg| AU | D22 | Reg

lw $2, 200($0) 800 ps nsiuction| peg| ALy | D@ | Reg

w $3, 300($0) ) 800 ps instruction

. . 800 ps
Pipelined (T.= 200ps)
Program
execution 200 400 600 800 1000 1200 1400
ime T T T T T T T

order

(in instructions)

w $1,100(80) | e [Reg| ALU | %3 |Reg

w $2, 200($0) 200 ps | ™" |reg| AU | D22 Ipeq
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