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Abstract. The C++ standarddoesnot specifya binary representatioffior the
floating-pointtypesfloat, doubleandlong double.Although not requiredby
the standardthe implementationof floating point arithmeticusedby most
C++ compilersconformsto a standard|EEE 754-1985 at leastfor typesfloat
anddouble.This is directly relatedto the fact that the floating point units of
modernCPUsalsosupporithis standardThe IEEE 754 standardspecifiesthe
binary formatfor floating point numbersaswell asthe semanticdor floating
point operations.Neverthelessthe degreeto which the various compilers
implementall the featuresof IEEE 754 varies.This createsvariouspitfalls for
anyonewriting portablefloating-pointcodein C++. Theseissuesandways
how to work around them, are the topic of this paper.

1 Introduction

As with integer types, the C++ standarddoes not specify a storagesize and binary
representatiorior floating-pointtypes. The standardspecifiesthreefloating point types:
float, double andlong double. Typedouble mustprovide at leastasmuch precisionas
float, andlong double Mustprovideatleastasmuchprecisionasdouble.Furthermorethe
setof valuesof thetype f1oat mustbe a subsetf the valuesof type double andthe setof
values of the typaouble must be a subset of the values of typgg double.

2 IEEE 754 Floating Point Representation

Although not requiredby the standardthe implementatiorof floating point arithmeticused
by mostC++ compilersconformsto a standardJEEE 754-1985[1], at leastfor typesfioat
anddouble'. Thisis directly relatedto the fact thatthe floating point units of modernCPUs
also supportthis standard.Exceptionsare VAX and certain Cray machines,which use
proprietaryformats. The IEEE 754 standardspecifiesthe binary format for floating point
numbers,aswell asthe semanticdor floating point operations.The standards currently
(Spring 2006) undergoing a revision.

Byte order also appliesto floating point types,so on a big-endianmachine,the constant
1"="3.1415926..(or, strictly speakinganapproximatiorof it) asa f1oat value,will bestored

! On some compilers, support for IEEE 754 floating point arithmetic must be explicitly turned
on with a compiler option.



asox40 0x49 0x0F 0xDB (Startingfrom thelowestaddress)while onalittle-endianmachine
it will be storedasoxpe 0x0F 0x49 o0x40. Of all threefloating pointtypes,1ong double iS
the leastportable.Somesystemsdo not supportiong double directly; onthesesystemsit is
thesamesizeasadouble. Also, onLinux IA32 platforms,1ong double usesthenativelntel
80-bit floating point format. On most Unix platforms, 1ong double is 128-bit, often
implementedn software.So,byte orderissuesaside,f1oat anddouble valuesusuallycanbe
exchangedn binary formatbetweernplatforms;i1ong double valuescannot. Tablel gives
an overview of the three floating point types.

C++ Type Precision Size in bits Fraction bits Exponent bits
float single 32 23 8
double double 64 52 11
long double | quadruple/ 128/80 112/64 15
double
extended

Table 1: Floating point types and their sizes (sign bit not shown)

An IEEE floating-pointnumberconsistsof threeparts:the sign bit, the mantissa(storedas
fraction) and the exponent. So, the actual value of a floating point number is

Exponent

Value = Sign - Mantissa- 102

Notice the differencebetweenmantissaand fraction. An IEEE floating point numberis
normalizedsuchthat the most significant bit of the mantissais alwaysone,thusit is not
necessaryo storeit (an exceptionto this arethe so-calleddenormalor subnormahumbers).
This meansthat for float values,the mantissais actually 24 bits. For example,the binary
floating point number1.11101000010111111000111*%8'**° (which, in decimal, is
2.24*10%) will be stored as

Fraction
11101000010111111000111

Sign
0 00000001

Exponent

In this example althoughthe binary exponents ©01111110which is B126in decimal,it is
storedas 00000001.The reasonfor this is that the exponentis not encodedin twoOs
complementasonewould expectA fixed offset,calledabias,is addedto the exponentwith
the resultthat the biasedexponents alwaysa positiveinteger.For single precisionfloating
point numbersthe biasis 127;for doubleprecisionnumberst is 1023.Figure1-3 showsthe
storagelayout of IEEE floating point numbersfor 32-bit single and 64-bit doubleprecision
values.

Sign—;

Exponent Fraction Single

Sign—, 31 23 0

Exponent Fraction

Double

63 52 0

Figure 1: Storage layout for IEEE single precision and double precision floating point values

On someplatforms,mostnotablylA32, the floating point hardwaresupportsonly oneformat
(in caseof 1A32, thisis the 80-bit doubleextendedormat). Prior to an arithmeticoperation,
all operandsn a differentformat mustbe convertedo the nativeformat, and eventuallythe



result must be convertedback. This givesthe opportunityfor a whole new classof nasty
surprisescausedyy thelossof precisionwhenintermediataesultsarestoredin memory(and
thus need to be rounded) for later use.

3 IEEE 754 Special Features

The IEEE 754 standarchassomespecialfeaturesandthey area major reasonfor problems
when porting floating point code betweenplatforms. The featuresare discussedn the
following sections.

3.1 NaN (Not a Number)

IEEE 754 requiresthatcomputationsontinue,evenin caseof anexceptionatondition,such
asdividing by zeroor taking the squareroot of a negativenumber.The resultof taking the
squareroot of a negativenumberis a NaN (Not a Number).NaN is representedy a bit
patternthatdoesnot yield a valid number.The exponents all onesandthe fractionis non-
zero. Thereare actually two flavors of NaN. QNaN (quiet NaN) hasthe most significant
fractionbit setandis theresultof anoperationwhentheresultis not mathematicallydefined
(indeterminate) SNaN (signalingNaN) hasthe mostsignificantfraction bit clearedandis
usedto signal an exceptionalcondition or invalid operation.Additionally, a NaN can be
positive or negative.Someimplementationslo not distinguishbetweenQNaN and SNaN.
FurthermoresomeimplementationglwaysgeneratenegativeNaNs,independenof the sign
of the operandsSincethe bit patternfor the fraction part of a NaN is not exactly specified
(otherthanthatit mustbe non-zeroandfor the mostsignificantbit), thereis a whole family
of NaN values. Implementations are free to use the fraction bits for whatever they like.

Thereis no straightforwardportableway to checkwhethera given value is NaN. Some
platforms,aspartof the C library, providethefunctionsisnan() andisnanf (), buttheseare
not standardizedThe C++ standardlibrary specifiesa clasSnumeric limits<>, with

specializationgor float, double andlong double. Theseclasseglefinethe staticmethods
quiet NaN(), signaling NaN(), has_quiet NaN() andhas_signaling_NaN( ), but these
cannotbe usedfor that purpose.Sincethereis no single value for NaN, you cannotjust
comparea valuewith theresultof quiet nan() for equality. The resultof everyarithmetic
operationinvolving at leastoneNaN is againa NaN. The comparisorof a NaN with another
value,includinganotherNaN, alwaysyields false.So, one possibleworkaroundwould be to

check if a value is not equal to itself (= x), which, in case of &AlaN, yields true.

The resultof a conversionof a NaN to a string, necessaryor outputto the console,is not
standardize@ndvariesbetweemnplatforms.Similarly, convertinga NaN to anintegeryields
an undefined result.

3.2  Infinity

Theresultof adivide by zerois infinity. An exceptionis 0/0, which yields NaN. Similar to
NaN, infinity is representetby a bit patternthat doesnot standfor an ordinarynumber.The
exponents all onesandthe fractionis zero.Infinity canbe positiveor negative.Testingfor
positive or negativeinfinity is straightforward asthe numeric 1imits<> classprovidesthe
staticmethodinfinity (), which returnsthe valuerepresentingositiveinfinity, which you
can use for comparison.

As with NaN, the resultof a conversionof infinity to a stringis not standardize@ndvaries
betweerplatforms.Theresultof convertinginfinity to anintegeris undefinedaswell. Table2
shows the results of various operations involving infinity.



Operation Result
x [ xInfinity 0
*Infinity * +Infinity *Infinity
x /0 (for x 1= 0) *Infinity
+0/+0 NaN
Infinity + Infinity Infinity
Infinity - Infinity NaN
*Infinity / zInfinity NaN
*Infinity * 0 NaN

Table 2: Infinity Operations

3.3 Signed Zero

Zerois representethy a bit pattern,in which boththe exponentandthefractionareall zeros.
Thereis still the signbit, sozerocanbe positiveor negative Although +0 andbO0aredistinct
numbers, they compare as equal.

3.4 Gradual underflow and denormal numbers

If theresultof anoperationlies betweerzeroandthe smallesinumberthatcanberepresented
by a normalizedfloating point value,you arein trouble.You know thatthe valueis not zero,
neverthelesyou are forcedto treatit aszero. This leadsto the undesirablesituationthat
x —y == 0forx 1= y.In alongeroperationthis canleadto a significanterror,or evento
anunexpectedlivide by zero.To accountfor thesecases)EEE 754 definesa conceptcalled
gradual underflow. If a numberhasa zero exponent,ts exponentis not requiredto be
normalizedandthe mostsignificantbit of the exponentis consideredero(remembethatthis
bit is not actually stored).Suchdenormal(or subnormalyalueshavea lower precisionthan
normalized numbers, but this is still better than treating them as zero.

The smallera denormalnumber,the smallerwill be its precision.Eventually,a denormal
numberwill degeneratéo zero.Denormalizechumbersareessentiafor guaranteeinghatif

two numbersare different, thenthe resultof subtractingonefrom the otheris not zero.To

makethingsmoreclear,hereis anexamplethatshowshow denormaihumbersvork. Sayyou
have two 32-bit floating point values,8.97*10% and 8.95*10%. When you subtractthe
secondnumberfrom thefirst, the resultis 2.0*10*° (or 1.99999*10"°), a numberthatcannot
be representeddy a normalized32 bit floating point value. Table 3 showshow thesevalues
arerepresentethternallyandhow thoserepresentationsiustbe interpreted.Y ou canseethat
the result is a denormal number, because its exponent is zero.

Decimal Internal Interpret as (binary)

8.97*10% 000000011 11101000010111111000111 | 1.11101000010111111000111*10~M.1
8.95*10% 000000011 11100111010010001100110 | 1.11100111010010001100110*10~.1
1.99999*10 | 0 00000000 00000100010110110000100 | 0.00000100010110110000100*10"1

Table 3: Representation of denormal numbers

Denormalnumbersare hard to implement, especiallyin hardware,so not all systems
implementthem. This is one of the reasonsvhy the samecalculationcanleadto different
results on different systems even if both systems use IEEE arithmetic.



3.5 Rounding modes, exceptions and flags

Roundingoccurswheneverthe result of an operationcannotbe exactly representeds a
floating point number. IEEE 745 specifies four rounding modes:

* rounding towards nearest,

* rounding towards zero,

* rounding towards positive infinity, and
* rounding towards negative infinity.

In C++, thereis no standardizednterfaceto setor querythe currentroundingmode,and
many platforms have no such interface at all at library level.

Wheneveran exceptionalconditionoccursduring a computation the defaultbehavioris to
deliver a specialresult (NaN, infinity) and continuewith the computation.This may not
alwaysbethebestalternative sothe IEEE standardalsospecifiesa trap mechanismyherean
exceptionwill leadto the invocationof a trap handler.Additionally, exceptionsare also
reportedby settingthe valuesglobal statusflags accordingly. The standarddefinesfive
exception classes:

* overflow,

* underflow,

* division by zero,

* invalid operation, and
* inexact.

However,in C++ againthereis no standardizedvay to settrap handlersor testthe status
flags. In contrast,the C99 standarddefinesfunctionsfor working with rounding modes,
exceptions and flags (called the floating point environment).

4 Issues not addressed by IEEE 754

Neitherthe IEEE 754 nor the C++ standardspecifyhow transcendentdlinctionslike sin(),
cos (), exp(), etc. haveto be implementedTherefore, for the sameargumentsthe results
thatthesefunctionsreturnon variousplatformsmight not be exactlythe same This is another
reasonfor getting non-identicalresultsfor the sameexpressioron different platforms.The
standardalsodoesnot specifyhow the conversiorfrom decimalfloating point valuesto their
binary representationand vice-versa must be implemented. Especially the string
representationsf NaN andinfinity differ betweerplatforms.Be alsocautiouswhenusingthe
pow () function. On somesystemsit will only work for positive and integral exponents.
Instead oz = pow(x, y), use the following when an exponent is negative or non-integral:

| z = exp(y * log(x))

5 IEEE 754 API Support

IEEE 754 doesnot specify an API for floating-pointoperations.Therefore,writing cross-
platform floating-point code that relies on the special IEEE 754 featurescan become
problematic. Table 4 gives an overview of the API provided by different platforms.



C99 Windows Solaris
Headers <fenv.h> <float.h> <ieeefp.h>
<math.h> <math.h> <math.h>
Rounding Modes
downward FE_DOWNWARD RC_DOWN FP_RM
upward FE_UPWARD RC_UP FP_RP
to nearest FE_TONEAREST RC_NEAR FP_RN
toward zero FE_TOWARDZERO RC_CHOP FP_RZ
Flags
divide by Zero FE_DIVBYZERO SW_ZERODIVIDE FP_X DZ
inexact FE_INEXACT SW_INEXACT FP_X IMP
overflow FE_OVERFLOW SW_OVERFLOW FP_X OFL
underflow FE_UNDERFLOW SW_UNDERFLOW FP_X UFL
invalid FE_INVALID SW_INVALID FP_X INV
Operations
clear flags feclearexcept() _clearfp() fpsetsticky ()
check flag fetestexcept() _statusfp() fpgetsticky ()
set rounding mode fesetround() _controlfp() fpsetround()
get rounding mode fegetround() _controlfp() fpgetround()
test for infinite isinf() _finite() fpclass()
test for NaN isnan() _isnan() isnanf ()
isnan()
copy sign copysignf() _copysign() copysign()
copysign()
save environment fegetenv() _controlfp() fpsetround()
fpsetmask()
restore environment |fesetenv() _controlfp() fpgetround()
fpgetmask()

Table 4: Comparison of floating point APIs

6 Conclusions

Although mostmodernplatformssupportlEEE 754 floating point arithmeticswriting cross-
platform floating point codeis not easy.In this paper,the issuesthat mustbe takeninto
accountwhenwriting portablefloating point codehavebeendiscusse@ndthe APIs provided
by different platforms have been compared. To summarize,

* ordinary float and double values can be exchanged in binary form between systems
that implement IEEE 754, long double values cannot;

* NaN and denormals are problematic;
* byte order must be taken into account;
* the same code may produce slightly different results on different systems;

* you have to implement your own portable API for working with some IEEE 754
features.
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