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Eksponentinis skai¢iy uzrasymas

60200...0 = 6.02 x 10*3
——

21 karty
p—1
tdy.didy... dp1 x 8= dif T x 5% (0< di< f)
i=0

602 x 10°1 = 6.02 x 10*% = 0.602 x 10**

~
nenormalizuotas normalizuotas nenormalizuotas
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Slankaus kablelio skaic¢iai

p—1
ddydidy . ody oy x =1 dif T x B (0< di < )
i=0

B =2

0.139 ~ +1.100110011001100110011015 x 2%

® (Trupmenos) zZenklas
@ Laipsnio rodiklis
@ Trupmena (mantisé; angl. “significand”)
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IEEE 754 standartas

@ Dvejetainiai (8 = 2, (IEEE 1985)) ir deSimtainiai (6 = 10,
(IEEE 2008)) formatai

@ Viengubo, dvigubo tikslumo (IEEE 1985), pusinio,
keturgubo pagrindinai bei astuongubo tikslumo ir ilgesni
mainy standartai (IEEE 2008)

@ Specialios reiksSmés: neskaiciai (NaN), begalybés (+o00),
nuliai (£0)

@ Denormalizuoti skaiciai

@ Apvalinimo valdymas

@ Maskuojamos iSimtinés situacijos
@ Nustato operacijy tiksluma
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IEEE 754 standarto kodavimas

@ Mantisé: absoliutus dydis su zenklu

e Eksponenté: skaicius su postiimiu (postimis = 2! — 1 n
bity eksponentei)

e Eksponentés diapazonas: —(2" ! —2) — 421 — 1)
(pvz. 8 bity eksponentei: —126 — +127)

@ Trupmena (mantisé¢): normalizuotiems skaiciams
~pasleptas” bitas

0.110 ~ 1.100110011001100110011015 x 2%
Pavyzdys: 0.1 viengubo tikslumo s.k.:

p: 23 + 1 bitas e: —126 — 127 (8 bitai ); posttumis =
281 _1=128—1=127 f= 1.10011001100110011001101
e= 127 + (-4) = 12340 = 01111011,

0 01111011 10011001100110011001101
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Normalizuoti skaiciai

0.1562510 =  0.00101, = +1.01 x 273
~——
nenormalizuotas
e =127+ (—3) = 124y = 01111100

Atvaizdavimas:
Float 32 (float; single precision):

0 01111100 01 00...0
~——

21 nulis
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Denormalizuoti skaiciai

1.09 x 2713010

Viengubo tikslumo slankiam kableliui,

€min = —126190 = Nejmanoma normalizuoti!
Atkreipkite démesj, kad:
€min + postimis = 1279 + (—12619) = 1 = 0000_0001,

Pastumtai eksponentei 0000_0000, interpretacija pasikeicia:

0 0000 0000 000100...0 = +0.0001, x 2712610 — 1 0 0625,, x 2~ 12610
~——
19 nuliy

eksponenteé yra —126, ne —127 !
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Kam reikalingi denormalizuoti skaiciai

Palaipsninis tikslumo praradimas

-126

2 _ 2127*(2_2—?_3) _

underflow overflow

2712 reshold threshold
B R -0 and +0 ~ .
2 128 2 124 2 125 ‘ l 2 125 2 124 2128
¥ ¥ ¥ 4 t ¥
normalized normalized
negative positive

numbers numbers

%(_/

denormalized
numbers

(Engelen 2008)

if (a '=b) { x = a/(a-b); }
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0 00000000 00...0 =0
—

23 nuliai

100000000 00...0 = -0
—

23 nuliai
1
=
0
1
= —0
—0

if (a > b) { x = log(a-b); 1}

(Engelen 2008)
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Begalybés

Liko nepanaudota eksponenté su visais vienetais, 1111_1111

011111111 00...0 =00
—

23 nuliai
111111111 00...0 = -0
~——
23 nuliai
1
—=+400; —— =+0
0 400
1 1 0
= —00: —
-0 T —o0
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Neskaiciai: NaN

011111111 11...0 = gNaN
—

ne visi 23 bitai yra nuliai

011111111 01...0 = sNaN
——

ne visi 23 bitai yra nuliai

Operacijos, kurios grazina NaN:

Operacija NaN grazina

T 50+ (—00)
X 0 X oo

/ 0/0, co/c0

rem 0 rem 0, oo rem oo
N VX ¥x<0

(Goldberg 1991)
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NaN palyginimas

@ Bet koks palyginimas su NaN grazina False, todel kai
x < NaN yra neteisingas, dar nereiskia kad x >= NaN

o !lx<y)bx>=y
@ (x == y) == FALSE kai x == NaN
@ Negalima surikiuoti realiy skaiciy masyvo su NaN

(Engelen 2008)
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NaN panaudojimas

Viengubo tikslumo skaiciams, NaN reikSmeés turi 21 “laisvy”
bity
Dvigubo tikslumo skaic¢iams, NaN reikSmeés turi 50 “laisvy” bity

exponent fraction
sign (11 bit) (52 bit)
|
B TR T AR T
o o o
63 52 ’ 0

maziausiai 32 bitai laisvi! Uztenka

32 bity adresui...

@ Dinaminés kalbos (pvz. JavaScript) naudoja “boxed NaN”
reikSmes

@ sNaN naudingi neinicializuotoms reikSméms pagauti
@ gNaN gali atvaizduoti nezinomas reikSmes

Saulius Grazulis
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Apibendrinimas: IEEE 754 specialios reikSmeés

Eskponenté Trupmena Reiskia

€ = €min — 1 f=0 +0
e=emnin — 1 f#0 +0.f x 2€min
€min < €< emax  f=Vn +1.fx 2¢
€= é€emnax +1 f=0 +o0
€=¢€mnax +1 f#0, NaN

(Goldberg 1991)
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Viengubo tikslumo skaiciai

32-bity skaicius

S|gn exponent (8 blts) fraction (23 bits)
I0| KRERE IOIOIOI [o]o[o[o]o[o[o]o[o]o]o[0]o]o[0]o]o[0]o]o |0I 0.15625
31 30 23 22 (bit index)

Vectorization: Stannered, CC BY-SA 3.0 via Wikimedia Commons
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Dvigubo tikslumo skaiciai

64-bity skaicius

exponent fraction
sign (11 bit) (52 bit)
|
I,
o ) [$)
63 52 0

https://en.wikipedia.org/wiki/File:IEEE_754_Double_Floating Point_Format.svg
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Intel 80 bity isplésto tikslumo skaiciai

exponent Integer Part fraction
sign (15 bit) (1 bit) (63 bit)
| 11 1
T
79 64 9

BillF4, CC BY-SA 3.0, via Wikimedia Commons
@ Néra paslépto bito
@ Pakankamas tikslumas suskaiciuoti x¥
@ Skirti tarpiniams rezultatams
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Intel x87 slankaus kablelio registrai

ol | st fpro
Word ST(7) fpr1
’ TOP |* ST(0) fpr2
B ST(1) fpr3
ST(2) fpra
ST(3) fprs
ST(4) fpré
ST(5) fpr7

79 0

13 13495

Figure 6-2. x87 Physical and Stack Registers
(AMD 2017)
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Slankaus kablelio busenos registrai

151413121110 9 8 7 6 5 4 3 2 1 0
c clc|c|e|s|P|u|o|z|D|1
Bla| TP |2|1|o|s|FlE|E|E|E|E|E
Bits Mnemonic Description
15 B x87 Floating-Point Unit Busy
14 C3 Condition Code
13:11 TOP Top of Stack Pointer
000 = FPRO
111 =FPR7
10 Cc2 Condition Code
9 Cc1 Condition Code
8 co Condition Code
7 ES Exception Status
6 SF Stack Fault
Exception Flags
5 PE Precision Exception
4 UE Underflow Exception
3 OE Overflow Exception
2 ZE Zero-Divide Exception
1 DE Denormalized-Operand
Exception
IE Invalid-Operation Exception

Figure 6-3. x87 Status Word Register (FSW)

(AMD 2017)
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Slankaus kablelio valdymo registrai

15141312110 9 8 7 6 5 4 3 2 1 0
Reserved | Y 2 g Res 'CI '\Lj 8 '\ZA ’3 ’\IA
Bits Mnemonic Description
12 Y Infinity Bit (80287 compatibility)
11:10 RC Rounding Control
9:8 PC Precision Control
#MF Exception Masks
5 PM Precision Exception Mask
4 Um Underflow Exception Mask
3 oM Overflow Exception Mask
2 M Zero-Divide Exception Mask
1 DM Denormalized-Operand Exception Mask
0 IM Invalid-Operation Exception Mask

Figure 6-4. x87 Control Word Register (FCW)

(AMD 2017)
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Slankaus kablelio savybés

@ Garantuotas atskiry operacijy tikslumas
Except where stated otherwise, every operation shall be per-
Jormed as if it first produced an intermediate result correct to
infinite precision and with unbounded range, and then rounded
that result according to one of the attributes in this clause.

(IEEE 2019), sect. 4.3

@ Kiekvienas iSreiSkiamas skaicius atvaizduojamas vieninteliu
budu

@ FP skaiciai surikiuoti kaip sveiki skaiciai modulio su Zenklu
atvaizdavime!
All of the possible single-precision entities are well ordered in
the natural lexicographic ordering of their machine representa-
tions interpreted as sign-magnitude binary integers

(Cody 1981)
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Pavyzdys: 16-bity SK kodas

gcc -c¢ =S \
-m16 -03 --omit-frame-pointer \
-0 single-precision.asm single-precision.c

parallel:
.LFBO:
.cfi_startproc

float parallel( float x, float y ) 1.11‘
ds

{

return xxy/(x + y); fld
} fxch
faddp hst, hst(1)
fdivrp  %st, %st(1)
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Pavyzdys: 64-bity SK kodas

gcc

-c =S \

-03 --omit-frame-pointer \
-0 single-precision.asm single-precision.c

float parallel( float x, float y )

{
return xxy/(x + y);

}

Saulius Grazulis

Slankat

parallel:
.LFBO:

mov

.cfi_startproc

%xmmoO ,
%xmm1 ,
%xmm1 ,
%xmmoO ,
%xmm2 ,

%xmm2
%xmm0
%xmm2
%xmm2
%xmm0

kablelio skaiciai

Vilnius, 2021
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Alternatyvos

@ Racionaliy skaiciy aritmetika
e Kintamo ilgio slankaus kablelio aritmetika
@ J. Gustafsono Unum skaiciy sistema (Gustafson 2015)

@ Logaritmineés skaiciy sistemos (Coleman et al. 2008; Ismail
et al. 2011)
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Apibendrinimas

@ Slankaus kablelio skaicCiai yra realiy skaiciy artiniai
o ]prastose situacijose naudojami normalizuoti skaiciai

@ Naudojami specialus kodai denormalizuotiems skaiciams,
begalybei, NaN +0

e Kiekvienas IEEE 754 slankaus kablelio (s.k.) objektas turi
unikaly atvaizdavima, ir kiekvienas dvejetainis kodas
vaizduoja s.k. objekta

e Kai kurie s.k. objektai (pvz. NaN) turi savybes, kurios
skiriasi nuo jprasty realiy skaiciy savybiy
@ Aktyviai tyrinéjamos naujos s.k. skaiCiy alternatyvos
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