Floating-Point Exceptions

7

This chapter describes FPU floating-point exceptions, including FPU exception types, exception trap pr ocessing, exception flags, saving and restoring state when handling an exception, and trap handlers for IEEE Standar d 754 exceptions.

A floating-point exception occurs whenever the FPU cannot handle either the operands or the r esults of a floating-point operation in its normal way . The FPU r esponds by generating an exception to initiate a softwar e trap or by setting a status flag.

Chapter 7

7.1 Exception Types

The FP Control/Status register described in Chapter 6 contains an Enablebit for each exception type; exception Enable bits determine whether an exception will cause the FPU to initiate a trap or set a status flag.

• If a trap is taken, the FPU r emains in the state found at the beginning of the operation and a softwar e exception handling routine executes.

• If no trap is taken, an appr opriate value is written into the FPU destination r egister and execution continues.

The FPU supports the five IEEE Standar d 754 exceptions:

• Inexact (I) • Underflow (U) • Overflow (O) • Division by Zer o (Z) • Invalid Operation (V)

Cause bits, Enables, and Flag bits (status flags) ar e used.

The FPU adds a sixth exception type, Unimplemented Operation (E), to use when the FPU cannot implement the standar d MIPS floating-point architectur e, including cases in which the FPU cannot determine the correct exception behavior . This exception indicates the use of a softwar e implementation. The Unimplemented Operation exception has no Enable or Flag bit; whenever this exception occurs, an unimplemented exception trap is taken (if the FPU interr upt input to the CPU is enabled).

Figur e 7-1 illustrates the Control/Status register bits that support exceptions.

Figure 7-1 Control/Status Register Exception/Flag/Trap/Enable Bits

Each of the five IEEE Standar d 754 exceptions (V , Z, O, U, I) is associated with a trap under user contr ol, and is enabled by setting one of the five Enable bits. When an exception occurs, the corr esponding Cause bit is set. If the corr esponding Enable bit is not set, the Flag bit is also set. If the corresponding Enablebit is set, the Flag bit is not set and the FPU generates an interr upt to the CPU. Subsequent exception pr ocessing allows a trap to be taken.

7.2 Exception Trap Processing

When a floating-point exception trap is taken, the Cause register indicates the floating-point copr ocessor is the cause of the exception trap. The Floating-Point Exception (FPE) code is used, and the Cause bits of the floating-point Control/Status register indicate the r eason for the floatingpoint exception. These bits ar e, in effect, an extension of the system coprocessor Cause register .

E Z O U I V 17 16 15 14 13 12

Unimplemented Operation

Invalid Operation

Division by Zero

Inexact Operation

Overflow

Underflow

Bit #

Z O U I V 11 10 9 8 7 Bit #

Z O U I V 6 5 4 3 2 Bit #

Cause Bits

Flag Bits

Enable Bits

Chapter 7

7.3 Flags

A Flag bit is pr ovided for each IEEE exception. This Flag bit is set to a 1 on the assertion of its corr esponding exception, with no corr esponding exception trap signaled.

The Flag bit is r eset by writing a new value into the Status register; flags can be saved and r estor ed by softwar e either individually or as a gr oup.

When no exception trap is signaled, floating-point copr ocessor takes a default action, pr oviding a substitute value for the exception-causing result of the floating-point operation. The particular default action taken depends upon the type of exception. T able 7-1 lists the default action taken by the FPU for each of the IEEE exceptions.

Table 7-1 Default FPU Exception Actions

Field Description RoundingMode Default action I Inexact exception

Any Supply a rounded result

U Underflow exception

RN Modify underflow values to 0 with the sign of the intermediate result RZ Modify underflow values to 0 with the sign of the intermediate result RP Modify positive underflows to the format’s smallest positive finite number; modify negative underflows to -0 RM Modify negative underflows to the format’s smallest negative finite number; modify positive underflows to 0

O Overflow exception

RN Modify overflow values to ∞ with the sign of the intermediate result RZ Modify overflow values to the format’s largest finite number with the sign of the intermediate result RP Modify negative overflows to the format’s most negative finite number; modify positive overflows to + ∞ RM Modify positive overflows to the format’s largest finite number; modify negative overflows to – ∞ Z Division by zero

Any Supply a properly signed ∞ V Invalid operation

Any Supply a quiet Not a Number (NaN)

The FPU detects the eight exception causes internally . When the FPU encounters one of these unusual situations, it causes either an IEEE exception or an Unimplemented Operation exception (E).

Table 7-2 lists the exception-causing situations and contrasts the behavior of the FPU with the r equir ements of the IEEE Standar d 754.

Table 7-2 FPU Exception-Causing Conditions

† The IEEE Standar d 754 specifies an inexact exception on overflow only if the overflow trap is disabled.

‡ Exponent underflow sets the U and I Cause bits if both the U and I Enable bits ar e not set and the FS bit is set; otherwise exponent underflow sets the E Cause bit.

FPA Internal Result

IEEE Standard 754 Trap Enable

Trap Disable Notes

Inexact result I I I Loss of accuracy Exponent overflow O,I^† O,I O,I Normalized exponent > E_{max}

Division by zero Z Z Z Zero is (exponent = E^{min} -1, mantissa = 0) Overflow on convert V E E Source out of integer range Signaling NaN source V V V Invalid operation V V V 0/0, etc. Exponent underflow U E UI^‡ Normalized exponent < E_{min} Denormalized or QNaN None E E

Denormalized is (exponent = E_{min} -1 and mantissa <> 0)

Chapter 7

7.4 FPU Exceptions

The following sections describe the conditions that cause the FPU to generate each of its exceptions, and details the FPU r esponse to each exception-causing condition.

Inexact Exception (I)

The FPU generates the Inexact exception if one of the following occurs:

• the r ounded r esult of an operation is not exact, or • the r ounded r esult of an operation overflows, or • the r ounded r esult of an operation underflows and both the Underflow and Inexact Enable bits ar e not set and the FS bit is set.

The FPU usually examines the operands of floating-point operations before execution actually begins, to determine (based on the exponent values of the operands) if the operation can possiblycause an exception. If ther e is a possibility of an instr uction causing an exception trap, the FPU uses a copr ocessor stall to execute the instr uction.

It is impossible, however , for the FPU to pr edetermine if an instr uction will produce an inexact r esult. If Inexact exception traps ar e enabled, the FPU uses the copr ocessor stall mechanism to execute all floating-point operations that r equir e mor e than one cycle. Since this mode of execution can impact performance, Inexact exception traps should be enabled only when necessary .

Trap Enabled Results: If Inexact exception traps ar e enabled, the r esult register is not modified and the sour ce registers ar e preserved.

Trap Disabled Results: The rounded or overflowed r esult is deliver ed to the destination r egister if no other softwar e trap occurs.

Invalid Operation Exception (V)

The Invalid Operation exception is signaled if one or both of the operands are invalid for an implemented operation. When the exception occurs without a trap, the MIPS ISA defines the r esult as a quiet Not a Number (NaN). The invalid operations ar e:

• Addition or subtraction: magnitude subtraction of infinities, such as: ( + ∞ ) + ( – ∞ ) or ( – ∞ ) – ( – ∞ ) • Multiplication: 0 times ∞ , with any signs • Division: 0/0, or ∞ / ∞ , with any signs • Comparison of pr edicates involving < or > without ?, when the operands ar e unor dered • Comparison or a Convert Fr om Floating-point Operation on a signaling NaN.

• Any arithmetic operation on a signaling NaN. A move (MOV) operation is not consider ed to be an arithmetic operation, but absolute value (ABS) and negate (NEG) ar e consider ed to be arithmetic operations and cause this exception if one or both operands is a signaling NaN.

• Squar e root: √x, wher e x is less than zer o

Softwar e can simulate the Invalid Operation exception for other operations that ar e invalid for the given sour ce operands. Examples of these operations include IEEE Standar d 754-specified functions implemented in softwar e, such as Remainder: x REM y, wher e y is 0 or x is infinite; conversion of a floating-point number to a decimal format whose value causes an overflow , is infinity , or is NaN; and transcendental functions, such as ln (–5) or cos–1(3). Refer to Appendix B for examples or for routines to handle these cases.

Trap Enabled Results: The original operand values ar e undisturbed.

Trap Disabled Results: A quiet NaN is deliver ed to the destination register if no other softwar e trap occurs.

Chapter 7

Division-by-Zero Exception (Z)

The Division-by-Zer o exception is signaled on an implemented divide operation if the divisor is zer o and the dividend is a finite nonzer o number . Softwar e can simulate this exception for other operations that pr oduce a signed infinity , such as ln(0), sec( π/2), csc(0), or 0^{–1.}

Trap Enabled Results: The result r egister is not modified, and the sour ce registers ar e preserved.

Trap Disabled Results: The result, when no trap occurs, is a corr ectly signed infinity .

Overflow Exception (O)

The Overflow exception is signaled when the magnitude of the r ounded floating-point r esult, with an unbounded exponent range, is lar ger than the lar gest finite number of the destination format. (This exception also sets the Inexact exception and Flag bits.)

Trap Enabled Results: The result r egister is not modified, and the sour ce registers ar e preserved.

Trap Disabled Results: The result, when no trap occurs, is determined by the r ounding mode and the sign of the intermediate r esult (as listed in Table 7-1).

Underflow Exception (U)

Two r elated events contribute to the Underflow exception:

• creation of a tiny nonzer o result between ±2^{Emin} which can cause some later exception because it is so tiny • extraor dinary loss of accuracy during the appr oximation of such tiny numbers by denormalized numbers.

IEEE Standar d 754 allows a variety of ways to detect these events, but requir es they be detected the same way for all operations.

Tininess can be detected by one of the following methods:

• after r ounding (when a nonzer o result, computed as though the exponent range wer e unbounded, would lie strictly between ±2^{Emin}) • before rounding (when a nonzer o result, computed as though the exponent range and the pr ecision wer e unbounded, would lie strictly between ±2^{Emin}).

The MIPS ar chitectur e requir es that tininess be detected after r ounding.

Loss of accuracy can be detected by one of the following methods:

• denormalization loss (when the deliver ed result dif fers from what would have been computed if the exponent range wer e unbounded) • inexact r esult (when the deliver ed result dif fers from what would have been computed if the exponent range and precision wer e both unbounded).

The MIPS ar chitectur e requir es that loss of accuracy be detected as an inexact r esult.

Trap Enabled Results: If Underflow or Inexact traps ar e enabled, or if the FS bit is not set, then an Unimplemented exception (E) is generated, and the r esult r egister is not modified.

Trap Disabled Results: If Underflow and Inexact traps ar e not enabled and the FS bit is set, the r esult is determined by the r ounding mode and the sign of the intermediate r esult (as listed in T able 7-1).

Chapter 7

Unimplemented Instruction Exception (E)

Any attempt to execute an instr uction with an operation code or format code that has been r eserved for futur e definition sets the Unimplemented bit in the Cause field in the FPU Control/Status register and traps. The operand and destination r egisters r emain undisturbed and the instr uction is emulated in softwar e. Any of the IEEE Standar d 754 exceptions can arise from the emulated operation, and these exceptions in turn ar e simulated.

The Unimplemented Instr uction exception can also be signaled when unusual operands or r esult conditions ar e detected that the implemented hardwar e cannot handle pr operly . These include:

• Denormalized operand, except for Compar e instr uction • Quiet Not a Number operand, except for Compar e instr uction • Denormalized r esult or Underflow , when either Underflow or Inexact Enable bits ar e set or the FS bit is not set.

• Reserved opcodes • Unimplemented formats • Operations which ar e invalid for their format (for instance, CVT.S.S)

NOTE: Denormalized and NaN operands are only trapped if the instruction is a convert or computational operation. Moves do not trap if their operands are either denormalized or NaNs.

The use of this exception for such conditions is optional; most of these conditions ar e newly developed and ar e not expected to be widely used in early implementations. Loopholes ar e provided in the ar chitectur e so that these conditions can be implemented with assistance pr ovided by softwar e, maintaining full compatibility with the IEEE Standar d 754.

Trap Enabled Results: The original operand values ar e undisturbed.

Trap Disabled Results: This trap cannot be disabled.

7.5 Saving and Restoring State

Sixteen doublewor d copr ocessor load or stor e operations save or r estor e the copr ocessor floating-point r egister state in memory . The remainder of contr ol and status information can be saved or r estor ed thr ough Move T o/ From Copr ocessor Contr ol Register instr uctions, and saving and r estoring the pr ocessor r egisters. Normally , the Control/ Status register is saved first and r estor ed last.

When the copr ocessor Control/Status register ( FCR31) is read, and the coprocessor is executing one or mor e floating-point instr uctions, the instr uction(s) in pr ogress ar e either completed or r eported as exceptions. The ar chitectur e requir es that no mor e than one of these pending instr uctions can cause an exception. If the pending instr uction cannot be completed, this instr uction is placed in the Exception register , if present. Information indicating the type of exception is placed in the Control/Status register . When state is r estor ed, state information in the status wor d indicates that exceptions ar e pending.

Writing a zer o value to the Cause field of Control/Status register clears all pending exceptions, permitting normal pr ocessing to r estart after the floating-point r egister state is r estor ed.

The Cause field of the Control/Status register holds the r esults of only one instr uction; the FPU examines sour ce operands befor e an operation is initiated to determine if this instr uction can possibly cause an exception. If an exception is possible, the FPU executes the instr uction in stall mode to ensur e that no mor e than one instr uction (that might cause an exception) is executed at a time.

Chapter 7

7.6 Trap Handlers for IEEE Standard 754 Exceptions

The IEEE Standar d 754 str ongly r ecommends that users be allowed to specify a trap handler for any of the five standar d exceptions that can compute; the trap handler can either compute or specify a substitute r esult to be placed in the destination r egister of the operation.

By retrieving an instr uction using the pr ocessor Exception Program Counter (EPC) register , the trap handler determines:

• exceptions occurring during the operation • the operation being performed • the destination format

On Overflow or Underflow exceptions (except for conversions), and on Inexact exceptions, the trap handler gains access to the corr ectly rounded result by examining sour ce registers and simulating the operation in softwar e.

On Overflow or Underflow exceptions encounter ed on floating-point conversions, and on Invalid Operation and Divide-by-Zer o exceptions, the trap handler gains access to the operand values by examining the sour ce registers of the instr uction.

The IEEE Standar d 754 recommends that, if enabled, the overflow and underflow traps take pr ecedence over a separate inexact trap. This prioritization is accomplished in softwar e; hardwar e sets the bits for both the Inexact exception and the Overflow or Underflow exception.