CODING and INFORMATION J b \ D
We need encodings for data. N }’)QF@ ) ¢ 61\ .
1 2

3 4

* sk U/ e %UE%\'NS. 1

X
oare Q\\ QDU€S+\MS—4MSMCFS 3

‘Q.%u&\\\} 'W{D(VV\G\.+\W? 4

. . P
® W\vv\ V\WW\bﬁY (k VEShons . © Now muoh do 5ou

How many questions must be asked to be certain

where the ball is. (cases: avg, worst, best) je‘{rh 7/)/1,51'}'1 QJ\C/Z\ 70 no ?

° L T—Qaj wGoocl Secies o %ueSJf\kms, i In <‘)3)” ?
a\l'é_ Y\Uml}Qr Q‘F ‘{)UC&\&V\S Y\QQJ€,J (455‘!)[\(\6 eg'ua”} J,{kQL] LOXGS>?

P(Hit 1st) =1/16
:D P( Hit 2nd ) = P( Hit 2nd | Miss 1st )P( Miss 1st) = (1/15)(15/16) =1/16
P(Hit3rd) = (1/14) * P(Miss 2nd and 1st) = (1/14)(14/15)(15/16) =1/16

E(n)=1%1/16) + 25(1/16) + ... + 15*(1/16) + 15(1/16) = (1+2+3+..+15+15)/16 =8 1/2-1/16
® Diﬂ'{e(eh‘\‘ sél o %ues‘\'im?
[\ ) \ U , /]
im Coy o (2,0 T (%), Y in (2,1) o (342)

—> Soch Q reduces space é; l/a_ = ixao’”t, Y 8ue§7"16;n5
:'}N\Gj W\‘FUQW\&\M '\-F Q@(,C\ Q-A sfl\"{’; PdSSiL)XHl.Qs 50-§0
W\Qasure mco com%evﬁ o*g Amswer?

Pmb (ées) = Pro\o (we) = /godd/l(Prob(étefD

\\4 - Logo (3]

= = (hinm, ke +?>

—/@"59\(%@ =im€ medsire = | 4
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y 4

PWOL)(\QQSX = l/l_,L % assume
Pro\i <V1°) = %(1

y<s! KO?} (;):l> = D\\s‘\jB
1ot oy CA) # Ry (D = fgl) =4 b

Q et of here?”
/‘\Vg [ oJL mxmr?

= Pro\o (\3%3-(9\ \o'f\'sB + PrOE(YlOB(I/& b'ljr>
= I/‘_f(l>+3/_f<l/9\>: \+3]/g:/gk‘l+

e
o

Exleeme:  prblye) = fo  Foblne) = Q%o #

0‘\\/3 = 3‘#}(10 L'\%j + (\)[o&(l) = %o Lf{,
0 wits

M WO ﬁ/\)a ’AD P/{: y_]\\ %”7 4 pc)SS'tL]{l\.hU,

(Z pi =i>

Probabl

(a,b,¢,d) o/ preb. (1, 0,02, .3)

Pair |
How *6 QY\CQBQ o %& §O—§O ? %(«@as‘l"}”egdauj L/ﬁdé{



R orC or i

A e¢r C
€.3) = (0.6) = O/\
O/\l O/ \l (4ovc,,cl> b

O C
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Hoffman (ude [msg
TG | @
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57| d
V| b

. E ted (Avg.) bits of
Shannon fecmation = (Seceammeesr ) = | (< fub)

(iwlimm)m — _ o log (0.1) + 04 fog (04) + 02 log (0.2) +o.3\¢5<o.33:|
TN b 4 d

— 0.33 * 0.53 4 0.4p 0.5‘.7_] =139

bk per mess<ie.

How'd we ‘&"?

Avg. #bits sent, | — (O. Q'S A (‘OH\)1 + CO.&)’S + (0,33 2
a

using our code.
b C d

0> + 0.4 + 0.4 + o =119
bitr per mesr<ie.

We are sending more bits than information content, but we are very close.
MIN-Length code ==> MAX compression ==> most info bits in least number of communicated bits.

Suppose n different "messages" to send, n = 2°k.
Maximum entropy => equally likely: Prob( message-i) =(1/n) for any message-i.

Expected information per message is,

Sum[-(1/n)log[ I/mn]] = -n(l/nlog[1I/m]) = -llog[2*-k] = -1(-k) = k bits per message. If we
use a k-bit code for our messages, we will be 100% compressed. (k-bit integers? Are they equally likely?)



Frrgp DetecTion / Correction

"message" could be a bit, a string of bits, a
character, a page of characters, ...

N ' A 7
B
message coded wa bils: 1- bk
" YAl Erroecr
W\ - O
hdt Jefedké'@
ARS \b\'\' it C&A\.V\'zf ) ) Srror
—>
1" o encode Ly 11 —= Channe | > 01— 2&e® detected

Code words: 00 and 11 ---
Code words: 10 and 01 ---

lloll and ll1 n

1-bit errors: odd parity codeword indicates error.

Works for k-bit messages w/ 1 parity bit, but only if 2-bit errors very unlikely (never occur?).

1-bit Error Correction w/ 3-bit code words:

"0" ==> 000
"M ==> 111
001 ==> "0" 011 ==> "1"
010 ==> "0" 101 ==> "1"
100 ==> "0" 110 ==> "1"

1-bit Correction, 2-bit Detection

-- 0odd parity: 1-bit error corrected

-- exactly two 1's: 2-bit error detected

-- otherwise: no error

How many extra bits are needed at
minimum? Depends on noise in channel:
Shannon Noisey Coding Theorem.

Can you think of a scheme like the parity-
bit scheme that uses as few bits as
possible? (See Reed-Solomon codes, for

instance.)

More bits, higher error probability.

o

1
O 000

0
-kt error
1- b*e((o( “00 1- H'error

/\.A/‘\
lom/om e

HOl

lon \n\

0l



ALUJ numbers

Positional notation
for numbers

Valo( dydny -4 8 )

d_i is a "digit", a symbol for a value: value( "d_i")
b is a value, the "base" of the number notation.

There is a rule to find the value, given the symbols.

et 000 —% vwhee & 022+ 02'+02° = 0
gir;]s;gr,];edSbltbmary 00l —> e € g.27+0-2'+]2° = 1
—-- digits = { "0", "1"} o . e .
--- base = 2 i ’_7W1m: lll"' |'3~l"‘ 1.2 = 7
N2
oops, more Sjmé()}),?
Let's do some arithmetic. w/ Carry In:
ADD: ABIS :
o o 1 ICE 6 1 } } ABIS
0011 ) —
t0 +1_ o * -"_'b?:)}%XOR 0 = o01lo( XOR
o 1 010 11 t0 0+l 7 ol
Nearry t 10 10 11 "7F
AMA, * BB B, 2555,

Let's try

SUBTRACTION

AAA, = B.BB. = Db SSS,
‘\pOSSié/Q barrow



All possible 1-bit

But first, let's look at a single column of subtraction !
subtractions

All possible single
columns

b,
+

-8 _ . O [-1O0-1] O -11]0O]I-]

Cborasin) —> 10 [00]0 [~ [ 1]

( borrew 6U+> = A, g/ bl.“

o
7
L

- ek - =000 0O

3-bit, bit-wise NAND

op SR1 sz dR A B
IR XY iA®B |cp [EF | we FormaT 43 42 23 A By Ao By

NANDi ‘ #5 & ¢
S 'ﬂc S, S 5;

oP CRDES
00 wawo 3-bil ALV
Ol ADD (bor C)
|| sue S

(Siwplified :}v\sjfwcjf\'“, “\3 Shows AL °¢$>



It's almost this simple in the LC3.
This is a 3-bit version of LC3 (sort of).

Some sort of function f converts 4-bit
opcode to 2-bit ALU.ctl. In uCoded control,
this function is implemented as control bits
in ROM.

— >
’—’~*‘5$Kl
sk File

'P

DR RQg.

IR| @ -

SR2et  SRlest

= carry/borrow 0\*9\7\_



Uv\sijmal Acrith, Srrocs a-bit numbers

AvrB >7 = ¢ =1 S = (A+8)had 2% 27
A-B <O == b=t S =(A-B)wed 2® 20

<C3-f+Sa-1‘+9.'2'+S_-z°) > = 5,58,

mod )

(L(-—J)Z} + gz'Z:L + S"-Zl + S"Z‘,)‘moé ff = 515' ‘So

b=c=1 =>

We have 8 possible 3-bit patterns (symbols). 3‘” C")@ Uh'llerpfc‘*&-‘-lbh as \Ialw
. i 09 0O 0
Choose an interpretation. oo | 1
g\ 2
ol ) 3
lo o Lr
10 |
e §
(I v
L

NB--We represent the
value using another
encoding: base 10!

~2

What other number values are we interested in?

Are other encodings useful?

Scoled Numbers Sign- ‘“‘J““\' ode
3-bit Code Uh‘}erpré}a“lbh 4s \lalug 3-bif Code Uu‘ferfré*&'k oh 4s \la[ue
090 0 0 0900 +0
09 1 8 09 | +1
gl O 16 Q\'O + L
SRR 14 O | +3
lo o 32, lo o -0
1o | Yo 1o\ -1
V) y g 1y 9 -2
1) 54 1y -3



2's-Complement Encoding:
represent POSTIVE and NEGATIVE

sanity check: 0 - 1?

CodE Vielue m el ,,/7 ﬂ,o,/ij? +0
011 +7 0 0
010 + o
001 + 1 ne ‘ -~ O 0 1
000 0
111 -1 lol 01 (‘13 ,‘ 1 1
110 -2 oo
101 “3 v + 4 = MM""/ Ammj//z,\,{\a\?m%‘gwt’
100 - Y Which value makes sense?
000 -3
111 00) Z-.(+3) & '
P Ctoaun, e W\UU-LJV\g:
010 ’i"—('-?) /k
170 o oR Aegps
= 2ok atips:
o 1)
tof 100 -3 = S7L€J)5
= 2> - 3 = 5 S'rtzlos

n-bi 25 mplement

_X - ZH—X

Smhcj\eck ~(-x) ?

A (93‘— %)

(2 )

— (-0 = Q-

= X
~(-X) = X
l;h Q\f’ cow'lo.

Oy

Ty (- (-3)) m n=3 Qs comp V=nd=g
(-.3)2'5 comp —= 2"-3-8%-3-=>5
- (-3), "5 = §-5 =
( Zscovnf322 Com\o — ) 5 + 3



C_ovwe\;hv\% To w‘@‘} |
2% QCowmp 7 /! 0/ lo/... /e

n -1 -t 4 -1
n-byt A=100.-.0000..0
How do we do this K= - ?("" %“'2.“ %H'l 0 0. 0
simply, in general?

S = S“nq Sh.z_”' S"'j,l O O." O

Notice: The 1st non-zero bit
of x gets copied to S:

N\ m/" borrow = 10

add 1.

1 n 10 subtract bit = - 1
) A= 0T 1000000 St

o -X = - Xn-\ %“_2" ’ %n-j 1 0 0.. 0

Q@ —X) = 7(;_‘ 7(:“-2 o Tn—j 1000 1

. +

Gl = R B 7,0 1 1!
NB--These are the 7 i — To Get 2sComp(x ):
negated bits of x. “ej a.+€ Negate bits,

XK= X K oo 0 XL

n-p o w2 n-j

Produce - x in 2's Complement (regardless of whether x is + or -):
Negate bits (aka 1's Complement), then add 1.
Simple logic: inverter on each bit, carry in to lowest FA set to 1.

==> We can use adder for signed subtraction

Ld’ﬁ 17&3_ )
s Cmp of MUQ' number (@xpresm) e LS c_am@_
~ET— A Ylﬁ}- number i s comp.

A's CO\mq) CLxs%, %\%o> lesit mes. between ost nes.
ORRERT AL, 1111 é;—%i{_ foco _ th
Nip bits, add A FLoTE o 000h Oy Looo <= +1
exTreme I - befuseen Extreme css8€
Case case K oops / ij—x/?

wron}.



K decoder:

Instruction
Each opcode
has its own
1-bit signal.

—— ADD
—— NAND

—— SuB
IR BR

A+ lsCoMp(B)

SUB = O’ Abb
1, SUB

. k— SUB

1, 1$ SUB
0, is M'} SuB

ed., 3-bit (3-1)

A=3 = 01l
=414 = 00|

Qs(omf; (B) =~ 1O +|
=1

3_/5 Cowy)\cwver AH‘H/\. ) OVChClON

000
N
\\ o
101
N 100
x>0,y>0
and x+y <0
Oxxx
Oyyy
1sss

0o |
4
0190
011
x>0,y<0
and x-y <0
215 com,;
Oxxx

-1yyy => 0zzz*

* could be 1000

A~ 401 carries
1011 (A)
+ ||| (-8)
(jb 0 ;JEL
/tpo;\. 2.
00 0
i Qe
y
"o 010
10l
01
y 100 74
x<0,y<0 Xx<0,y>0
and x+y >0 and x-y >0 Q,SCM/D
1 XXX 1 XXX g/
Tyyy - Oyyy => 122z
Osss 0sss

ERROR = Sawe signs in, dff odf



W\oltipl does  Qx : 10 100
¢ < Leftshift? 7o T(‘)g 255
K,_____,\S‘l’ 1
2%=s X+ X —> Xy Xy o %Kloo"-o
¥ %y %, - % 1 00...0

.S, S, 50000

'XJ - C.
+ X, Cs;‘:(;%:-? Sbﬂ: Cl\ﬂ =X
cC S C 4/ s I+ ) L )
I¥) J .
Aff shigk
x==0: S==carryin; carry out ==
x==1: S ==carryin; carry out ==

3-bit, parallel load, left-shift

/3
|
Q D| e Q D a Q D‘N .S 1
( T P A v A Q we N

S I B I
Q'«’- Ql Qo i,
Parallel write/load : we=1 and S=0: Q[2:0] <== D[2:0] after next clock tick.
Shift Left : we=1 and S=1: Q[2:0] <== {Q[1:0],IN} after next tick.

Mu“’f p‘ \er (b\} g\)

What about
signed numbers?
Convert to
unsigned.
0%, 'XO 0 X% |:"|=O %, xo 0 Multipl
TV 3 ”
Qz Ql Qo Convert back.



MULTIPLY:

XXT7 ==XoXn1.. X1 X0 X (4+2+1) LSR: partial products, initially x.
— S: partial sum, initially 0.
. RSR: initially y.
XnXnleoe X1 X0 X ( 1 ) £ 0 wnsi\ﬁ Z: all Os Y
1 hft-Shi
+ X0 Xt e X1 X0 X (2)4 M}L s RSR's low-bit MUXes Z or LSR to
+xn xn—l eee xl xO X (4)? & /‘H : adder'
== L S K < SL'F" Z
xn xn—l eoe xl x() || . \
0 + K X’Y\-l ‘ Xe O l 0
+ xn xn—l XX xl xO 0 )

+ X0 X0t eee. X1 X0 0 0

What if y has a 0 bit? Then add 0 instead
of shifted x: e.g., y = 0...101 add 0, not B.

e.q. loll x 0101 1011 (x=1)

. X
+00000000 < START
00001011 < 5.5t
£00000000 2 2 067 °
+00101100R1_m?ﬁ’
+00000000 T

RE—SM\Q"—,

00110111

(5332'1‘117“}'7 :55)

Can we speed up multiply? We currently iterate n times
to multiply n-bit numbers. Add more hardware? How?

oo \_ g
Can we simplify multiplier? /\; / 9
-- Get rid of zero register and mux. \l . /
-- Use y_i to write-enable S register. CIL/

v\/—\/
S



left-shift(y) == yX2 ===>  right-shift(y) == y/2 Ok, for division by a

power of 2.
Div 5; 4,

. let's
R"Sh\{'\'l': O/Yw_% , ——> (QSSUMe C\O - )
fogid) p pedde a

In‘\‘eger Division
drop r‘cw«a.incle(‘

011 R‘Slrhﬁ-) 00|
3 4 =1 x:ku%-rr?/kw.'wml’

ol (kshf) — 000)

Z i Zualn'o;('

ToTE =y
= m X
R-shift(n) = divide-by-2~n i H# ke
\ \ 1 \ \
If divisor is not power of 2? ' ' ! |
p % *' ] k : A \ * \ k ; r
\ N \ \
divBySubtraction( x, k) divByAddition( x, k )
q = 0; q=0; y=0
while( x >= k) m while (x -y >=Kk)
g++ = q++
X=x-k ¢ O‘(ﬁﬁm y=y+k
endWhile endWhile

ok dhy O(kyg) = Bk 44 = foyy divsion

d,00...0 59
1. Try n-th power of 10,dn00...0 /k f x 3 , | Z é
subtract: X = kK X dn00...0 - R-4,00...0 g ;%
2. result X non-negative? 2 g
ves: save dn(0...0, x <=== 322
-2 4

3. next power of 10: n <=== n-I =8



x =Kkq +r

k = divisor, q = quotient, r = remainder (ignore for now). FIND q.
'%:kzz/kzhln*,{egh_,iw
o o: 0. -

(v~ A12") 207 V’ b

T shifkd n %n ]

-+J<go:z°

o
\i/

l0jojo]o ofo] ¢

Y = /kzn-ll“-‘*'“*'/kg.f ¥ K = %’(lkg‘n‘l)

e =1 o: 1
(Lk-{i%)% 207 {?\o‘.omwo 0 -~ 0jojofF

A |_~$1h'ﬁ¢) (n-))

() - bit R‘Sin'f'f% Rtg.
| «— N —>|

[0k, .. k£ 00 ---00] K

e

hG N:JZH\K

\,\

Move notNegative
! \‘ { b '| RIGHT one bit position
\\ b | * after each SUB.
| |

.& C@nla.luh‘»(_\ho-l.!\l:j :ﬂ"K

1 1

v Move q LEFT one bit
- position after each SUB.

)’I~L>.l+ L— S},]’,]C'r‘ Ke} (write is to lowest bit

position)




FloaXing Point ros

— -% W'\'QJQM, /"M";)«

At ho o\\saﬂﬂ/y«i‘m\ L

K-scaled integers: n-bit integer x represents k*x, range = k*2”n.

[ l l Vi | ) /(
N S i
z (l UDJk Nean /f’( Z ercor = h/z 507«
’,‘d% Near k(2" :P,AQ//L—E’ /ot
This csd be f‘<’Jf”‘(’5"”\7Le’R/eﬂijL ) A1) /,2 N
F P, exPonen'h'a.l SC0~““3. we Cam \«e.gresﬁ"‘_Y Can we get more
7_“([ X‘IZ) &\05 consistent errors?
™~ " e | | / W
0 | VA 3 z_i 5’
2
O
VA (”“) 2'(‘-‘”) = (2+;+;£_,\4> 2 (‘“l)
27 (1+ %<y ) de2+1+0 (%)
- yalbal, (L We can't represent every number. SN —
= At 4 "’\ We choose what type of errors to live with. ~e
L = __(%0 = I/
The part inside "( ... )" is essentially integer. 2 K 22
_(_@ _ The exponent determines the scaling.

= toror ¥ 7o -/32

===> geometrical-progression scaled integers

‘F.F Fork\oj—:) an*)\t. Float ‘ f_
= pos

12-bit: l&q—ale"s — | E V\eg»
31 30 .-r 2322 - 0

| E f y SR Y (A I I Use

\ J/ \ L S=0 ' + g"IS CMF
00000010} 11010...0 S0 R
(/ J ‘

wat 1010..0 = 2 %( {4+ 4 /Q
S‘f‘oRED\d’_—J 1 1



RepresenT OF

0. 00 .. O
L x1.00 =17

I‘b we  ued A5 -Comp éﬂ E , whati the smalleit @ 8-b¥, 1000 0000 = —128

-128

L x 1.00..0 Hali smil. Do we need & ?

Well, maybe we can live with that?

:1000@0', 00+ 00 Means O We have to stop somewhere.

How many bits do we need for 4 decimal digits of precision?

/2,(’)15,»5
6023 Xloﬁ
——— - , . 3
. jirm% 2 30“7)} v35 bfs
7 B
3 ag e TR 0s) S gyt

L/o‘;g.)( ﬂ: |7 b s
Oll'ﬁ’ﬁ L/‘:]L g :t> |Q </jre;:5’m/>< L

c\ngH’ (A3 bils are enougt,)

row\cyz_ of E7?

(2 dec. a5 ) lcfl 33»\;} - 6 bl )3 ) bt s J
2_ L} le :gkj} éI(]OE-,F -

o’ ]3
) ot % thhe K

E = éq \/\ow
273 29 Q how ahn tﬂLs /
[O ~ 8 { ) L do wt‘ %ZJ fa ET Wmvx\tj hits vxee)cé?

[o; (¢9) % I+Loj(4t/}=7



Sorting is most common operation for numerical data

Checking x > y seems hard for floats.

Checking n > m for ints: do ( n - m) and check sign bit, if 0 then True.

Can we check x > y using integer hardware?

That is, can we treat x and y as if they were integers, and do integer subtraction?
L S-(/b{v\ L)Ai_ Ms J\K‘) )
x [0 o Looks Mk t+ A
:?ALL (ﬁféﬂz‘; ang greajer ‘CA,H 4/(/
() plesls | aa AS-cop.

Howo cdostd tha exprnad pa/&?. X-Y @ Q5 Comp

L{—llsw exp 3,5"", lﬁ-comp exp
v |0 A O.....0 o
Fore 355
% O B O‘-\" O O o o
[
A =011 - €Xp \\O}%em art iaxt}e/l
B =11 o) s owsigned, ~ darn.
X= +23 +(1.00-0) (001100-..0) &
3:+Q’l-(i.0.--0) (o111 00---0) g
4 Lookn Like



swppere SO = s Cy) Lt e, = valueCEL)
Cw\aa, comarl 1SN

Nite: €2 €, =b 26‘(1"07 262(1.&)

x 0 E~ Fo regardless of the fractional parts.
+ [0*= & Lett check
ov
Svppare €27 ¢+ Latee-
r 1 E S 0
25 (1.0) 2 (2a-8) = 27T ()
\} 'l E’Z. 7(1. v o~

t = At £
Smallet Lo, =G-%)

ossible
Pe%

(Reverse result fa Y\eg.) *~ /,__,
(fn signs F resuHis ot:v:'ous) ~— T K

Y o5 less

So, make E, Josk hipe thn E

LN}/\c:j( We 1’\0\\/6 S 10’”\
§ bt eppoment (single Flea?) ouvi (-1 = 1a7)

(o)

}fs C«%Pkmuj"\\fl

\
[

—— o
o—ec¢

go 000
1ol
(y thd

(- \L 7, /VO-} Ue() rﬁS’cl’\/*@dh Aﬂ f{jhw,)

[ Qoo ooo\

loogqooo (128, not used gljnwls O >

Lot
;C{‘x Sx P



E.G., 3-bit exponents in 2s-complement

Negative exponents look smaller than positive exponents
AS unsigned ints.

$ F
=e + 011
value e in 2s-comp in excess-3
+3 011 +011 ==> 110
+2 010 +011 ==> 101
+1 001 +011 ==> 100
0 000 +011 ==> 011
-1 111 +011 ==> 010
-2 110 +011 ==> 001
-3 101 +011 ==> 000 ~
-4 100 +011 ==> 111 *

* These codes are reserved for special uses.
The exponent values -3 and -4 are not allowed.

40w'i5 f\*:(”‘e""j O?

o e
11 0 + 00 000 0 0 (i‘O)

17 %0 Na 000 f#0] — het harmalized
2°0.f

8"!:.1"' :P, Ab D

S = £

' 0)00\’01 )

01101 o] 10

Excess - 3

S 7 o\\g\\ 100 10
6@—0(1: il = *73 l
-2
. ‘ $ X000
2 X 0,00001/0]10 Sl”ﬁ/’“l‘ﬁ" +2% x 0010
~° X 100 Cx6>ah€r~+S

0
§) N
,L' TRUNCETIion ?



J

2
2 % .00 1010

YoUNa -r:KYDUNJMJ | y\ee)us .Uw»(ﬁ]is axANWFX‘L

\ 3
3 A *1.0010
\
01110 100 [0 o';ou‘\omo

v—\/_'\/

\'3/ - .
Xﬁ\g - \é\{)/ ﬁ? dlscrah]ﬁwhj?””“-(_“"h,r‘oUNJlV\j

TTERRORS b carefyl!

g-bit FP, MULT

0

1010 = |0 1010 — *+RX x41.1010

0

0110 — [O 0110 — 2~ x 1.0M0

.SAI')[)L Md/

M\/erj’ ES AC\ MULT a5 unslane
from excess—3 S €”CP"“"”‘ WTs. Keep exy
o ff\cck ﬁo’[ % I]pr)y) ]l' e
4 Q\S COMP caverflow "}

& x [,00111| @

2
11010 (x2)

x 1010 (xa%)

L x1.0010 10100

+ 1190

0

0 0010 .@B + | 10100 i
0010 €xcess ‘ OW (x 2 8)

A x|.0dl1100




C&Ver-" 1; 32.“L\+ FP g%
. Conved To binary
A8
Tl —— 1.9t = 10000
4N + Nor I
g g2 = o X. Normatige
/7 T 1060
— 1) =
00, =P 91 1.
11100 1&1&% 2 «1.1100
o=
Q. Ev\c.oéQ.
g.bite 23 =bile
10°°°°'°°\“0°--'0 Y Convedt € + €ucess (,2”-’—13
g="
(\\22 excess (311 - 127)
00000j00 =¢
+ 01 = 1T
5. Replace @ with E 00001t = #
, :
o' [0p000!! 11100 ... O
Converl  back
10030311
L AQCOBQ,] + (?\ X [_Hoo___ Q
< borro
py cor\\le\}( E "‘\\0\0\0‘0\\ .
—oriud
0000100 =% =g

> ;ZLI b I || ('_anVeﬂL
/;ﬂu#, 601 24

f) = 1ULS%
X

= [1100

y

X
(canl/m" k olec) —> b+ g+ 4 =Y



» Problem with both truncation and rounding
— They cause errors to accumulate
+ E.q., if always round up, result will gradually “crawl” upwards
« One solution: round to nearest even
¢ If un-rounded LSB is 1 — round up (011 — 10)
+ If un-rounded LSB is 0 — round down (001 — 00)
+ Round up half the time, down other half — overall error is stable

» Another solution: multiple intermediate precision bits
+ IEEE 754 defines 3: guard + round + sticky
+ Guard and round are shifted by de-normalization as usual
+ Sticky is 1 if any shifted out bits are 1
+ Round up if 101 or higher, round down if 011 or lower
« Round to nearest even if 100

CI5371 (Roth/Martin): Floating Point 27

s Suppose you added two numbers and came up with
« 110111111101
* What happens when you round?
+ MNumber becomes denormalized... arrrrgggghhh

» FP adder actually has more than three steps...
= Align exponents
o Add/subtract significands
* Re-normalize
* Round
» Potentially re-normalize again
+ Potentially round again

CIS371 (Roth/Martin): Floating Paint

s Latency in cycles of common arithmetic operations

« Source: Software Optimization Guide for AMD Family 10h
Processors, Dec 2007

- Intel “Core 2" chips similar

Int 32 Int 64 Fp 32 Fp 64
Add/Subtract 1 1 4 4
Multiply 3 5 4 4
Divide 14 to 40 | 23 to 87 16 20

+ Floating point divide faster than integer divide?
« Why?

CIS371 (Roth/Martin): Floating Point 30



So much for encoding data. We could go on to audio, video, ...

But, back to noise and errors.
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"message" could be a bit, a string of bits, a
character, a page of characters, ...
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Code words 00 and 11 are good data, 10 and 01 indicate 1-bit errors. Last bit is "parity" bit, odd parity
codeword indicates error. Works for k-bit messages w/ 1 parity bit (if 2-bit errors very unlikely).
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1-bit Error Correction w/ 3-bit code words:
"0" ==> 000
"' ==> 111

PMH-T bn_('

001 ==> "0" 011 ==> "1"

010 ==> "0" 101 ==> "1"

100 ==> "0" 110 ==> "1"
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1-bit Correction, 2-bit Detection

-- 0odd parity: 1-bit error corrected

-- exactly two 1's: 2-bit error detected
-- otherwise: no error

How many extra bits, at minimum?
Depends on noise in channel:

Shannon Noisey Coding Theorem.

We use 4 bits, 1-bit data.
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1-bit error: detect + correct
2-bit error: detect



Hamming 7,4 code:
Find distances to all other code words.
’r T “1\ 1 GREEN-PARITY: Bits[ 3,2, 0]
BLUE-PARITY: Bits[3, 1, 0]
V) 00 000 RED-PARITY: Bits| 2, 1,0]
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ASCII (See back cover of PP) w /’ O\S ﬂ) QF S‘} ?

HEX CODE MEANING Printable? Ja:i'g(

00 NUL no +

01 SOH no Cmm\lmcmo’ns (D gy, aF 324

20 space yes Contrel s ‘J nals \L l/ b \I/
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What to Print Starting Memory Address What is displayed (left-to-right)
4-byte number (in hex notation) 0 6D412F32
two 2-byte numbers (in hex) 0 2F32 6D41
four 1-byte numbers (in hex) 0 32 2F 41 6D
one 4-byte string 0 2/ A m
(see "od" in unix) ( )
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