Borneo 1.0.2^�

Adding IEEE 754 floating point support to Java

Java

Borneo

Joseph D. Darcy

revised version of a M.S. Project submitted to the Computer Science Division University of California, Berkeley May 22, 1998

� Formerly known as Teak. In the future will be known as Kalimantan.

Copyright ' 1998 Joseph D. Darcy

All rights reserved.

All product names mentioned herein are the trademarks of their respective owners.

Borneo^� Adding IEEE 754 floating point support to Java Joseph D. Darcy

1. ABSTRACT 1 2. INTRODUCTION 1

2.1. Portability and Purity 2 2.2. Goals of Borneo 3 2.3. Brief Description of an IEEE 754 Machine 3 2.4. Language Features for Floating Point Computation 6

3. FUTURE WORK 9

3.1. Incorporating Java 1.1 Features 9 3.2. Unicode Support 10 3.3. Flush to Zero 10 3.4. Variable Trapping Status 10 3.5. Parametric Polymorphism 10

4. CONCLUSION 10 5. ACKNOWLEDGMENTS 11 6. BORNEO LANGUAGE SPECIFICATION 13

6.1. indigenous 13 6.2. Floating Point Literals 16 6.3. Float, Double, and Indigenous classes 17 6.4. New Numeric Types 18 6.5. Floating Point System Properties 20

� This material is based upon work supported under a National Science Foundation Graduate Fellowship.

Any opinions, findings, conclusions or recommendations expressed in this publication are those of the author(s) and do not necessarily reflect the views of the National Science Foundation.

ii

6.6. Fused mac 21

6.7. Rounding Modes 21

6.8. Floating Point Exception Handling 31

6.9. Operator Overloading 51

6.10. Anonymous Values 69

6.11. Threads 73

6.12. Optimizations 74

6.13. Compiler Implementation Issues 76

7. BORNEO VIRTUAL MACHINE SPECIFICATION 79

7.1. indigenous Floating Point Type 80

7.2. Rounding Modes 87

7.3. Quiet Floating Point Comparisons 87

7.4. Exception Handling and Traps 88

7.5. Threads 89

7.6. Overall 89

8. CHANGES TO THE PACKAGE JAVA.LANG 91

8.1. Changes to java.lang.Class 91

8.2. Changes to java.lang.Number 91

8.3. Changes to java.lang.Integer 91

8.4. Changes to java.lang.Long 91

8.5. Changes to java.lang.Float 91

8.6. Changes to java.lang.Double 93

8.7. The Class java.lang.Indigenous 95

8.8. Changes to java.lang.Math 99

8.9. Changes to java.lang.String 108

8.10. Changes to java.lang.StringBuffer 108

8.11. Changes to java.lang.System 109 8.12. New Subclasses of java.lang.Exception 109

9. APPENDIXES 111

9.1. Field Axioms 111 9.2. Redundant JVM Instructions 112 9.3. A Brief History of Programming Language Support for Floating Point Computation 113 9.4. IEEE 754 Conformance 124 9.5. New Borneo keywords and textual literals 124 9.6. Changes to the Java Grammar 124

10. REFERENCES 129

iv

1

1. Abstract

The design of Java relies heavily on experiences with programming languages past. Major Java features, including garbage collection, object-oriented programming, and strong static type checking, have all proven their worth over many years. However, Java breaks with tradition in its floating point support; instead of accepting whatever floating point formats a machine might provide, Java mandates use of the nearly ubiquitous IEEE Standard for Binary Floating-Point Arithmetic (IEEE 754-1985). Unfortunately, Java�s specification creates two problems for numerical computation: only a strict subset of IEEE 754�s required features are supported by Java and Java�s bit-for-bit reproducibility goals for floating point computation cause significant performance penalties on popular architectures.

Java forbids using some distinguishing features of IEEE 754, features designed to make building robust numerical software by numerical experts and novices alike easier than in the past. Only simple floating point features common to IEEE 754 and obsolete floating point formats are allowed.

Legitimate differences exist among various standard-conforming realizations of IEEE 754. For example, the x86 processor family supports the IEEE 754 recommended 80 bit double extended format in addition to the float and double formats found on other architectures. In many instances, using the double extended format for intermediate results leads to more robust programs. To support its �write once, run anywhere� goals, Java specifies that only the float and double formats be used for intermediate results in numeric expressions. For recent x86 processors to emulate exactly a machine that only uses float and double entails a significant performance penalty; over an order of magnitude degradation has been reported. An analogous situation arises on architectures such as the PowerPC that support a fused multiply accumulate instruction; Java semantics preclude using a hardware feature that would usually give more accurate answers faster. However, even numerical analysts do not need or desire exact reproducibility in all cases. The disallowed x86 features were designed to allow numerically unsophisticated programs to have a better likelihood of getting reasonable results.

To address these concerns, the Java dialect Borneo is able to express all required features of IEEE 754. Borneo also aims to run efficiently on multiple hardware implementations of IEEE 754 and to allow convenient construction of new numeric types.

2. Introduction

Since the development of FORTRAN in the 1950�s, floating point computation has been an important concern of computer users. Building on FORTRAN, later languages, such as ALGOL 60, provide more formal descriptions of the syntax and semantics of valid programs. However, due to the variety of architectures of the time, in ALGOL 60:

No exact arithmetic will be specified, however, and it is indeed understood that different hardware representations may evaluate arithmetic expressions differently. The control of the possible consequences of such differences must be carried out by the methods of numerical analysis. [75]

Therefore, the same Algol 60 program compiled and run on different architectures can produce different output due to varying range, precision, and other properties of a particular floating point format. In such a heterogeneous environment, a reasonable approach to cross-architecture portability is for a programming language to express those operations common to all (or most) contemporary architectures. This approach to supporting floating point in programming languages persists even though only one floating point standard is currently widely used.

The IEEE Standard for Binary Floating-Point Arithmetic (IEEE 754-1985) [4] was adopted in part to diminish the diversity of floating point formats in use during the early 1980�s. One of the standard�s design goals is to Encourage experts to develop and distribute robust and efficient numerical programs that are portable, by way of minor editing and recompilation, onto any computer that conforms to this standard and possesses adequate capacity. [4]

Since its introduction, IEEE 754 has become universally available on all significant microprocessors for PC�s and workstations (Intel x86 line and clones, Motorola 68000 series, Power PC, HP PA RISC, SPARC, SGI MIPS, and DEC Alpha, among others). IEEE 754 provides numerous features advantageous both to the numerical analyst and to the more casual programmer. With a small amount of education, programmers could directly use and benefit from IEEE 754 features now known only to experts. Even if not employed explicitly, many users could run efficient numerical libraries written to exploit IEEE 754�s advanced features[25].

2

Although the standard�s features are widely supported in hardware, these features are not supported in most current programming languages, including Java, even though programming language support for IEEE 754 was discussed before the standard was adopted [32], [33]. Even the recent ISO Standard for Language independent arithmetic [52] does not call for full IEEE 754 conformance. This lack of language support has not gone unnoticed or unlamented [56], [96]. Availability of IEEE 754 features would allow more robust numerical programs to be written more easily by both novice and expert programmers. Due to the ubiquity and utility of IEEE 754, all IEEE

754 specific features should now be supported by programming languages.

2.1. Portability and Purity

Be thou as chaste as ice, as pure as snow, thou shalt not escape calumny.

Get thee to a nunnery, go.

�William Shakespeare, Hamlet, Act III, Scene i

Java [38] aims to provide �write once, run anywhere� portability by rigorously defining the semantics of the language, specifying many details left to the implementor�s discretion in languages such as C[65] and C++ [89].

Intuitively, a portable program produces �the same� result on different platforms. However, the meaning of �the same� is not well defined when platform dependent details are exploited. To finesse the problem of defining portability, Sun has proposed �100% Pure Java� as an alternative metric. Instead of measuring program portability in terms of what it accomplishes, 100% Pure Java defines purity in terms of what features a program uses. By confining a program to a subset of Java�s features, purity is intended to predict portability. However, many key aspects of Java programming are platform dependent, from the characters that terminate a printed line to the size of the GUI screen. To work around such issues, Sun�s100% Pure Java Cookbook [43] recommends using methods provided in the Java standard library to query the environment.

While many microprocessors conform to the IEEE 754 standard, there is non-negligible variance among the implementations. For other properties that vary from system to system, Java provides an abstraction layer for programmers to write portable code, for example, println always generates the correct platform-dependent line termination character and a LayoutManager can be used to arrange GUI elements on different sized displays.

However, Java does not provide similar facilities to deal with legitimate differences among IEEE 754 conforming processors. For example, there is no mechanism to determine the availability of the double extended format. Java�s least common denominator approach unnecessarily burdens the x86 with usually unneeded and unwanted exact reproducibility [22]. As with other system-dependent properties, there should be established mechanisms to query the capabilities of the floating point environment and use the resources appropriately, either for exact reproducibility or better performance, while in all cases being predictable.

The spirit of the IEEE standard does not dictate rigid conformity; rather, the standard intends to �Enable rather than preclude further refinements and extensions�[4]. Using a disciplined approach, such as explicitly storing intermediate results, (with a few caveats) it is possible to achieve exact reproducibility with existing processors and compilers. Reproducibility may extract a price in terms of code clarity and speed. The IEEE standard allows, but does not mandate, exact reproducibility. Often the speed of a calculation exceeds the importance of the exact result.

For example, a matrix multiplication routine tuned for a particular architecture and memory configuration can be three to four times faster than naive triply-nested loops [8]. Hardware vendors spend considerable time and effort, including hand coding assembly routines, to achieve these performance gains. Code optimized for one architecture when run on a different architecture can be slower than naive code on the second architecture._1 The answers from the optimized routines are not exactly the same, but the great time saving is deemed worthwhile. Therefore, linguistically enforced exact reproducibility of scientific calculations across architectures is an impractical goal.

1 A double precision matrix multiply tuned for the UltraSPARC I (32 floating point registers, 16K L1 cache, 512K

L2 cache) using PHiPAC [8] ran slower than naive nested loops on the Pentium Pro (8 floating point registers, 8K

L1 cache, 256K L2 cache) for square matrices smaller than 500x500. For larger matrices, both programs have comparable throughput. For square matrices smaller than 200x200, PHiPAC matrix multiply tuned for the Pentium

Pro is approximately twice as fast as the naive code on the Pentium Pro and six times as fast as the UltraSPARC code.

Table 1 � Constraints on IEEE 754 number formats.

Total size (bits) bits for p bits for E E^{max} E^{min} single 32 24 8 127 �126
double 64 53 11 1023 �1022
double extended ≥ 79 ≥ 64 ≥ 15 ≥ 16383 ≤ �16382

The finite values representable by an IEEE number can be categorized by an equation with two integer parameters k and n, along with two format-dependent constants N and K[56]:

finite value = n_{k N}◊_{+ -}2_1 .

The parameter k is the unbiased exponent with K+1 bits. The value of k ranges between E^{min} = �(2_K�2) and

E^{max} = 2_K�1. The parameter n is the N-bit significand, similar to the mantissa of other floating point standards. To avoid multiple representations for the same value, where possible the exponent k is minimized to allow n to have a leading 1. When this �normalization� process is not possible asubnormal number results. Subnormal numbers (also called denormals) have the smallest possible exponent. Unlike other floating point designs, IEEE 754 uses subnormal numbers to fill in the gap otherwise left between zero and the smallest normalized number. Including subnormal numbers permits gradual underflow.

Floating point values are encoded in memory using a three field layout. From most significant to least significant bits, the fields are sign, exponent, and significand:

finite value = - ◊ ◊ 1 2 a f_{sign exponent} significand.

For a normalized number, the leading bit of the significand is always one. The single and double formats do not actually store this leading implicit bit. (The double extended format explicitly stores this implicit bit so the format is 80 bits wide instead of 79.) Subnormal values are encoding with an out-of-range exponent value, E^{min} � 1.

Besides the real numbers discussed above, IEEE 754 includes special values NaN (Not a Number) and –∞ .

The special values are encoded using the out-of-range exponent E^{max} + 1. The values –0.0 are distinguishable although they compare as equal. Together, the normal numbers, subnormals, and zeros are referred to as finite numbers. Except for NaNs, if the bits of an IEEE floating point numbers are interpreted as signed-magnitude integers, the integers have the same lexicographical order as their floating point counterparts.

NaN is used in place of various invalid results such as 0/0._4 NaN is needed to make floating point arithmetic closed under the usual arithmetic operations. Actually, many different bit patterns encode a NaN value;

the intention is to allow extra information, such as the address of the invalid operation generating a NaN, to be stored into the significand field of the NaN. These different NaN values can be distinguished only through non-arithmetic means. For assignment and IEEE arithmetic operations, if a NaN is given as an operand the same NaN must be returned as the result; if a binary operation is given two NaN operands one of them must be returned.

The standard defines the comparison relation between floating point numbers. Besides the usual, >, =, and

<, the inclusion of NaN introduces an unordered relation between numbers. A NaN is neither less than, greater than, nor equal to any floating point value (even itself). Therefore, NaN > a, NaN == a, and NaN < a are all false.

A NaN is unordered compared to any floating point value.

By default, an IEEE arithmetic operation behaves as if it first computed a result exactly and then rounded the result to the floating point number closest to the exact result. (In the case of a tie, the number with the last significand bit zero is returned._5) While rounding to nearest is usually the desired rounding policy, certain algorithms, such as interval arithmetic (see section 6.4.7), require other rounding conventions. To support these algorithms, the IEEE standard has three additional rounding modes, round to zero, round to +∞ , and round to �∞ .

The rounding mode can be set and queried dynamically at runtime.

4 The standard actually defines two kinds of NaNs, quiet NaNs and signaling NaNs. Since they cannot be generated as the result of an arithmetic operation, Borneo ignores signaling NaNs and assumes all NaNs are quiet.

5 The VAX uses round to nearest, but in the case of a tie always rounds toward zero. This adds a slight statistical bias to computations and causes troublesome drift in some calculations.

2.3.2. IEEE 754 Exceptional Conditions When evaluating IEEE 754 floating point expressions, various exceptional conditions can arise. The conditions indicate events have occurred which may warrant further attention (although Java omits flags are forbids traps). The five exceptional events are, in decreasing order of severity, 1. invalid, NaN created from non-NaN operands; for example 0/0 and - 10. . 2. overflow, result too large to represent; depending on the rounding mode and the operands, infinity or the most positive or most negative number is returned. Inexact is also signaled in this case.

3. divide by zero , non-zero dividend with a zero divisor yields a signed infinity exactly. 4. underflow , a subnormal value has been created. 5. inexact, the result is not exactly representable; some rounding has occurred (actually a very common event).

The standard has two mechanisms for dealing with these exceptional conditions: sticky flags and traps. Flags are mandatory. Although optional, trapping mode is widely implemented on processors conforming to IEEE 754 and therefore has support in Borneo. The mechanism used for each exceptional condition can be set independently. In this document, signaling a condition refers to either setting the corresponding flag or generating the appropriate trap, depending on the trapping status. When sticky flags are used, arithmetic operations have the side effect of ORing the conditions raised by that operation into a global status flag. The sticky flag status can also be cleared and set explicitly. When a condition�s trap is enabled, the occurrence of that condition causes a hardware trap to occur and a trap handler to be invoked. The standard requests that the trap handler be able to behave like a subroutine, computing and returning a value as if the instruction had executed normally.

Trapping mode requires some additional information beyond notification of an exceptional event. For trapping on overflow and underflow, the trap handler is to be able to return an exponent-adjusted result, a floating point number with the same significand as if the exponent range were unbounded but with an exponent adjusted up or down by a known amount so the number is representable. Instead of allowing users to specify their own trap handlers, Borneo integrates trapping on floating point operations into the existing Java exception mechanism. Therefore, it is not possible to return to the location which caused a floating point trap. Methods of the overflow and underflow exceptions return the exponent-adjusted result. A single operation can cause both overflow and inexact or both underflow and inexact to be signaled. If both of the involved conditions are being trapped on, overflow and underflow take precedence over inexact.

Underflow is signaled differently depending on the trapping status. If trapping on underflow is enabled, any attempt to create a subnormal number will cause a trap. In non-trapping mode, only a subnormal result that is also inexact will raise the underflow flag. A common feature of processors implementing IEEE 754 is a non-conforming flush to zero mode where all subnormal results are replaced with zero. It is considerably easier to make flush to zero fast in hardware than to make gradual underflow fast.

2.3.3. Java floating point conformance Java�sfloat type corresponds to the IEEE single format and Java�sdouble type corresponds to the double format. Java specifies that all arithmetic operations occur under the round to nearest rounding mode^6 with no facility to change rounding modes. In Java, non-trapping mode is always on; floating point operations cannot throw exceptions and there is no mechanism to inspect or clear the sticky flags. Since a Java program does not allow inspection of the flag state, there is no obligation for a Java compiler to maintain the flags in a state consistent with all portions of the program having been executed. In particular, compile time optimizations such as constant folding can be performed without regard to side effects to the flag state. Borneo includes the IEEE 754 features lacking in Java (shown in Table 2) while adding awareness of the interplay between rounding modes, status flags, and evaluating arithmetic expressions.

6 When converting a floating point number to an integer, Java rounds toward zero instead of to nearest, the same behavior as FORTRAN and ANSI C.

Table 2 � Java�s IEEE 754 conformance.

IEEE Features Status in Standard Java Conformance directed rounding required ([4] §4.1, §4.2) explicitly forbidden (JLS §4.2.4) sticky flags required ([4] §7) omitted from specification floating point exceptions (trapping mode) recommended ([4] §8) explicitly forbidden (JLS §4.2.4) extended floating point formats recommended ([4] §3.4) omitted from specification non-signaling comparison operators recommended ([4] §5.7) omitted from specification fused mac not part of IEEE 754 omitted from specification

The standard also recommends an IEEE 754 environment include several utility functions that perform basic tasks on floating point numbers. Java currently includes two of the ten recommended functions; Borneo adds the rest. The additional methods include nextAfter, scalb, and logb. The nextafter function can be used to find the floating point numbers adjacent to a given floating point number, useful for perturbing data and defining floating point constants. The scalb function scales a floating point number by a power of two (in effectscalb attempts to change the exponent of a number but not its significand). Scaling a number this way can lose precision if the result is subnormal; therefore, scalb could be affected by the dynamic rounding mode. It is also possible to use so large or so small a scaling factor that the result cannot be represented, even using a wrapped exponent. However, the standards� descriptions of the recommended functions are terse and the standards do not specify the desired behavior in these extreme cases. Also, IEEE 754 and 854 give different specifications for the behavior of logb on subnormal arguments. The logb function returns the unbiased exponent of a floating point number.

2.4. Language Features for Floating Point Computation

While support for floating point computation in programming languages has long been commonplace, the details of floating point support have often been overlooked in language specifications. In the following sections, issues related to floating point support are identified and the ways Java and Borneo address these needs are discussed. For further information, appendix 9.3 catalogs the variations in how notable languages support floating point.

2.4.1. Decimal to Binary and Binary to Decimal Conversion

The [Windows 3.1] calculator program that Microsoft includes with every copy of Windows makes math errors� If you try to subtract 2.00 from 2.01, it gives an answer of 0.00. And it mishandles other numbers ending in .01. Microsoft knows of the problem, but doesn�t plan to fix it until the next version of Windows ships next year (unless consumers raise a hue and cry). [Walter S. Mossberg, Wall Street Journal Thursday

December 15, 1994, B1]

Microsoft to Fix a Flaw In Windows 3.1 Calculator

REDMOND, Wash. � Microsoft Corp. said it will offer software that fixes a flaw in the calculator portion of its Windows 3.1 operating system. The company said the software is being developed in response to a column in this newspaper. [Wall Street Journal, Monday December 19, 1994, B9]

Since nearly all computer arithmetic is in binary while floating point literals are in decimal, base conversion must be done to enter or display floating point numbers. While finite-length integer values can always be converted without loss of precision between different bases, in general, finite-length fractional values cannot. A fraction finitely representable in one base may be an infinitely repeating fraction in another. For example, in base 3 one third is just

0.1 as opposed to 0.33333� in base 10. Matula [69], [70] discusses necessary and sufficient conditions for lossless base conversion. Reading in and displaying floating point values provides the main interface between users and floating point numbers; if base conversion is suspect, the correctness of the remaining floating point infrastructure is obscured.

Recognizing that a decimal floating point number may not have an exact binary representation, a reasonable expectation is that the closest binary floating point number is used instead. Any floating point base conversion algorithm having this property is correctly rounded. However, many language standards do not require correctly rounded decimal to binary conversion (nor does IEEE 754 in all cases)._7 Since decimal representations of floating

7 The standard does give constraints on base conversion. For a wide range of values, the conversion must be correctly rounded. The IEEE 754 committee expected base conversion to be included in floating point co-processors

point numbers can be used on computers adhering to different floating point standards, correctly rounded binary to decimal conversion is important for portability across heterogeneous floating point systems. Having different results from compile-time and runtime conversion of literals can also lead to inconsistent results.

Although published algorithms exist for both correctly rounded input [12] and output [87], conversion problems persist. Correctly rounded algorithms are also acceptably fast for common cases [11], [34]. While working on the BEEF tests for transcendental functions, it was discovered that the Turbo C 1.0 compiler did not convert �11.0� exactly into a floating point number equal to 11[67]! Unrelated to the infamous Pentium divide bug, the calculator that for years shipped with Microsoft Windows 3.1 produces misleading output for some calculations. Due to a bug in a Microsoft library function, under certain circumstances a value of 0.01 is displayed as 0.00 [68]. The correct value is stored internally; only the display is faulty. First reported in Infoworld in late November 1994, the bug only received widespread attention after being published in the Wall Street Journal column excerpted above.

2.4.2. Floating Point Types An IEEE 754 compliant architecture can support as few as one floating point format or as many as four different IEEE formats. In practice, IEEE 754 architectures either support two formats (single and double) or three (single, double, and double extended^8). Other floating point standards also have defined multiple formats; the VAX eventually had four formats, one 32 bit format, two 64 bit formats, and one 128 bit format. Most programming languages have at least one �built-in� floating point type. Since the number of language floating point types may not match the number of available hardware floating point formats, some constraints on the language type to hardware format mapping are required.

New floating point types may also be created, either as totally user-defined types or possibly as subsets or subranges of existing floating point types.

2.4.3. Expression Evaluation Many familiar laws of arithmetic (associativity of addition and multiplication, distributivity of multiplication over addition, etc.) do not hold for floating point computation. However, language standards may allow optimizing compilers to transform floating point expressions in non-equivalence preserving ways (that hopefully execute faster). Some compilers have documented options that list which rules of arithmetic are broken at different optimization levels. For example, the Sun cc compiler�s �-fsimple=2� allowsx/y in a loop to be replaced by x * z where z = 1/y if y has a constant value during the loop execution.^9 A few compilers may even ignore parentheses while evaluating expressions.

Numerous calculations can fail due to overly aggressive optimization. For example, in X = (X + b) � b if X is as large as the few least significant bits of b, a kind of rounded version of X is calculated. If the subtraction is done first instead of the addition, the value of X does not change. Another common idiom where order of evaluation can be crucial is Z = (a*X)*Y The values of X and Y may vary widely with scaling factora ensuring that overflow and underflow do not occur. If instead the expression is evaluated as

so correctly rounded conversion was not required over the entire range of floating point values due to implementation difficulties[59]. 8 The 80 bit double extended format is widely implemented in hardware. Another extant IEEE double extended format, 128 bit quad, has instruction level support in some architectures. However, on existing processors implementing such architectures, the actual quad operation trap to software. 9 x/c may not be equivalent to x * (1/c) in several ways: if 1/c is not exact, multiplying by the reciprocal causes two rounding errors instead of a single rounding error for the divide and 1/c may overflow whenx/c does not. The two forms can also cause different exceptional conditions. If the numerator and denominator are both zero, x/c generates invalid while x * (1/c) generates divide by zero and invalid (both expressions evaluate to NaN).

If c is very small, 1/c can overflow to infinity (never yielding a normal product) whilex/c can result in a normal number.

Z = a*(X*Y) exceptions designed to be avoided may occur. Alternatively, (a*X) may be an exact calculation, with the only rounding error introduced by the second multiplication; using a different evaluation order can increase the calculation�s rounding error[59].

For predictable floating point behavior, a language must respect parentheses and not treat computations that are mathematically equivalent on infinitely precise real numbers as computationally equivalent on limited precision floating point numbers. For example, while multiplication of real numbers is associative, multiplication of floating point numbers is not associative. To scrupulously support IEEE 754, optimizations cannot change the sticky flags set or floating point traps caused by evaluating an expression. Other optimizations, such as common subexpression elimination, must be aware of dynamic rounding and trapping modes. However, at times it is also desirable and warranted to sacrifice floating point fastidiousness for increased speed.

In the evaluation of numeric expressions of more than two terms, temporary values are needed to hold the intermediate results. Since these anonymous temporary values are not explicitly declared by the programmer, some convention is needed for determining the types of these locations. Expression evaluation rules are usually more of an issue if a language has multiple floating point types. A related issue is what coercions can be implicitly performed by the compiler. In addition to coercions in expression evaluation, implicit coercions between floating point types may occur during assignment and parameter passing. Several conventions for the typing of anonymous floating point values have been used:

1. strict evaluation: If the two operands are of the same type, the result is of that type. If the two operands are of different types, the �narrower� of the two operands is converted to the type of the �wider� operand and the final result is the type of the wider operand. Strict evaluation is used in Java and ANSI C, among other languages.

Strict evaluation allows the compiler to easily determine the types of intermediate results since only the types of the operands need to be determined; no other environment needs to be consulted.

2. widest available: Some hardware platforms, such as the x86, have a preferred floating point format that runs more naturally than other formats. In the widest available strategy, this type is used for all intermediate expression evaluation. For example, in pre-ANSI C, all floating point expression evaluation takes place in a platform-dependent double precision even if all the operands are float. In widest available evaluation, expressions are often calculated in a higher precision than the input data. This policy can prevent unsophisticated numerical expressions from misbehaving while also achieving good hardware utilization.

3. scan for widest (widest needed): In scan for widest, the expression is scanned to find the widest numeric type present (including the width of the destination in an assignment), then all leaves of the expression tree are coerced to the widest type. The intention of scan for widest is to use as much program context as possible to determine the most appropriate sizes for temporary values. However, scan for widest complicates determining what types intermediate results should have. Scan for widest has been partially implemented in a modified

FORTRAN compiler [24].

2.4.4. Converting between floating point and integer

Languages differ in evaluation rules for mixed integer and floating point expressions. Some have implicit coercion of integers to floating point, others do not. Additionally, when converting floating point numbers to integer, a variety of rounding conventions may be used.

2.4.5. Floating Point State

The IEEE 754 standard defines several pieces of floating point state, the dynamic rounding mode, the current trapping status, and the value of the sticky flags. To fully support the standard, a language must have mechanisms to query and set these values. Some languages have defined their own floating point state variables. For example, in later versions of APL (see section 9.3.2), a program-wide comparison tolerance can be set.

2.4.6. Operator Overloading

Operator overloading is a common language feature allowing programmers to define and call infix functions. Some languages only allow a certain set of built-in operators to be overloaded; others allow novel user-defined operators as well. Often there are restrictions on operators acting on user-defined and built-in types, such as at least one argument must be a user-defined type. For user-defined types, operators may be defined to convert one type to another. Since user-defined types using operators are often numeric types, interaction with built-in numeric literals is important.

New numeric types usually have value semantics, that is, each �number� should not share state with any other number. An easy, but inefficient, way to implement these semantics is to always make a copy of the number object during assignment, parameter passing, and function return. For efficiency reasons, making unnecessary copies of objects should be avoided.

2.4.7. Java and Borneo Java: A simple, object-oriented, network-savvy, interpreted, robust, secure, architecture neutral, portable, high-performance, multithreaded, dynamic language. �Sun�s buzzword compliant description of Java

Originally called Oak, the Java language is touted as the language for programming the Internet. To support its �write once, run anywhere� goals, Java strictly defines many aspects of the language left undefined or implementation dependent in other languages, such as C. Thread scheduling and the order finalize methods are called for garbage collected objects are not rigidly defined by the Java specification.

Java requires correctly rounded decimal to binary and binary to decimal conversion (JLS §3.10.2, §20.9.16, §20.9.17). Java has two floating point types, float and double, which correspond exactly to the IEEE 754 single and double formats. It is a compile time error to have floating point literals exceed a format�s range. The strict evaluation policy is used for expression evaluation; implicit widening conversions occur between integer and floating point types. Rounding to zero is used for converting floating point numbers to integer. Parentheses must be respected, implicit right to left evaluation must be followed, and optimizations must preserve both the value and observable side effects of floating point expressions. However, since Java semantics do not include the IEEE sticky flags or exception handling, optimizations that would change these properties are legal in Java. While requiring IEEE 754 numbers, Java does not support all IEEE 754 features. Using non-default rounding modes is explicitly forbidden as are floating point exceptions (JLS §4.2.4).

Java does not have any operator overloading facilities but method calls are overloaded. Borneo adds support for all IEEE 754 features while maintaining upwards compatibility with Java.

Building on Java�s specification, Borneo maintains Java�s base conversion requirements and extends the side effects of floating point expression evaluation to include the IEEE 754 sticky flags and exceptions. By default, Borneo uses strict evaluation for expressions, but a block-level language declaration allows widest available to be used instead. In addition to float and double, Borneo�sindigenous type designates the double extended format on processors supporting that format (and designates double elsewhere). Even though the indigenous type varies from platform to platform, a Borneo program remains predictable even if not exactly reproducible.

Borneo has declarations to express IEEE 754 features in a convenient, structured manner. Dynamic rounding modes are controlled by a lexically scoped declaration. Sticky flag behavior is included in a method�s signature. Borneo also has a new control construct based on sticky flags in addition to library methods to access the sticky flags directly. A scoped language declaration allows floating point exceptions to be thrown. The Borneo library includes all the IEEE recommended functions.

Operator overloading in Borneo allows the creation of user-defined numeric types that can be used nearly as conveniently as the built-in primitive floating point types float and double. Avoiding past complications, operators on primitive types may not be redefined, but novel operators may be introduced. A programmer can also include existing operators in a new class. The text of an operator indicates its precedence and associativity.

Borneo programs end with a �.born� extension instead of the �.java� extension used for Java programs. A Borneo compiler also accepts Java programs, but to avoid name clashes, Borneo specific keywords are not recognized as keywords in Java programs. A Java program compiled with a Borneo compiler is compiled with Borneo�s floating point semantics; some floating point optimizations legal in Java are not performed by Borneo.

3. Future Work

3.1. Incorporating Java 1.1 Features

The current version of Borneo is based on Java 1.0 as described in JLS. Java 1.1 adds a number of new language features, such as inner classes, as well as many new libraries and interfaces. Borneo has a third floating point type, indigenous, not present in Java. The indigenous type varies across platforms; it is double extended where that format is supported in hardware and double elsewhere. The addition of indigenous necessitates

changes to a number of Java 1.1 features including the Java Native Interface, object Serialization, reflection, and

Remote Method Invocation. The Java Native Interface to call native code must be extended to include the indigenous type. Additionally, since indigenous values are platform dependent, they cannot be serialized with the default serialization; custom readExternal and writeExternal methods need to be provided in the

Indigenous class (analogous to the Float and Double classes). Therefore, the Indigenous class should implement the java.io.Externalizable interface instead of the java.io.Serializable interface. A new Class object must be created to represent indigenous in the reflection API. The Remote Method

Invocation facilities also need to be updated to properly incorporate transmitting indigenous values.

3.2. Unicode Support

The Unicode character for infinity, ∞ =0x221E, could be used to designate an infinity literal, but due to the lack of widespread Unicode support, having that character alone serve as a literal for infinity is not sufficient._{10}

The Unicode standard includes a number of mathematical operators (characters 0x2200 to 0x22FF), some of which could be useful for operator overloading.

3.3. Flush to Zero

Instead of gradual underflow, some processors can �flush to zero� small values. This flush to zero mode is non-IEEE 754 compliant but runs much more quickly on processors with this feature. Like Java, Borneo requires that gradual underflow be used at all times.

3.4. Variable Trapping Status

Currently in Borneo whether or not an exceptional condition is trapped on in a section of code is a static property of the program. To fully emulate processors which have trapping status as a dynamic property, some mechanism is needed to allow the trapping status of a section of code to be varied at runtime. One possibility is to allow an enable declaration (section 6.8.1.3) to take an integer argument, analogous to a rounding declaration (section

6.7.2). It must also be possible to query the dynamic trapping status. For example, to implement a class that fully models the behavior of the double extended format, it is necessary to query the dynamic trapping status.

3.5. Parametric Polymorphism

Among the new floating point types proposed for the Borneo library, some would have very similar code. For example, classes representing exponent extended floating point numbers, WideExpFloat, WideExpDouble, and

WideExpIndigenous would be nearly identical except for the base floating point type used. Templates or some other parametric polymorphism facility could relieve the tedium of maintaining many similar numeric types.

4. Conclusion

I hate quotations. Tell me what you know.

�Ralph Waldo Emerson

While programming languages do not explore a very large design space for floating point support, the details from language to language and compiler to compiler often differ. Important issues such as correctly rounded base conversion are often not even acknowledged in language standards. More recent languages, such as Java, are aware of IEEE floating point and related issues, but often do not guarantee full support. Borneo extends Java to incorporates IEEE 754 features in a structured manner, allowing both the compiler and the programmer to reason about the code.

Borneo largely preserves both the syntax and semantics of Java; the same source code under Borneo has nearly identical semantics as under Java. Java�s existing exception handling mechanism is augmented to deal with floating point exceptions. New scoped declarations are added to control rounding mode and flag state. By default, a

Borneo program is subject to less aggressive constant folding and related optimizations than the same program under

Java, but the small loss of local optimizations is accompanied by the ability to write much faster, more robust

10 Similarly, Unicode could even be used to denote a NaN literal by using the Mandarin homophone =0x96E3

(which means difficult).

algorithms. Borneo follows the letter and the spirit of IEEE 754, supporting the creation of portable, predictable numerical programs.

5. Acknowledgments

The work that would later become Borneo was begun by the author in the summer of 1996. Significant progress occurred during the spring 1997 semester when working on Borneo became the class project for Professor Kahan�s CS279 class, System Support for Scientific Computation. Cedric Krumbein, Howard Robinson, Robert Yung, and Melody Ivory participated in discussions related to Borneo. Cedric Krumbein wrote the initial examples of code using exception handling and contributed to the BVM specification as well as editing and checking early drafts of the Borneo document. Howard Robinson provided the sticky flag and Sturm sequence examples and also helped edit early versions of this document.

The Borneo language and document have benefited from the feedback of many people. Vincent Fernando, John Hauser, and Geoff Pike provided useful comments on an extended abstract of earlier versions of this document. Jim Demmel provided several useful references and suggestions. Ben Liblit drew attention to aspects of the Borneo�s operator overloading that required refinement. Jeff Foster�s reading of this document was very helpful in identifying issues needing clarification. Eric Grosse and Richard Fateman helped track down some of the last remaining typos. Rich Vuduc ran PHiPAC to help determine the penalty of mis-optimization. Gregory Tarsy�s floating point group at Sun, David Hough, Alex Liu, Stuart McDonald, K.C. Ng, Douglas Priest, and Neil Toda has helped and supported the Borneo effort, including having the author as a summer intern. Finally, thanks goes to Alex Aiken and William Kahan for advising and guiding the author throughout the development of Borneo.

12

1 0 000101111

. L1 24 34

1 244 34 4 1 2 4 44 3

4 4 4

subnormal double double with extended exponent infinitely precise result

xxx

Figure 1 � Example to illustrate double rounding problems.

On an x86, when a double number is stored in a double extended register rounded to double, exponent values that would indicate subnormal double numbers are normal numbers in double extended.

Since subnormal numbers effectively have fewer significand bits extra bits of precision can be present if the exponent is not also rounded. Figure 1 shows how the differences in value can arise. In this example, the exponent

(not shown) is four less than the true double underflow threshold. If strict rounding to double were performed, the value of the significand to full precision would be

1.0�00010000

(the last four zeros would not be represented in the format) while rounding only the exponent gives a different value,

1.0�0001 1000

On overflow or divide by zero a single infinity value is generated, so there is not a corresponding rounding problem since infinities are not affected by rounding when converted between formats. To get exactly the same answer, extra work is necessary on each floating point operation. The approach taken in [36] is to store after an operation (to round the exponent) and then test the inexact flag to see if double rounding occurred. On numerical kernels, this technique leads to slowdowns of over an order of magnitude compared to code that does not perform the extra stores and does not test the inexact flag [36]. Another option is to still perform the store after each operation and to trap on underflow, allowing an underflow trap handler to simulate the calculation on the original operands but rounding the result to the smaller width.

To achieve floating point performance comparable to C or FORTRAN, Borneo needs a mechanism to run the x86 using its double extended registers without regard to small rounding differences._{13}

Independent of increased speed, programmers would benefit significantly from using thedouble extended type in their codes. Some functions have singularities, either intrinsic or as an artifact of the computation. A region of the domain of the function maps to that singularity and values lying near that region have less accurate answers computed. However, usually if a computation is carried out using greater precision than the input data (and returned result), the extra precision reduces the quantity of data affected by the singularity. When the

11 extra significand bits of double extended are used during the computation, double input data is usually about 2,000 times farther away from the problematic region, meaning loss of accuracy would typically occur about

2,000 times less often as well. The double extended format increases the chances that simple textbook formulas will work over a sufficiently large subset of the range, leading to fewer situations requiring sophisticated numerical analysis [57] (see section 6.10.1 for an example). The double extended format also allows better algorithms to be used for certain problems, such as more accurate iterative refinement techniques for systems of linear equations [62] and binary to decimal conversion [21].

6.1.2. Specification

FloatingPointType: one of float double indigenous

FloatTypeSuffix: one of f F d D n N

Figure 2 � Modifications to Java�s grammar to support Borneo�s indigenous type.

Borneo adds indigenous as a primitive floating point type and �indigenous� as a keyword. The size and format of indigenous are platform-dependent, corresponding to the largest floating point format with direct

13 After this thesis was filed, Sun released a proposal describing possible modifications to Java�s floating point semantics to ameliorate Java�s performance problems on the x86 architecture[91]. The proposal is discussed in section 9.3.19.

hardware execution on a given processor. The type indigenous corresponds exactly to either the IEEE 754

double or double extended format. In Borneo, values of type float and double are widened to
indigenous in the same contexts float is widened to double in Java (i.e., float to indigenous, double

to indigenous, and long to indigenous are widening primitive conversions (JLS §5.1.2)).^{14} As with float and double in Java, if Borneo�s �+� operator is given a String operand and an indigenous operand, the indigenous operand is converted to a String representing its decimal value.

Since Java floating point literals can be given a specific type, Borneo adds a new FloatTypeSuffix [nN] to designate an indigenous literal. For example, in Java, �0.0�, �0.0d� and �0.0D� are double literals; �0.0f� and �0.0F� are float literals. The initial value for an indigenous variable is 0.0n, an indigenous zero. Figure 2 lists the modifications to Java�s grammar needed to supportindigenous. As in Java, a Borneo literal without a type suffix is of type double. In Java, floating point literals that exceed the format�s range are caught as compile time errors. Since the runtime range and precision ofindigenous are platform-dependent, the range errors for indigenous cannot all be detected at compile time. Only indigenous literals that exceed the range of double extended are found during compilation. indigenous values that exceed the range of double, but not double extended, do not cause a compile time error. When used at runtime, such values signal overflow and inexact or underflow and inexact if used on a machine where indigenous is the same size as double. In general, use of an indigenous literal may signal inexact. Each time an indigenous literal is accessed, the signals associated with that conversion are raised. For example, if a literal is in a loop, the signals are raised on each iteration. With some analysis, a Borneo implementation may be able to avoid the full overhead of repeatedly converting a literal. For example, if the conversion does not signal, the value can be reused without recomputation. If the inexact flag is not cleared during loop execution, the first loop iteration with the conversion can be peeled and the converted value stored. This avoids repeated conversions while preserving the observable exceptional behavior.

Table 3�Primitive floating point types in Borneo

Name Size Type Suffix

float 32 bit, single precision f, F
double 64 bit, double precision d, D
indigenous processor dependent IEEE floating point

format, at least as large as double n, N

Since the translation of indigenous literals to binary cannot occur fully until runtime, the effective value of indigenous literals varies from platform to platform. Borneo guarantees that the floating point value of an indigenous literal is the properly rounded result in the final floating point format, avoiding problems of double rounding. Rounding a literal string to double extended precision at compile time, and then rounding the resulting double extended value to double at runtime can give different results than a single rounding to double precision at compile time. To avoid such inconsistencies, Borneo�s decimal to binary conversion represents the binary form of an indigenous literal as the sum of a double and a float. The combined number of significand bits in a double and a float exceed the number of bits needed to correctly round a double extended value. Therefore, simple floating point addition of the double and float values can be used to generate the correct indigenous result at runtime. However, some additional testing and computation is necessary to decode very large or very small indigenous values. The encoding used for indigenous literals is further discussed in section 7.1.

By definition, calculations on indigenous values can differ from platform to platform. If more uniform answers are desired, the programmer can use float and double exclusively. If the double extended format is truly needed at any price, the DoubleExtended class (section 6.4.4) can be used. Expressions including

indigenous values are not considered constant expressions (JLS §15.27). The calculation of final
indigenous values cannot be done at compile time unless the indigenous expression can be evaluated exactly

using double precision.

14 In general, byte, short, char, int, long, float, and double can all be widened to indigenous via a widening primitive conversion. The indigenous type can be narrowed via a narrowing primitive conversion to any of the other 7 built-in numeric types.

Changes throughout the standard library are needed to support indigenous properly, such as including transcendental function methods in java.lang.Math that take and return indigenous values. New overloaded methods abs, min, and max that operate on indigenous values are added to java.lang.Math.

The Java double constants PI and E have as indigenous counterparts methods PI and E which return indigenous values. The new methods given in section 8.9 and section 8.10 are necessary to support the
indigenous to String conversion.

6.1.3. Alternatives

To avoid the current performance implications of Java on the x86, one could add double extended as a basic type. However, since Java is designed to be portable, nearly all other hardware platforms would be forced to perform a costly simulation of this type. A program designed to use double extended would run quite well on an x86, but orders of magnitude slower on a SPARC. Such unpredictability of performance is undesirable even if the same numerical results are generated. Using indigenous circumvents creating this potential performance problem by using the resources provided by a particular machine.

Although some IEEE 754 compliant architectures (SPARC, PA-RISC) have support for 128 bit quad floating point computation, such quad length numbers are not a suitable candidate for indigenous. While currently such processors have opcodes for manipulating quad values, the actual operations trap to software and are thus rather slower than operations on float, double, or double extended numbers. To implement quad-word floating point operations on SPARC platforms, by default the GCC compiler generates function calls specified in the SPARC ABI instead of using the hardware instructions since the function calls are considerably faster than trapping [85].

Borneo chooses the somewhat lengthy name �indigenous� since �native� is already used by Java to indicate methods written in other languages. The keyword �indigenous� has the same number of letters as C�s

�long double,� but �indigenous� preserves the Java property that the names of all primitive types are one token. The shorter word �endemic� was briefly considered but rejected due to its association with disease.

6.1.4. An indigenous example

As shown in Figure 3, one use of indigenous variables is storing intermediate calculations in the highest hardware precision available so a more accurate answer can be calculated.

float dot(float[] a, float[] b) { indigenous sum = 0.0;

if(a.length == b.length) { for(int i = 0; i < a.length; i++) { // promote array values to indigenous to preserve precision sum += (indigenous)a[i] * (indigenous)b[i]; } return (float) sum; } else throw new IndexOutOfBoundsException("Tried to compute the dot product of two arrays of different size."); } Figure 3 � Using indigenous in computing the dot product.

6.2. Floating Point Literals

The IEEE 754 floating point values NaN and infinity have no corresponding literals in Java. The current techniques to refer to these values have unwanted and unnecessary side effects.

Infinities and NaNs can be generated by the evaluation of an expression, such as 1.0f/0.0f for a float infinity. The evaluation of such expressions can alter the floating point flag state of the program. For example, generating an infinity causes the overflow or divide by zero flag to be set. Java�sFloat and Double classes include static final fields assigned NaN and infinity values. The expressions setting those fields do not have

to be evaluated at runtime, so the running program�s flag state can remain unchanged; but names in another class have to be referenced. The methods Float.intBitsToFloat and Double.longBitsToDouble can be used to indirectly create arbitrary floating point numbers since they return a floating point number with the same bit pattern as the integer argument. However, since the size of indigenous varies from platform to platform and since there is no integer type guaranteed to be as wide as indigenous, an arbitrary indigenous value cannot be portably or directly created from a single integer constant.

Augmented Java Syntax FloatingPointLiteral:

infinity FloatTypeSuffix_{opt}
NaN FloatTypeSuffix

Figure 4 � Changes to Java grammar to support infinity, and NaN literals.

To allow special floating point values to be used easily for all primitive floating point types, Borneo has floating point literals denoting infinity and NaN. For clarity, Borneo chooses �infinity� to represent infinite values. The string �inf� was not chosen since in mathematicsinf refers to the greatest lower bound or smallest element of a set. While �NaN� could be chosen to represent a NaN value, Float.NaN and Double.NaN are existing static fields in Java standard library. To avoid name conflicts, Borneo NaN literals are represented as �NaN� followed by aFloatTypeSuffix; so �NaNf�, �NaNd�, and �NaNn� are, respectively, float, double, and indigenous NaN literals. Infinity literals can also have a FloatTypeSuffix with the usual interpretation. A NaN literal prefixed by �+� or �-� is a valid expression. Floating point literals are available in all contexts without qualification; therefore, �infinity � can be used instead of �Double.POSITIVE_INFINITY.� Borneo adds thirteen new character sequences denoting floating point literals (enumerated in section 9.5), but conflicts with names in existing Java programs should be rare.

6.3. Float, Double, and Indigenous classes

Much of the functionality and utility of a language is captured in the language�s standard library. Therefore, along with changes to Java proper, Borneo includes library modifications to aid in bringing Java to full IEEE 754 compliance. The Java Float class �wraps� the primitive typefloat in an object and defines many useful static methods operating on float values. The Double class has the analogous relation to the double type.

Figure 5 and section 8.5 detail the specific changes Borneo makes to the Float class. The standard recommends a number of functions acting on floating point values. Java already includes two of the recommended functions as methods in the Float class (isNaN and isInfinite^{15}), but fails to include six other useful methods that Borneo adds (copySign, scalb, logb, nextAfter, unordered, and fpClass). However, Borneo adds the remaining IEEE recommended functions to the Math class to make better use of Java�s method overloading. Full specification of the IEEE 754 recommended functions taking advantage of Borneo features not found in Java is given in section 8.8. These methods make direct manipulation of the bit patterns of floating point values largely unnecessary. Borneo also includes a logbn method, which differs fromlogb in the treatment of subnormals. The scalb method is comparable to ANSI C�sldexp and logb is similar to ANSI C�sfrexp.

Certain constants associated with the float type, such as the maximum finite value, are also included in Java�sFloat. By using nextAfter, logb, and a few simple floating point literals such as 1.0f, 0.0f, and infinityF, all the current floating point constants in Float can be defined in a format independent manner. For example, for any IEEE floating point type, MAX_VALUE is given by nextAfter(infinity,0.0) for 0.0 and infinity of the appropriate type. Such a specification is clearer than the current specification of particular bit patterns (JLS §20.9.1�§20.9.5, §20.10.1�§20.10.5). New constants describing the exponent range, rounding threshold, and minimum normal value, are also added to Float since those quantities also provide useful information about the type. The rounding threshold and minimum normal value are given in the<limits.h> file in ANSI C. Corresponding changes are made to the Double class (section 8.6).

An Indigenous class modeled after Float and Double provides equivalent support for indigenous. Although the values of the static final fields in Indigenous are platform-dependent, the

15 The standard actually calls for an isFinite predicate instead of Java�sisInfinite. isInfinite is not the logical negation of isFinite since isFinite(NaN) and isInfinite(NaN) are both false.

specification is platform-independent by using methodology described above. An abstract method indigenousValue is added to the Number class so that all subclasses of Number can be converted to one another. Since the size of indigenous is platform dependent, Indigenous does not have methods corresponding to Float.floatToIntBits and Float.intBitsToFloat. The IEEE recommended functions can be used to take apart and create arbitrary floating point values. Indigenous does include two methods without counterparts in Float or Double. The method static double[] decompose(indigenous value)takes an indigenous value and returns a two-element array of double floating point numbers encoding the argument in the same mannerindigenous literals are encoded in the constant pool. The second element of the returned array holds a float number promoted to double. The inverse functionality is provided by static indigenous compose(double, float). A new constructor taking an indigenous value is also included in the Float, Double, and Indigenous classes.

//New constants public static final float MIN_NORMAL = 1.17549435e-38f; // smallest normal number, defined as

// nextAfter(0.0, infinity)/(nextAfter(1.0,infinity) �1)

// equal to 2_{2 � 2K} where K = number of exponent bits �1

//Information about format public static final float ROUNDING_THRESHOLD = 5.960465e-8f; // the least positive number such that under round to nearest

// 1 + threshold ≠ 1, defined as

// nextAfter((nextAfter(1.0, infinity) � 1.0)/ 2.0, infinity) public static final int SIGNIFICAND_WIDTH = 24; // width of significand including possible implicit bit

// defined as �logb(nextAfter(1.0, infinity) �1.0)+ 1 public static final int MIN_EXPONENT = �126; // smallest (most negative) exponent of a normal number,

// defined as (int)logb(MIN_NORMAL) public static final int MAX_EXPONENT = 127; // largest exponent of a normal number

// defined as (int)logb(nextAfter(infinity,0.0)) public static final int BIAS_ADJUST = 192; // amount by which exponent is adjusted in trapping on

// overflow or underflow, defined as

// 3•2_{n-2} where n is the number of bits in the exponent

// BIAS_ADJUST can be calculated by

// (int)(3.0 *

// scalb(2,(int)(ceil(log( logb(MAX_VALUE))/log(E)) �2) ))

//New methods public indigenous indigenousValue (); // for symmetry with other primitive types

//New Constructor public Float(indigenous value);

//Constants to modify public static final float MIN_VALUE = 1.4e�45f // defined as nextAfter(0.0, infinityF) public static final float MAX_VALUE= 3.4028235e+38f // defined as nextAfter(infinityF, 0.0) public static final float POSITIVE_INFINITY = infinityF;

public static final float NEGATIVE_INFINITY = �infinityF;

public static final float NaN= NaNf;

Figure 5 � Changes to the Float class.

6.4. New Numeric Types

While the primitive floating point types are adequate for many purposes, other kinds of numeric types are useful in certain circumstances. The classes described below use various IEEE features to implement numeric types appropriate to different domains. The exact specification for the new numeric types is not provided; their general behavior and purpose is given. All the numeric classes use Borneo�s operator overloading capabilities (see section

6.9).

6.4.1. PseudoInt

The significand field of a floating point number can be used to provide enhanced, fast integer arithmetic. Such a numeric type is useful for financial and accounting calculations. Unlike Java�s modulo 2�s complement integers,

PseudoInt indicates integer overflow by setting the inexact flag. To achieve a wider range, indigenous can be

used as the base floating point type. On the x86, 64 bit signed-magnitude integers can be stored in the double extended floating point format. PseudoInt is similar to the comp type in SANE.

6.4.2. Wide Exponent Types Certain calculations, such as computing the determinant of a matrix of high dimension, can overflow or underflow quite readily. Often the ratio of two such determinants is computed; the magnitude of the two determinants is not of direct interest. To handle such situations, where greater range but not greater precision is needed, wide exponent types are used. WideExpFloat, WideExpDouble, and WideExpIndigenous extend the base floating point type�s exponent with a 32 bit integer. The range of these types is so large that user-visible overflow or underflow should occur extremely rarely when only basic arithmetic operations are performed. Wide exponent types implement the functionality of the KOUNT mode discussed in [56]. The basic approach to coding wide exponent types using exceptions is covered in [40].

6.4.3. DoubledDouble

DoubledDouble is a non-IEEE 128 bit format. Instead of using 128 bits to store a single number,
DoubledDouble uses the bits to represent the unevaluated sum of two 64 bit double numbers (the sets of

powers of two represented by the two double components do not have to be contiguous). DoubledDouble is primarily useful on hardware with a fused mac instruction since that operation allowsDoubledDouble to run at a reasonable speed. See [84] for a detailed discussion of �multi-term� extra-precision floating point representations.

6.4.4. DoubleExtended Depending on the platform, the indigenous type can either be the 64 bit double format or the 80 bit double

extended format. When exactly 80 bits must be used, the DoubleExtended class explicitly implements 80 bit
double extended floating point numbers. On the x86 and 68000 architectures, DoubleExtended should

refer to indigenous; on other processors, DoubleExtended must be implemented in software. Techniques similar to those used in SoftFloat [42] can be used to implement IEEE floating point numbers with integer arithmetic in Java.

6.4.5. Extended Analogous to the BigInteger and BigDecimal classes added in Java 1.1, the Extended class provides IEEE 754 style numbers of arbitrary length. A class variable controls the width to which current operations are rounded. The C++ library SciLib [76] provides approximately the intended functionality of Extended. At run time, Borneo�s operator overloading can be used to build a data structure and dynamically determine the proper precision to use. For better speeds, operations on float and double length numbers could be recognized as special cases and performed with the primitive floating point types. Writing the transcendental methods forExtended is a large task since the best algorithm to use depends on the length of the number.

A 128 bit �quad� size floating point format is a special case ofExtended. Quad size floating point numbers have some instruction-level support on current SPARC and PA-RISC architecture, but the actual operations are performed in software.

6.4.6. ExtraPrecision

Table 4 � Various reasonable implementation options for the ExtraPrecision class.

Architecture Format Processor Features

x86 80 bit double extended native floating point format PowerPC, RS/6000 doubled double extensive use of fused mac instruction SPARC quad existing instruction level or library support

ExtraPrecision is a processor dependent floating point type, used when a modest amount of extra precision is necessary at a modest price. The fastest kind of floating point numbers larger than double on a given platform are used. ExtraPrecision is not necessarily an IEEE style number format. Some reasonable implementation

options for different processors are listed in Table 4. ExtraPrecision could be implemented by referring to other floating types already defined in the Borneo standard library.

6.4.7. Interval

Instead of representing numbers as single points, interval arithmetic [2], [73] aims to bound the error in the result of a calculation by representing each number as a range. Directed rounding is used in interval arithmetic to obtain the upper and lower bounds. Interval arithmetic is useful for determining if a calculation is sensitive to roundoff and should be rerun with additional precision to achieve the desired accuracy. Since decimal to binary conversion is often inexact, using a single value for a decimal floating point literal in interval arithmetic is not ideal. Instead, as with other interval operations, decimal to binary should return a non-trivial interval. Therefore, the Interval class includes methods such as Interval valueOf(String s) to perform the necessary conversion.

6.4.8. ExtendedInterval

ExtendedInterval combines the arbitrary precision of Extended with the upper and lower bounds of

Interval. One option for implementing ExtendedInterval is to use two arbitrary precision numbers, one for the upper bound and the other for the lower bound. To save storage, one extended number (a midpoint) and a range can be stored. Such a variety of implementation options argue for users to be able to write their own interval types to supplement the Borneo library interval types.

6.4.9. Complex and Imaginary Numbers

The textbook example of complex numbers as an abstract data type promotes real values to complex whenever the two are combined. Unfortunately, such promotion creates a zero imaginary component which has adverse consequences for complex arithmetic in some applications; spurious overflows and underflows can occur and some complex number identities are violated. Using a separate imaginary type and the formulas discussed in [63] gives fewer computational irregularities. Example code for a portion of the Complex class is listed in section 6.9.6.1.

6.5. Floating Point System Properties

Processor designers have created three distinct families of IEEE 754 compliant machines. The first class of machines takes a straightforward and orthogonal approach to implementing the standard; they provide float and double formats and instructions to combine and manipulate numbers of those formats. The SPARC architecture is in this �orthogonal� category.

The RS/6000 and PowerPC take an alternative approach to realizing the standard and implement nearly all floating point operations as special cases of a single ternary operation, fused multiply accumulate (fused mac). A fused mac multiplies two numbers exactly and then adds a third number to the product, generating a single rounding error at the end (fused mac is not a part of the IEEE 754 standard). Addition is fused mac with one of the factors set to 1.0. Multiplication is a fused mac with the summand set to0.0. Correctly rounded division is implemented by a series of fused mac operations solving a recurrence [56]. A fused mac machine can easily simulate an orthogonal family machine, but not vice versa.

The third architecture family is primarily comprised of the 68000 series and the x86 line; these machines most naturally use double extended values. In principle, such a machine should be able to simulate the results of a orthogonal machine easily, but some design choices of the x86 make that task very costly and subtle.

A hardware fused mac can give increased speed and improved accuracy. In keeping with the goals of

Borneo, some access to fused mac is provided. However, because simulating a fused mac on a processor without that instruction is quite slow, the simulation should be avoided unless a fused mac is absolutely necessary for correctness or reproducibility.

To inquire about other properties that vary from platform for platform, Java provides a number of system properties that can be accessed through the System.getProperties method (JLS §20.18.7). To provide information about floating point differences, as shown in Table 5, Borneo augments the list of system properties to include whether or not a hardware fused mac is present. Since floating point hardware is optional on Java chips [78], the new fp.hardware property specifies whether or not underlying hardware is used to run floating point.

Software implementation of IEEE 754 floating point is approximately 20 to 50 times slower than a hardware implementation on the same processor. The new system properties cannot be set by the user. The size of the hardware dependent indigenous type can be determined from information given in the Indigenous class.

Table 5 � New system properties describing floating point.

Key Description of associated value

fp.fmac �true� if a hardware fmac is available, �false� otherwise
fp.hardware �true� if floating point support is in hardware, �false� otherwise

6.6. Fused mac

Although use of fused mac can lead to better answers for some codes (such as computing the dot product of two vectors), other algorithms depend on the precise properties of floating point multiplication and addition and do not work when a fused mac is substituted[56]. However, in many cases, algorithms do continue to work, and execute faster, when a fused mac is used. Other algorithms, such as manyDoubledDouble arithmetic implementations, require a fused mac. To fully support fused mac, the programmer needs to be able to specify three cases: fused mac must be used, fused mac mustnot be used, and it is irrelevant whether or not fused mac is used. Borneo supports two of the three options; fused mac must be used and fused mac must not be used.

Fused mac must not be used is specified by writing programs with the traditional floating point operators; fused mac must be used is specified by explicitly using a fused mac method. To portably support a fused mac on machines that do and do not have fused mac hardware, Borneo provides explicit fused mac methods for all primitive floating point types. On platforms where fp.fmac (section 6.5) is �true�, thefmac methods should use appropriate native instructions. Otherwise, integer calculations can be used to implement fused mac. Supporting fused mac through a library call is suggested by Gosling in[37].

For compatibility with Java, Borneo requires that all uses of fused mac be explicitly indicated; the compiler or interpreter is not free to combine consecutive multiplication and addition operators into a single fused mac.

Borneo does not support the third option of using fused mac if convenient because doing so would require extensive changes to the language. The semantics of �a * b� would be changed to depend on the surrounding expression. For predictable behavior, the precise conditions under which a multiply followed by an add in the source language can be collapsed into a fused mac need to be given. For increased speed, using fused mac if possible could be made the default; a declaration could be used to inhibit fused mac where inappropriate. Explicit storing to temporaries would also disable fused mac but possibly slow down the code. Alternatively, Borneo�sanonymous declarations (section 6.10) could be overloaded to indicate using fused mac was permitted.

At the JVM level, support fused mac if convenient would also require changes. For example, two new sets of instructions, one for explicit fused mac and another for possibly fused mac could be added. Both options are necessary for portable code to be compiled on one machine and run on another while preserving source program semantics. For better compatibility with existing JVMs, the multiply and add operations allowed to be fused could be indicated in a separate table stored as an extra attribute in the class file ([66] §4.7.1). Using consecutive multiply and add instructions is invariably slower than a single fused mac instruction on hardware supporting fused mac. Therefore Borneo�s current semantics can cause some degradation of performance on fused mac capable machines since fused mac cannot be used by default. However, making all uses of fused mac explicit limits semantic differences when compiling existing Java source with a Borneo compiler.

6.7. Rounding Modes

Round round get around

I get around �Brian Wilson, �I Get Around�

Calculating with floating point numbers almost invariably requires approximation. Multiplying two floating point numbers can generate an infinitely precise result with twice as many significand bits. To exactly represent the result of floating point addition, hundreds and hundreds of bits might be necessary if the two summands are very different in magnitude. Therefore, a large loss of information can occur when a floating point operation on two numbers delivers a result in the same format. However, arbitrarily precise arithmetic is impractical (and unnecessary) in many circumstances, so the roundoff properties of a floating point standard are very important.

The IEEE 754 default rounding mode, round to nearest even, is appropriate for most calculations. The other rounding modes are useful for various sorts of error analysis and for interval arithmetic. Dynamically changing rounding modes can also be used to find numerically unstable calculations. The next section discusses more detailed requirements for using different rounding modes.

6.7.1. Requirements of algorithms using rounding modes

Algorithms that exploit rounding modes have four requirements reflecting different usages.

1. dynamic rounding modes: Some codes have the property that they can be run meaningfully under different rounding modes. For example, as listed in section 6.7.5.1, a method that calculates a tight upper bound of a polynomial at a given argument when run under round toward positive infinity finds a tight lower bound of the polynomial when run under round toward negative infinity. For such programs, the rounding mode should be an implicit or explicit parameter that can be given at runtime.

2. static rounding modes: On the other hand, interval arithmetic should not take a rounding mode from the environment. Instead, the rounding modes for interval arithmetic should be statically specified at compile time.

3. scoping: A common idiom when using rounding modes is to implement scoping as shown in below; modifying the rounding mode of a method�s caller is rarely desired.

savedRM = getRound();

setRound(newRM);

Calculation setRound(savedRM);

4. numerical sensitivity detection: Rounding modes can also provide a powerful testing mechanism for determining if an algorithm is poorly behaved on certain inputs. An input that causes an otherwise working code to generate nonsense answers can be run under different rounding modes with the same troublesome input. If the answer varies greatly, sensitivity to rounding is the likely culprit.

The two formulas in Table 6 calculate the area of a triangle given the lengths of its sides. However, the classical Heron�s formula in the second column is quite sensitive to rounding differences for needle-like triangles

[57]. For the data in Table 6, when (a+b) + c is calculated, c gets rounded away. The more sophisticated formula in the third column is much more stable. Of the two equations, Heron�s formula is commonly given in textbooks. All calculations in Table 6 are done to float precision. The same effect occurs with reduced frequency under wider precisions. As shown by the data, the answers given by Heron�s formula when run under different rounding modes vary greatly while the more sophisticated formula is nearly unaffected (while also being correct). Instead of changing the rounding mode to find such sensitivities, changing that data slightly can also be attempted. However, as shown by the second set of input values, even a correct formula can be very sensitive to changes in the input data.

Also, knowing how to perturb the data without violating a program constraint is not always obvious: ifc were perturbed too much, the three lengths would no longer form a triangle. To find sensitivities, no one rounding mode is superior; each one should be tried in turn.

Table 6 � Sensitivity to rounding of two different formulas to calculate the area of a triangle from the lengths of its sides (calculations done in single precision).

Rounding mode Heron�s Formula

s a b c s s a s b s c = + + ⋅ − ⋅ − ⋅ − (( ) ) /

( ) ( ) ( ) 2 (unstable)

( ( )) ( ( )) ( ( )) ( ( )) a b c c a b c a b a b c + + ⋅ − − ⋅ + − ⋅ + − 4 (stable) a=12345679, b=12345678, c=1.01233995 > a � b to nearest 0.00 972730.06 to +∞ 17459428.00 972730.25 to -∞ 0.00 972729.88 to 0 -0.00 972729.88 a=12345679, b=12345679, c=1.01233995 > a � b to nearest 12345680.00 6249012.00 to +∞ 12345680.00 6249013.00 to -∞ 0.00 6249011.00 to 0 0.00 6249011.00

To support finding such sensitivities, the standard mandates that rounding modes can be dynamically changed at runtime to any of the four possibilities. Microprocessors conforming to the standard provide FPU control

integer outside of [0, 3] an unchecked UnknownRoundingModeException is thrown. It is not a compile time error to give a rounding declaration a constant integer expression (JLS §15.27) outside of [0, 3]. The compiler treats such a declaration as equivalent to throw new UnknownRoundingModeException() which can affect the reachability (JLS §14.19) of other statements.

Augmented Java syntax

LocalVariableDeclarationStatement:

FloatingPointRoundingDeclaration ;

New Borneo Productions

FloatingPointRoundingDeclaration:

rounding Expression

Figure 7 � Changes and additions to the Java grammar to support rounding mode declarations.

// enumerated rounding modes public static final int TO_NEAREST = 0;

public static final int TO_ZERO = 1;

public static final int TO_POSITIVE_INFINITY = 2;

public static final int TO_NEGATIVE_INFINITY = 3;

// getRound returns the current rounding mode using the above encoding public static int getRound ();

// setRound sets the current rounding mode to the rounding mode represented by its argument public static void setRound (int rm) throws UnknownRoundingModeException;

// New exception class public class UnknownRoundingModeException extends RuntimeException {}

Figure 8 �Changes to the Math class and a new exception class to support IEEE 754 rounding modes.

Rounding modes are lexically scoped; a method does not inherit the rounding mode of its caller, although blocks do inherit the rounding mode of the textually enclosing block. A rounding declaration can appear in the optional initialization code of a for loop. Such a rounding declaration affects the remainder of the loop initialization, the loop test, and the loop update portions of the for loop as well as the loop body. The default rounding mode is round to nearest. Since uses of non-default rounding modes in Borneo must be explicit, existing

Java programs cannot break by being run under an unintended rounding mode._{18} The code regions influenced by rounding declarations are lexically scoped to facilitate optimizations such as constant folding, constant propagation, and common subexpression elimination. Constant folding can be performed under any rounding mode as long as the rounding mode does not vary at runtime. A Java compiler�s existing machinery to find and evaluate constant integer expressions can be used to determine when the expression given to a rounding declaration is a compile-time constant. The rounding declarations give the compiler enough information to determine when such transformations are valid, otherwise, erroneous programs can result [35].

While rounding declarations aid compiler optimizations, more importantly, explicit declarations make clear to a reader of the program what portions of the code can be run under different rounding modes. Long lasting code is often read more often than modified, making easy understanding important.

The initialization of static class variables by constant expressions is not influenced by different rounding modes; such expressions on float and double values can be evaluated at compile time. To use rounding modes other than round to nearest to initialize fields, a method call can be used or a rounding declaration can be placed inside a static initializer block (JLS §8.5).

18 As discussed in section 6.7.3, Borneo actually does allow existing code to be run under a different rounding mode.

However, this feature is not strictly part of the language; the same effect could be achieved by using a native assembly language program to alter the rounding mode.

Borneo Code { Calculation 1 rounding Expression1; Calculation 2 rounding Expression2; Calculation 3 }

Equivalent Java code with native methods { int savedRM = getRound(); try { Calculation 1 //rounding Expression1; setRound(Expression1); Calculation 2 //rounding Expression2; setRound(Expression2); Calculation 3 } finally { setRound(savedRM); } } Figure 9 � Desugaring Borneo rounding declarations into Java with native methods.

No matter how a method or block affected by a rounding declaration is exited, the previous rounding mode must be restored. Restoring the rounding mode can be realized with the same code generation techniques as used for try-finally. Assuming optimizations are inhibited, rounding declarations can be desugared into Java using native methods to manipulate the rounding mode, as shown inFigure 9.^{19} When generating native code, the setRound and getRound calls can be implemented with a few assembly language instructions. The desugaring introduces a new scope, via a set of braces, for the variable holding the previous rounding mode. Assuming there are no method calls in the original block, in the desugared code getRound only has to be called once per original source block with a rounding declaration. The desugared code has one call to setRound for each rounding declaration in a block (plus an addition call to setRound after exiting the block to restore the original rounding mode).

As discussed further in the next section, a block with a rounding declaration must set the rounding mode to round to nearest before any method call and restore the rounding mode after the call returns; a valid desugaring is given in Figure 10. This requirement prevents explicit calls to setRound, including calls to setRound from a called method, from circumventing the rounding mode set by arounding declaration. Taking asynchronous exceptions into consideration imposes constraints on the saving and restoring of rounding modes around a method call. Asynchronous exceptions can occur at any point during a thread�s execution. Java only has two asynchronous exceptions, ThreadDeath caused by calling the stop family of methods for Thread or ThreadGroup and InternalError in the JVM. When asynchronous exceptions are generated, finally clauses still get executed.

Even though a thread handling an asynchronous exception may soon terminate, the dynamic rounding mode should be properly set so that floating point code in pending finally clauses executes properly. To ensure this, calls to setRound generated from rounding declarations or from restoring the rounding mode for method calls should be in try-finally blocks that restore the previous rounding mode in the finally clause. To properly restore the rounding mode, the previous rounding mode must be available in the finally clause. If asynchronous exceptions could be ignored, the desugaring in Figure 10 could avoid introducing a new variable by using the existing savedRM variable to hold two rounding modes, the rounding mode before the scope was entered and the rounding mode before the method call. However, if that were done, at least one of the calls to setRound in the compiler generated finally clauses could incorrectly set the rounding mode if an asynchronous exception occurred.

19 These desugarings assume arithmetic operations can be influenced by setting the dynamic rounding mode. This is not the default code generation technique used on Alpha platforms (where some rounding modes can be statically indicated in an instruction field).

Borneo Code { // Calculation 1 and Calculation 2 do not have

// any method calls rounding Expression;

Calculation 1

// a method call foo(ParamExpr 1, ParamExpr 2);.

Calculation 2 }

Equivalent Java code with native methods { // Calculation 1 and Calculation 2 do not have

// any method calls int savedRM = getRound(); try { // rounding Expression;

setRound(Expression);

Calculation 1

// evaluate arguments to the method under the current rounding mode

ParamExprType1 t1 = ParamExpr 1;

ParamExprType2 t2 = ParamExpr 2;

// record current rounding mode int currentRM = getRound(); try { setRound(Math.TO_NEAREST);

// a method call foo(t1, t2); } finally { // restore rounding mode to value before m ethod call setRound(currentRM); } Calculation 2 } finally { setRound(savedRM); } } Figure 10 � Desugaring of a method call in a block with a rounding declaration.

As shown in Figure 11, the desugaring for a rounding declaration inside a loop is the same as a rounding declaration outside a loop. When a rounding declaration appears at the start of a loop body, if the compiler can prove the loop tests (and loop updates in the case of a for loop) are not affected by the rounding mode, the more efficient translation in Figure 12 is also valid.

Borneo Code int i=0;

while( i < MAX) { Calculation 1 rounding i % 4;

Calculation 2 }

Equivalent Java code with native methods int i = 0;

while( i < MAX) { { int savedRM = getRound(); try { Calculation 1

//rounding i % 4;

setRound(i %4);

Calculation 2 } finally { setRound(savedRM); } } } Figure 11 � Translating a Borneo loop with a rounding declaration into Java with native methods.

Borneo Code int i =0;

while(int i < MAX) { rounding i % 4; Calculation }

Equivalent Java code with native methods int i = 0;

while(i < MAX) { { int savedRM = getRound(); try { // rounding i % 4; setRound(i %4); Calculation } finally { setRound(savedRM); } } }

More efficient translation { int i = 0; // rounding mode is not restored on each loop // iteration int savedRM = getRound(); try { while(i < MAX) { // rounding i % 4; setRound(i %4); Calculation } } finally { setRound(savedRM); } } Figure 12 � Different translations of loops with rounding declarations.

To achieve true dynamic behavior, a parameter or other variable can be used as the Expression for a rounding declaration. A class variable could also be used to determine the rounding mode for operations on objects of that class.

6.7.3. Finding Sensitivities and Code Generation Requirements The rounding declarations directly meet three of the four requirements discussed earlier. To achieve dynamic behavior, a rounding declaration can be given a non-constant expression as an argument. A fixed rounding mode can be set by giving rounding a constant integer expression, such as one of the static final fields representing rounding modes in the Math class. The semantics of rounding implement scoped rounding modes without cluttering the code with numerous explicitgetRound and setRound calls. However, rounding declarations prevent code not designed for use under non-standard rounding modes to be run under different rounding modes to test for sensitivities. Since finding sensitivities by changing rounding modes is useful, Borneo mandates certain code generation requirements to allow the benefits of structured rounding mode control while still permitting dynamic rounding mode control over existing code.

In the absence of rounding declarations, a method should be run under round to nearest, the Java and IEEE 754 default. Semantically, the compiled version of a method lacking rounding declarations could set the rounding mode to round toward nearest at the start of the method to ensure round to nearest was in effect. However, such setting of the rounding mode would be unnecessary since the default rounding mode is already round to nearest. A Borneo program that does not explicitly use a rounding declaration cannot defensively set the rounding mode to round to nearest.^{20} Instead, blocks with rounding declarations are responsible for saving the rounding mode of the calling method and setting the rounding mode to round to nearest for the callee. Methods that alter the rounding mode should be in the small minority so some extra overhead in their usage is preferable to slowing down all methods that do not alter the rounding mode.

Since Borneo methods that do not set the rounding mode cannot take defensive action, if an explicit call to setRound were made in such a method, all subsequent floating point operations would be run under the new rounding mode. For example, the method rounder in Figure 13 sets the rounding mode and then calls tolerant, a method without a rounding declaration (see Figure 14 for an activation tree of this example). In the first call to tolerant and the subsequent call to adder, the rounding mode set in rounder is in effect. However, when adder is called from defensive, adder always runs under round to nearest. The rounding mode set in defensive is irrelevant; a block with a rounding declaration must set the rounding mode to round to nearest for its callees. This example also demonstrates a possible hazard to using explicit setRound calls; the

20 This requirement implies Borneo code compiled on the Alpha will by default have to take the rounding mode from the status register.

rounding mode of rounder�s caller is changed to round to zero, possibly causing unintentional repercussions such as invalidating optimizations leading to incorrect code being executed.

static void rounder(void) { Math.setRound(TO_ZERO); // explicitly set rounding mode tolerant(1.0, ROUNDING_THRESHOLD); // the sum of the two arguments rounded to zero due to call to setRound defensive(1.0, ROUNDING_THRESHOLD); // the sum of the two arguments unaffected by the call to setRound

// original rounding mode not restored! Almost certainly an error! } static double tolerant(double a, double b) { return adder(a,b); // sum not protected against explicit rounding mode changes made in caller } static double defensive(a, b) { rounding Random.nextInt() % 4;

return adder(a, b); // before calling adder, the rounding mode is restored to round to nearest,

// the rounding mode in affect in defensive is irrelevant } static double adder(a, b) { return a + b; } Figure 13 � Code demonstrating interplay between explicit setRound calls and rounding declarations.

no rounding declaration

        rounder
tolerant defensive

  adder

rounding mode set to round to zero runs under round to zero