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PROGRAMMING NUMERIC APPLICATIONS

iAPX286 MACRO ASSEMBLER

XREF SYMBOL TABLE LISTING

NAME TYPE VALUE
CODE. . SEGMENT
CONTROL_287 V WORD  OOOOH
DATA. SEGMENT
INIT287 . L FAR 0000H
N_OF_X. V WORD  0002H
POP_RESULTS L NEAR  0039H
STACK . STACK

START . . L NEAR  0000H
SUM_INDEXES V DWORD O0198H
SUM_NEXT. L NEAR  0024H
SUM_SQUARES Y DWORD 0194H
SUM_X . V DWORD 019CH
X_ARRAY V DWORD 0004H

END OF SYMBOL TABLE LISTING

ASSEMELY COMPLETE,

EXAMPLE_ASM286_FROGRAM

ATTRIBUTES, XREFS
SIZE=0046H ER PUBLIC
DATA 7# 33
SIZE=01AOH RW PUBLIC
EXTRN 3% 32

DATA 8# 42 56

CODE ~ 60#

SIZE=0190H RW PUBLIC
CODE 21# 70

DATA 11# 62

CODE 48%# 57

DATA 10# 61

DATA 12%# &3

(100) DATA 9# 49 50

NO ERRORS

194 69

6# 13 20 22

16# 20 24 26

Figure 2-7.

Sample ASM286 Program (Cont’d.)

FLDZ,FLDZ,FLDZ

ST(0) 0.0 SUM__SQUARES
ST(1) 0.0 SUM_INDEXES
ST(2) 0.0 SUM_X
FADD ST(3),ST - -
ST(0) 2.5 X_ARRAY (19)
ST(1) 0.0 SUM _ SQUARES
ST(2) 0.0 SUM__INDEXES
ST(3) 2.5 SUM_X
FMUL ST,ST - — -
ST(0) 6.25 X_ARRAY(19)2
ST(1) 2.5 X_ARRAY(19)
ST(2) 0.0 SUM__SQUARES
ST(3) 0.0 SUM__INDEXES
ST(4) 2.5 Sum_X
~
—~
FIMUL N_OF_X SR
ST(0) 50.0 X_ARRAY(19)*20
ST(1) 6.25 SUM__SQUARES
ST(2) 0.0 SUM__INDEXES
ST(3) 2.5 SUM_X

— — — —

FLD X_ARRAY[SI]

ST(0) 25

ST(1)

ST(2) 0.0

ST(3) 0.0
—

_ FLD ST

ST(0) 2.5

ST(1) 2.5

ST(2) 0.0

ST(3) 0.0

ST(4) 2.5
—

FADDP ST(2),ST

ST(0 2.5

ST(1) 6.25

ST(2) 0.0

ST@3) 2.5
-

FADDP ST(2),ST

ST(0) 6.25
ST(1) 50.0
ST(2) 2.5

X._ARRAY (19)
SUM__SQUARES

SUM__INDEXES

SUM_X

X_ARRAY (19)
X_ARRAY (19)
SUM__SQUARES
SUM__INDEXES

SUM_X

X_ARRAY(19)
SUM_SQUARES
SUM__INDEXES

SUM_X

SUM__SQUARES
SUM__INDEXES

SUM_X

122164-14

Figure 2-8. Instructions and Register Stack
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Figure 2-8 shows the effect of the instructions in the program loop on the NPX register stack. The
figure assumes that the program is in its first iteration, that N_OF_X is 20, and that X_ARRAY/(19)
(the 20th element) contains the value 2.5. When the loop terminates, the three sums are left as the top
stack elements so that the program ends by simply popping them into memory variables.

80287 Emulation

The programming of applications to execute on both iAPX 286/10 and iAPX 286/20 systems is made
much easier by the existence of an 80287 emulator for iAPX 286/10 systems. The Intel E80287 emulator
offers a complete software counterpart to the 80287 hardware; NPX instructions can be simply emulated
in software rather than being executed in hardware. With software emulation, the distinction between
iAPX 286/10 and iAPX 286/20 systems is reduced to a simple performance differential. Identical
numeric programs will simply execute more slowly on iAPX 286/10 systems (using software emulation
of NPX instructions) than on iAPX 286/20 systems (executing NPX instructions directly).

When incorporated into the systems software, the emulation of NPX instructions on iAPX 286/10
systems is completely transparent to the programmer. Applications software needs no special libraries,
linking, or other activity to allow it to run on an iAPX 286/10 with 80287 emulation.

To the applications programmer, the development of programs for iAPX 286 systems is the same
whether the 80287 NPX hardware is available or not. The full iIAPX 286/20 instruction set is available
for use, with NPX instructions being either emulated or executed directly. Applications programmers
need not be concerned with the hardware configuration of the computer systems on which their appli-
cations will eventually run.

For systems programmers, details relating to 80287 emulators are described in a later section of this
supplement. An E80287 software emulator for iAPX 286/10 systems is contained in the iMDX 364
8086 Software Toolbox, available from Intel and described in the 8086 Software Toolbox Manual.

CONCURRENT PROCESSING WITH THE 80287

Because the 80286 CPU and the 80287 NPX have separate execution units, it is possible for the NPX
to execute numeric instructions in parallel with instructions executed by the CPU. This simultaneous
execution of different instructions is called concurrency.

No special programming techniques are required to gain the advantages of concurrent execution; numeric
instructions for the NPX are simply placed in line with the instructions for the CPU. CPU and numeric
instructions are initiated in the same order as they are encountered by the CPU in its instruction
stream. However, because numeric operations performed by the NPX generally require more time than
operations performed by the CPU, the CPU can often execute several of its instructions before the
NPX completes a numeric instruction previously initiated.

This concurrency offers obvious advantages in terms of execution performance, but concurrency also
imposes several rules that must be observed in order to assure proper synchronization of the 80286
CPU and 80287 NPX.

All Intel high-level languages automatically provide for and manage concurrency in the NPX.
Assembly-language programmers, however, must understand and manage some areas of concurrency
in exchange for the flexibility and performance of programming in assembly language. This section is
for the assembly-language programmer or well-informed high-level-language programmer.

2-45 122164-001



II'Itel® PROGRAMMING NUMERIC APPLICATIONS

Managing Concurrency

Concurrent execution of the host and 80287 is easy to establish and maintain. The activities of numeric
programs can be split into two major areas: program control and arithmetic. The program control part
performs activities such as deciding what functions to perform, calculating addresses of numeric
operands, and loop control. The arithmetic part simply adds, subtracts, multiplies, and performs other
operations on the numeric operands. The NPX and host are designed to handle these two parts separately
and efficiently.

Managing concurrency is necessary because both the arithmetic and control areas must converge to a
well-defined state before starting another numeric operation. A well-defined state means all previous
arithmetic and control operations are complete and valld

Normally, the host waits for the 80287 to finish the current numeric operation before starting another.
This waiting is called synchronization.

Managing concurrent execution of the 80287 involves three types of synchronization:

1. Instruction synchronization
2. Data synchronization
3. Error synchronization

For programmers in higher-level languages, all three types of synchronization are automatically provided
by the appropriate compiler. For assembly-language programmers, instruction synchronization is
guaranteed by the NPX interface, but data and error synchronization are the responsibility of the
assembly-language programmer.

Instruction Synchronization

Instruction synchronization is required because the 80287 can perform only one numeric operation at
a time. Before any numeric operation is started, the 80287 must have completed all activity from its
previous instruction.

Instruction synchronization is guaranteed for most ESC instructions because the 80286 automatically
checks the BUSY status line from the 80287 before commencing execution of most ESC instructions.
No explicit WAIT instructions are necessary to ensure proper instruction synchronization.

Data Synchronization

Data synchronization addresses the issue of both the CPU and the NPX referencing the same memory
values within a given block of code. Synchronization ensures that these two processors access the memory
operands in the proper sequence, just as they would be accessed by a single processor with no concur-
rency. Data synchronization is not a concern when the CPU and NPX are using different memory
operands during the course of one numeric instruction.

The two cases where data synchronization might be a concern are

1. The 80286 CPU reads or alters a memory operand first, then invokes the 80287 to load or alter
the same operand.

2. The 80287 is invoked to load or alter a memory operand, after which the 80286 CPU reads or
alters the same location.
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Due to the instruction synchronization of the NPX interface, data synchronization is automatically
provided for the first case—the 80286 will always complete its operation before invoking the 80287.

For the second case, data synchronization is not always automatic. In general, there is no guarantee
that the 80287 will have finished its processing and accessed the memory operand before the 80286
accesses the same location.

Figure 2-9 shows examples of the two possible cases of the CPU and NPX sharing a memory value. In
the examples of the first case, the CPU will finish with the operand before the 80287 can reference it.
The NPX interface guarantees this. In the examples of the second case, the CPU must wait for the
80287 to finish with the memory operand before proceeding to reuse it. The FWAIT instructions shown
in these examples are required in order to ensure this data synchronization.

There are several NPX control instructions where automatic data synchronization is provided; however;,
the FSTSW/FNSTSW, FSTCW/FNSTCW, FLDCW, FRSTOR, and FLDENY instructions are all
guaranteed to finish their execution before the CPU can read or alter the referenced memory locations.

The 80287 provides data synchronization for these instructions by making a request on the Processor
Extension Data Channel before the CPU executes its next instruction. Since the NPX data transfers
occur before the CPU regains control of the local bus, the CPU cannot change a memory value before
the NPX has had a chance to reference it. In the case of the FSTSW AX instruction, the 80286 AX
register is explicitly updated before the CPU continues execution of the next instruction.

For the numeric instructions not listed above, the assembly-language programmer must remain aware
of synchronization and recognize cases requiring explicit data synchronization. Data synchronization
can be provided either by programming an explicit FWAIT instruction, or by initiating a subsequent
numeric instruction before accessing the operands or results of a previous instruction. After the subse-
quent numeric instruction has started execution, all memory references in earlier numeric instructions
are complete. Reaching the next host instruction after the synchronizing numeric instruction indicates
that previous numeric operands in memory are available.

The data-synchronization function of any FWAIT or numeric instruction must be well-documented, as
shown in figure 2-10. Otherwise, a change to the program at a later time may remove the synchronizing
numeric instruction and cause program failure.

Case 1: Case 2:
MOV 1, 1 FILD I
FILD I FWUATT
MOV 1,5
Mav AX, I FISTP I
FISTP I FWALT
MOV AX, I

Figure 2-9. Synchronizing References to Shared Data

FISTP 1
FMUL i 1 is updated before FMUL is executed
MoV AX, I 3 I is now safe to use

Figure 2-10. Documenting Data’Synchronization
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High-level languages automatically establish data synchronization and manage it, but there may be
applications where a high-level language may not be appropriate.

For assembly-language programmers, automatic data synchronization can be obtained using the assem-
bler, although concurrency of execution is lost as a result. To perform automatic data synchronization,
the assembler can be changed to always place a WAIT instruction after the ESCAPE instruction.
Figure 2-11 shows an example of how to change the ASM286 Code Macro for the FIST instruction to
automatically place a WAIT instruction after the ESCAPE instruction. This Code Macro is included
in the ASM286 source module. The. price paid for this automatic data synchronization is the lack of
any possible concurrency between the CPU and NPX.

Error Synchronization

Almost any numeric instruction can, under the wrong circumstances, produce a numeric error. Concur-
rent execution of the CPU and NPX requires synchronization for these errors just as it does for data
references and numeric instructions. In fact, the synchronization required for data and instructions
automatically provides error synchronization.

However, incorrect data or instruction synchronization may not be discovered until a numeric error
occurs. A further complication is that a programmer may not expect his numeric program to-cause
numeric errors, but in some systems, they may regularly happen. To better understand these points,
let’s look at what can happen when the NPX detects an error.

The NPX can perform one of two things when a numeric exception occurs:

e The NPX can provide a default fix-up for selected numeric errors. Programs can mask individual
error types to indicate that the NPX should generate a safe, reasonable result whenever that error
occurs. The default error fix-up activity is treated by the NPX as part of the instruction causing
the error; no external indication of the error is given. When errors are detected, a flag is set in the
numeric status register, but no information regarding where or when is available. If the NPX performs
its default action for all errors, then error synchronization is never exercised. This is no reason to
ignore error synchronization, however.

e As an alternative to the NPX default fix-up of numeric errors, the 80286 CPU can be notified
whenever an exception occurs. The CPU can then implement any sort of recovery procedures desired,
for any numeric error detectable by the NPX. When a numeric error is unmasked and the error

1

7 This is an ASM286 code macro to redefine the FIST
; instruction to prevent any concurrency

s while the instruction runs. A wait

; instruction 'is placed immediately after the
; escape to ensure the store is done

; before the program may continue.

1

CodeMacro FIST memop: Mw

RfixM 111B, memop

ModRM 010B, memop

RWFfix

EndM

Figure 2-11. Nonconcurrent FIST Instruction CodeMacro
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occurs, the NPX stops further execution of the numeric instruction and signals this event to the
CPU. On the next occurrence of an ESC or WAIT instruction, the CPU traps to a software excep-
tion handler. Some ESC instructions do not check for errors. These are the nonwaited forms FNINIT,
FNSTENYV, FNSAVE, FNSTSW, FNSTCW, and FNCLEX.

When the NPX signals an unmasked exception condition, it is requesting help. The fact that the error
was unmasked indicates that further numeric program execution under the arithmetic and program-
“ming rules of the NPX is unreasonable.

If concurrent execution is allowed, the state of the CPU when it recognizes the exception is undefined.
The CPU may have changed many of its internal registers and be executing a totally different program
by the time the exception occurs. To handle this situation, the NPX has special registers updated at
the start of each numeric instruction to describe the state of the numeric program when the failed
instruction was attempted.

Error synchronization ensures that the NPX is in a well-defined state after an unmasked numeric error
occurs. Without a well-defined state, it would be impossible for exception recovery routines to figure
out why the numeric error occurred, or to recover successfully from the error.

INCORRECT ERROR SYNCHRONIZATION

An example of how some instructions written without error synchronization will work initially, but fail
when moved into a new environment is shown in figure 2-12.

In figure 2-12, three instructions are shown to load an integer, calculate its square root, then increment
the integer. The NPX interface and synchronous execution of the NPX emulator will allow this program
to execute correctly when no errors occur on the FILD instruction.

This situation changes if the 80287 numeric register stack is extended to memory. To extend the NPX
stack to memory, the invalid error is unmasked. A push to a full register or pop from an empty register
will cause an invalid error. The recovery routine for the error must recognize this situation, fix up the
stack, then perform the original operation.

The recovery routine will not work correctly in the first example shown in the figure. The problem is
that the value of COUNT is incremented before the NPX can signal the exception to the CPU. Because
COUNT is incremented before the exception handler is invoked, the recovery routine will load an
incorrect value of COUNT, causing the program to fail or behave unreliably.

INCORRECT ERROR SYNCHRONIZATION
NPX instruction
CPU instruction alters operand
subsequent NPX instruction -- error from
previous -NPX instruction detected here

FILD COUNT
INC COUNT
FSAQRT COUNT

PROPER ERROR SYNCHRONIZATION

FILD COUNT NPX instruction

H
FSART ; subsequent NPX instruction -- error from
H previous NPX instruction detected here
INC COUNT ;3 CPU instruction alters operand

Figure 2-12. Error Synchronization Examples
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PROPER ERROR SYNCHRONIZATION

Error Synchronization relies on the WAIT instructions required by instruction and data synchroniza-
tion and the BUSY and ERROR signals of the 80287. When an unmasked error occurs in the 80287,
it asserts the ERROR signal, signalling to the CPU that a numeric error has occurred. The next time
the CPU encounters an error-checking ESC or WAIT instruction, the CPU acknowledges the ERROR
signal by trapping automatically to Interrupt #16, the Processor Extension Error vector. If the follow-
ing ESC or WAIT instruction is properly placed, the CPU will not yet have disturbed any information
vital to recovery from the error.
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CHAPTER 3
SYSTEM-LEVEL NUMERIC PROGRAMMING

System programming for iAPX 286/20 systems requires a more detailed understanding of the 80287
NPX than does application programming. Such things as emulation, initialization, exception handling,
and data and error synchronization are all the responsibility of the systems programmer. These topics
are covered in detail in the sections that follow.

iAPX 286/20 ARCHITECTURE

On a software level, the 80287 NPX appears as an extension of the 80286 CPU. On the hardware
level, however, the mechanisms by which the 80286 and 80287 interact are a bit more complex. This
section describes how the 80287 NPX and 80286 CPU interact and points out features of this inter-
action that are of interest to systems programmers.

Processor Extension Data Channel

All transfers of operands between the 80287 and system memory are performed by the 80286’s internal
Processor Extension Data Channel. This independent, DMA-like data channel permits all operand
transfers of the 80287 to come under the supervision of the 80286 memory-management and protection
mechanisms. The operation of this data channel is completely transparent to software.

Because the 80286 actually performs all transfers between the 80287 and memory, no additional bus
drivers, controllers, or other components are necessary to interface the 80287 NPX to the local bus.
Any memory accessible to the 80286 CPU is accessible by the 80287. The Processor Extension Data
Channel is described in more detail in Chapter Six of the iAPX 286 Hardware Reference Manual.

Real-Address Mode and Protected Virtual-Address Mode

Like the 80286 CPU, the 80287 NPX can operate in both Real-Address mode and in Protected mode.
Following a hardware RESET, the 80287 is initially activated in Real-Address mode. A single, privi-
leged instruction (FSETPM) is necessary to set the 80287 into Protected mode.

As an extension to the 80286 CPU, the 80287 can access any memory location accessible by the task
currently executing on the 80286. When operating in Protected mode, all memory references by the
80287 are automatically verified by the 80286’s memory management and protection mechanisms as
for any other memory references by the currently-executing task. Protection violations associated with
NPX instructions automatically cause the 80286 to trap to an appropriate exception handler.

To the programmer, these two 80287 operating modes differ only in the manner in which the NPX
instruction and data pointers are represented in memory following an FSAVE or FSTENYV instruction.
When the 80287 operates in Protected mode, its NPX instruction and data pointers are each repre-
sented in memory as a 16-bit segment selector and a 16-bit offset. When the 80287 operates in Real-
Address mode, these same instruction and data pointers are represented simply as the 20-bit physical
addresses of the operands in question (see figure 1-7 in Chapter One).
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Dedicated and Reserved |/0 Locations

The 80287 NPX does not require that any memory addresses be set aside for special purposes. The
80287 does make use of I/O port addresses in the range 00F8H through O0FFH, although these I/O
operations are completely transparent to the iAPX 286 software. iAPX 286 programs must not refer-
ence these reserved 1/O addresses directly.

To prevent any accidental misuse or other tampering with numeric instructions in the 80287, the 80286’s
I/O Privilege Level (IOPL) should be used in multiuser reprogrammable environments to restrict
application program access to the I/O address space and so guarantee the integrity of 80287 compu-
tations. Chapter Eight of the iAPX 286 Operating System Writer’s Guide contains more details regard-
ing the use of the I/O Privilege Level.

PROCESSOR INITIALIZATION AND CONTROL

One of the principal responsibilities of systems software is the initialization, monitoring, and control of
the hardware and software resources of the system, including the 80287 NPX. In this section, issues
related to system initialization and control are described, including recognition of the NPX, emulation
of the 80287 NPX in software if the hardware is not available, and the handling of exceptlons that
may occur during the execution of the 80287. v

System Initialization
During initialization of an iAPX 286 system, systems software must

» Recognize the presence or absence of the NPX
o Set flags in the 80286 MSW to reflect the state of the numeric environment

If an 80287 NPX is present in the system, the NPX must be

¢ Initialized
+ Switched into Protected mode (if desired)

All of these activities can be quickly and easily performed as part of the overall system initialization.

Recognizing the 80287 NPX

During initialization, the 80286 is easily programmed to recognize the presence of the 80287 NPX.
Figure 3-1 shows an example of such a recognition routine. i

In the example, the 80286 assumes that the 80287 is present and executes an FNINIT instruction.
Following the FNINIT instruction, the 80286 attempts to read the NPX status word. If the 80287
NPX is present, the lower eight bits of this word (the exception flags) will be all zeros. If an 80287 is
not present, these data lines will have been floating. The iAPX 286 Hardware Reference Manual
describes how to design the 80287 socket to ensure that at least one of these lower eight data lines
floats high in the absence of the 80287.
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;s initialization routine to detect an 80287 Numeric Processor
FND_287: FNINIT; i initialize Numeric Processor
FSTSH AX ; retrieve 80287 status word
0R AL, AL i test low-byte--80287 exception flags
; if all zero, then 80287 present and
i properly initialized
3 if not all zero, then 80287 absent.
JZ 60T_287 i branch if 80287 present
SMSHW AX i No Numeric Processor--
OR 04H y set EM bit in machine status word
LMSH AX i+ to enable software emulation of 80287
JMP CONTINUE
6G0T_287: SMSW AX 3 Numeric Processor present
OR 02H ;s set MP bit in machine status word
LMSH AX ;3 to permit normal 80287 operation
CONTINUE: ; and off we go

Figure 3-1. Software Routine to Recognize the 80287

Configuring the Numerics Environment

Once the 80286 CPU has determined the presence or absence of the 80287 NPX, the 80286 must set
either the MP or the EM bit in its own machine status word accordingly. The initialization routine can
either ‘

e Set the MP bit in the 80286 MSW to allow numeric instructions to be executed directly by the
80287 NPX component '

* Set the EM bit in the 80286 MSW to permit software emulation of the 80287 numeric instructions

The Math Present (MP) flag of the 80286 machine status word indicates to the CPU whether an 80287
NPX is physically available in the system. The MP flag controls the function of the WAIT instruction.
When executing a WAIT instruction, the 80286 tests only the Task Switched (TS) bit if MP is set; if
it finds TS set under these conditions, the CPU traps to exception #7.

The Emulation Mode (EM) bit of the 80286 machine status word indicates to the CPU whether NPX
functions are to be emulated. If the CPU finds EM set when it executes an ESC instruction, program
control is automatically trapped to exception #7, giving the exception handler the opportunity to emulate
the functions of an 80287. The 80286 EM flag can be changed only by using the LMSW (load machine
status word) instruction (legal only at privilege level 0) and examined with the aid of the SMSW (store
machine status word) instruction (legal at any privilege level).

The EM bit also controls the function of the WAIT instruction. If the CPU finds EM set while execut-
ing a WAIT, the CPU does not check the ERROR pin for an error indication.

For correct 80286 operation, the EM bit must never be set concurrently with MP. The EM and MP
bits of the 80286 are described in more detail in the i4APX 286 Operating System Writer’s Guide.
More information on software emulation for the 80287 NPX is described in the “80287 Emulation”
section later in this chapter.
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Initializing the 80287

Initializing the 80287 NPX simply means placing the NPX in a known state unaffected by any activity
performed earlier. The example software routine to recognize the 80287 (table 3-1) performed this
initialization using a single FNINIT instruction. This instruction causes the NPX to be initialized in
the same way as that caused by the hardware RESET signal to the 80287. All the error masks are set,
all registers are tagged empty, the ST is set to zero, and default rounding, precision, and infinity
controls are set. Table 3-1 shows the state of the 80287 NPX following initialization.

Following a hardware RESET signal, such as after initial power-up, the 80287 is initialized in Real-
Address mode. Once the 80287 has been switched to Protected mode (using the FSETPM instruction),
only another hardware RESET can switch the 80287 back to Real-Address mode. The FNINIT
instruction does not switch the operating state of the 80287.

80287 Emulation

If it is determined that no 80287 NPX is available in the system, systems software may decide to
emulate ESC instructions in software. This emulation is easily supported by the 80286 hardware, because
the 80286 can be configured to trap to a software emulation routine whenever it encounters an ESC
instruction in its instruction stream.

As described previously, whenever the 80286 CPU encounters an ESC instruction, and its MP and
EM status bits are set appropriately (MP=0, EM=1), the 80286 will automatically trap to interrupt
#7, the Processor Extension Not Available exception. The return link stored on the stack points to the
first byte of the ESC instruction, including the prefix byte(s), if any. The exception handler can use
this return link to examine the ESC instruction and proceed to emulate the numeric instruction in
software.

The emulator must step the return pointer so that, upon return from the exception handler, execution
can resume at the first instruction following the ESC instruction.

Table 3-1. NPX Processor State Following Initialization

Field Value‘ Interpretation
Control Word
Infinity Control 0 Projective
Rounding Control ‘ 00 Round to nearest
Precision Control 11 64 bits
Interrupt-Enable Mask 1 Interrupts disabled
Exception Masks 111111 All exceptions masked
Status Word
Busy 0 Not busy
Condition Code . 27?7 : (Indeterminate)
Stack Top 000 Empty stack
Interrupt Request 0 No interrupt.
Exception Flags 000000 No exceptions
Tag Word
. Tags b Empty
Registers N.C. Not changed
Exception Pointers ‘ )
Instruction Code N.C. Not changed )
Instruction Address N.C. Not changed
Operand Address N.C. Not changed
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To an application program, execution on an iAPX 286/10 system with 80287 emulation is almost
indistinguishable from execution on an iAPX 286/20 system, except for the difference in execution
speeds.

There are several important considerations when using emulation on an iAPX 286/10 system:

e  When operating in Protected-Address mode, numeric applications using the emulator must be
executed in execute-readable code segments. Numeric software cannot be emulated if it is executed
in execute-only code segments. This is because the emulator must be able to examine the particular
numeric instruction that caused the Emulation trap.

* Only privileged tasks can place the 80286 in emulation mode. The instructions necessary to place
the 80286 in Emulation mode are privileged instructions, and are not typically accessible to an
application.

An emulator package (E80287) that runs on iAPX 286/10 systems is available from Intel in the 8086
Software Toolbox, Order Number 122203. This emulation package operates in both Real and Protected
mode, providing a complete functional equivalent for the 80287 emulated in software.

When using the E80287 emulator, writers of numeric exception handlers should be aware of one slight
difference between the emulated 80287 and the 80287 hardware:

e On the 80287 hardware, exception handlers are invoked by the 80286 at the first WAIT or ESC
instruction. following the instruction causing the exception. The return link, stored on the 80286
stack, points to this second WAIT or ESC instruction where execution w111 resume following a
return from the exception handler.

¢ Using the E80287 emulator, numeric exception handlers are invoked from within the emulator itself.
The return link stored on the stack when the exception handler is invoked will therefore point back
to the E80287 emulator, rather than to the program code actually being executed (emulated). An
IRET return from the exception handler returns to the emulator, which then returns immediately
to the emulated program. This added layer of indirection should not cause confusion, however,
because the instruction causing the exception can always be identified from the 80287’s instruction
and data pointers.

Handling Numeric Processing Exceptions

Once the iAPX 286/20 system has been initialized and normal execution of applications has been
commenced, the 80287 NPX may occasionally require attention in order to recover from numeric
processing errors. This section provides details for writing software exception handlers for numeric
exceptions. Numeric processing exceptions have already been introduced in previous sections of this
manual.

As discussed previously, the 80287 NPX can take one of two actions when it recognizes a numeric
exception:

 If the exception is masked, the NPX will automatically perform its own masked exception response,
correcting the exception condition according to fixed rules, and then continuing with its instruction
execution.

e If the exception is unmasked, the NPX signals the exception to the 80286 CPU using the ERROR
status line between the two processors. Each time the 80286 encounters an ESC or WAIT instruc-
tion in its instruction stream, the CPU checks the condition of this ERROR status line. If ERROR
is active, the CPU automatically traps to Interrupt vector #16, the Processor Extension Error trap.
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Interrupt vector #16 typically points to a software exception handler, which may or may not be a part
of systems software. This exception handler takes the form of an iAPX 286 interrupt procedure.

When handling numeric errors, the CPU has two responsibilities:

e The CPU must not disturb the numeric context when an error is detected.
e The CPU must clear the error and attempt recovery from the error.

Although the manner in which programmers may treat these responsibilities varies from one imple-
mentation to the next, most exception handlers will include these basic steps:

¢ Store the NPX environment (control, status, and tag words, operand and instruction pointers) as it
existed at the time of the exception.

» Clear the exception bits in the status word.

+ Enable interrupts on the CPU.

+ Identify the exception by examining the status and control words in the save environment.
+ Take some system-dependent action to rectify the exception.

* Return to the interrupted program and resume normal execution.

It should be noted that the NPX exception pointers contained in the stored NPX environment will take
different forms, depending on whether the NPX is operating in Real-Address mode or in Protected
mode. The earlier discussion of Real versus Protected mode detalls how this information is presented
in each of the two operating modes.

Simultaneous Exception Response

In cases where multiple exceptlons arise simultaneously, the 80287 signals one exception according to
the precedence sequence shown in table 3-2. This means, for example, that zero divided by zero will
result in an invalid operation, and not a zero divide exception.

Exception Recovery Examples

Recovery routines for NPX exceptions can take a variety of forms. They can change the arithmetic
and programming rules of the NPX. These changes may redefine the default fix-up for an error, change
the appearance of the NPX to the programmer, or change how arithmetic is defined on the NPX.

A change to an error response might be to automatically normalize all denormals loaded from memory.

A change in appearance might be extending the register stack into memory to provide an “infinite”
number of numeric registers. The arithmetic of the NPX can be changed to automatically extend the

Table 3-2. Precedence of NPX Exceptions

Signaled First: Denormalized operand (if unmasked)
Invalid operation
Zero divide
Denormalized (if masked)
Over/Underflow

Signaled Last: Precision
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precision and range of variables when exceeded. All these functions can be implemented on the NPX
via numeric errors and associated recovery routines in a manner transparent to the application
programmer.

Some other possible system-dependent actions, mentioned previously, may include:

» Incrementing an exception counter for later display or printing
» Printing or displaying diagnostic information (e.g., the 80287 environment and registers)
s Aborting further execution

» Storing a diagnostic value (a NaN) in the result and continuing with the computation

Notice that an exception may or may not constitute an error, depending on the implementation. Once
the exception handler corrects the error condition causing the exception, the floating-point instruction
that caused the exception can be restarted, if appropriate. This cannot be accomplished using the
IRET instruction, however, because the trap occurs at the ESC or WAIT instruction following the
offending ESC instruction. The exception handler must obtain from the NPX the address of the
offending instruction in the task that initiated it, make a copy of it, execute the copy in the context of
the offending task, and then return via IRET to the current CPU instruction stream.

In order to correct the condition causing the numeric exception, exception handlers must recognize the
precise state of the NPX at the time the exception handler was invoked, and be able to reconstruct the
state of the NPX when the exception initially occurred. To reconstruct the state of the NPX, program-
mers must understand when, during the execution of an NPX instruction, exceptions are actually
recognized.

Invalid operation, zero divide, and denormalized exceptions are detected before an operation begins,
whereas overflow, underflow, and precision exceptions are not raised until a true result has been
computed. When a before exception is detected, the NPX register stack and memory have not yet been
updated, and appear as if the offending instructions has not been executed.

When an after exception is detected, the register stack and memory appear as if the instruction has
run to completion; i.e., they may be updated. (However, in a store or store-and-pop operation, unmasked
over/underflow is handled like a before exception; memory is not updated and the stack is not popped.)
The programming examples contained in Chapter Four include an outline of several exception handlers
to process numeric exceptions for the 80287.

3-7 122164-001






Numeric
Programming Examples







CHAPTER 4
NUMERIC PROGRAMMING EXAMPLES

The following sections contain examples of numeric programs for the 80287 NPX written in ASM286.
These examples are intended to illustrate some of the techniques for programming the iAPX 286/20
computing system for numeric applications.

CONDITIONAL BRANCHING EXAMPLES

As discussed in Chapter Two, several numeric instructions post their results to the condition code bits
of the 80287 status word. Although there are many ways to implement conditional branching following
a comparison, the basic approach is as follows:

¢ Execute the comparison.

¢ Store the status word. (80287 allows storing status directly into AX register.)
¢ Inspect the condition code bits.

e Jump on the result.

Figure 4-1 is a code fragment that illustrates how two memory-resident long real numbers might be
compared (similar code could be used with the FTST instruction). The numbers are called A and B,
and the comparison is A to B.

The comparison itself requires loading A onto the top of the 80287 register stack and then comparing
it to B, while popping the stack with the same instruction. The status word is then written into the
80286 AX register.

A and B have four possible orderings, and bits C3, C2, and CO of the condition code indicate which
ordering holds. These bits are positioned in the upper byte of the NPX status word so as to correspond
to the CPU’s zero, parity, and carry flags (ZF, PF, and CF), when the byte is written into the flags.
The code fragment sets ZF, PF, and CF of the CPU status word to the values of C3, C2, and CO of
the NPX status word, and then uses the CPU conditional jump instructions to test the flags. The
resulting code is extremely compact, requiring only seven instructions.

The FXAM instruction updates all four condition code bits. Figure 4-2 shows how a jump table can be
used to determine the characteristics of the value examined. The jump table (FXAM_TBL) is initial-
ized to contain the 16-bit displacement of 16 labels, one for each possible condition code setting. Note
that four of the table entries contain the same value, because four condition code settings correspond
to “empty.”

The program fragment performs the FXAM and stores the status word. It then manipulates the condi-
tion code bits to finally produce a number in register BX that equals the condition code times 2. This
involves zeroing the unused bits in the byte that contains the code, shifting C3 to the right so that it is
adjacent to C2, and then shifting the code to multiply it by 2. The resulting value is used as an index
that selects one of the displacements from FXAM_TBL (the multiplication of the condition code is
required because of the 2-byte length of each value in FXAM_TBL). The unconditional JMP instruc-
tion effectively vectors through the jump table to the labelled routine that contains code (not shown in
the example) to process each possible result of the FXAM instruction.
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B Da ?
FLD A ; LOAD A ONTO TOP OF 287 STACK
FCOMP B ; COMPARE A:B, POP A

FSTSHW AX ; STORE RESULT TO CPU AX REGISTER

;i CPU AX REGISTER CONTAINS CONDITION CODES (RESULTS OF
; COMPARE)

; LOAD CONDITION CODES INTO CPU FLAGS

SAHF

: .
7 USE CONDITIONAL JUMPS TO DETERMINE ORDERING OF A TO
;s B
JP A_B_UNORDERED ;7 TEST C2 (PF)
JB A_LESS i TEST CO0 (CF)
: JE A_EQUAL i TEST €3 (zZF)
A_GREATER: s CO C(CF) = 0, C3 (ZF) = 0
A_EQUAL: s CO (CF) = 0, C3 (2Z2F) = 1
A_LESS: 3 CO (CF) = 1, C3 (2Z2F) = 0
= 1

A_B_UNORDERED: ; C2 (PF)

Figure 4-1. Conditional Branching for Compares

i JUMP TABLE FOR EXAMINE ROUTINE

i
FXAM_TBL DW POS_UNNORM, POS_NAN, NEG_UNNORM, NEG_NAN,

& POS_NORM, POS_INFINITY, NEG_NORM,
& NEG_INFINITY, POS_ZERO, EMPTY, NEG_ZERO,

& EMPTY, POS_DENORM, EMPTY, NEG_DENORM, EMPTY

; EXAMINE ST AND STORE RESULT C(CONDITION CODES)
FXAM
FSTSW AX

Figure 4-2. Conditional Branching for FXAM
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.
1

mav
Mmav
AND
AND
SHR
SAL

OR

C —e e

MP

i

:
POS_UNNORM:
PUS_NAN:.
NEG_UNNUéM:
NEG_NAN:'

POS_NORM:

POS_INFINITY:

NEG_NORM:

NEG_INFINITY:

PUS_ZERU;
EMPTY: .
NEG_ZERU;
PUS_DENUéM:

NEG_DENORM:

;7 CALCULATE OFFSET INTO JUMP TABLE

BH, 0 ; CLEAR UPPER HALF OF BX,
BL,AH ; LOAD CONDITION CODE INTO BL. )
BL,00000111B ; CLEAR ALL BITS EXCEPT C2-C0
AH,01000000B ;i CLEAR ALL BITS EXCEPT C3
AH, 2 i SHIFT C3 TWO PLACES RIGHT
BX,1 ; SHIFT €2-C0 1 PLACE LEFT (MULTIPLY
i BY 2)
BL,AH ;7 DROP C3 BACK IN ADJACENT TO C2
1

(000XXXX0)

JUMP TO THE ROUTINE ‘ADDRESSED’ BY CONDITION CODE

FXAM_TBLIBX]

HERE ARE THE JUMP TARGETS, ONE TO HANDLE

EACH POSSIBLE RESULT OF FXAM

Figure 4-2. Conditional Branching for FXAM (Cont’d.)

EXCEPTION HANDLING EXAMPLES

There are many approaches to writing exception handlers. One useful technique is to consider the
exception handler procedure as consisting of “prologue,” “body,” and “epilogue” sections of code. (For
compatibility with the 80287 emulators, this procedure should be invoked by interrupt pointer (vector)

number 16.)

¢
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At the beginning of the prologue, CPU interrupts have been disabled. The prologue performs all
functions that must be protected from possible interruption by higher-priority sources. Typically, this
will involve saving CPU registers and transferring diagnostic information from the 80287 to memory.
When the critical processing has been completed, the prologue may enable CPU interrupts to allow
higher-priority interrupt handlers to preempt the exception handler.

The exception handler body examines the diagnostic information and makes a response that is neces-
sarily application-dependent. This response may range from halting execution, to displaying a message,
to attempting to repair the problem and proceed with normal execution.

The epilogue essentially reverses the actions of the prologue, restoring the CPU and the NPX so that
normal execution can be resumed. The epilogue must rnot load an unmasked exception flag into the
80287 or another exception will be requested immediately.

Figure 4-3 through 4-5 show the ASM286 coding of three skeleton exception handlers. They show how
prologues and epilogues can be written for various situations, but provide comments indicating only
where the application-dependent exception handling body should be placed.

Figure 4-3 and 4-4 are very similar; their only substantial difference is their choice of instructions to
save and restore the 80287. The tradeoff here is between the increased diagnostic information provided
by FNSAVE and the faster execution of FNSTENYV. For applications that are sensitive to interrupt
latency or that do not need to examine register contents, FNSTENYV reduces the duration of the “criti-
cal region,” during which the CPU will not recognize another interrupt request (unless it is a nonmask-
able interrupt).

After the exception handler body, the epilogues prepare the CPU and the NPX to resume execution
from the point of interruption (i.e., the instruction following the one that generated the unmasked
exception). Notice that the exception flags in the memory image that is loaded into the 80287 are
cleared to zero prior to reloading (in fact, in these examples, the entire status word image is cleared).

The examples in figures 4-3 and 4-4 assume that the exception handler itself will not cause an unmasked
exception. Where this is a possibility, the general approach shown in figure 4-5 can be employed. The
basic technique is to save the full 80287 state and then to load a new control word in the prologue.
Note that considerable care should be taken when designing an exception handler of this type to prevent
the handler from being reentered endlessly.

SAVE_ALL PROC

i

; SAVE CPU REGISTERS, ALLOCATE STACK SPACE
; FOR 80287 STATE IMAGE

PUSH BP
maov BP,SP
SUB SP,94

; SAVE FULL 80287 STATE, WAIT FOR COMPLETION,
; ENABLE CPU INTERRUPTS

FNSAVE [BP-94]

FWAIT

STI

; APPLICATION-DEPENDENT EXCEPTION HANDLING
; CODE GOES HERE

Figure 4-3. Full-State Exception Handler
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CLEAR EXCEPTION FLAGS IN STATUS WORD
RESTORE MODIFIED STATE
IMAGE
MoV BYTE PTR [BP-921, OH
FRSTOR [BP-941
DE-ALLOCATE STACK SPACE, RESTORE CPU REGISTERS

Mov SP,BP
POP BP

;7 RETURN TO INTERRUPTED CALCULATION
IRET

SAVE_ALL ENDP

Figure 4-3. Full-State Exception Handler (Cont’d.)

.
1
.
1

.
1

1

SAVE_ENVIRONMENT PROC

SAVE CPU REGISTERS, ALLOCATE STACK SPACE
FOR 80287 ENVIRONMENT

PUSH BP
Mov BP,SP
SUB SP, 14

SAVE ENVIRONMENT, WAIT FOR COMPLETION,
ENABLE CPU INTERRUPTS

FNSTENV [BP-141

FWAIT

STI

APPLICATION EXCEPTION-HANDLING CODE GOES HERE

CLEAR EXCEPTION FLAGS IN STATUS WORD
RESTORE MODIFIED
ENVIRONMENT IMAGE
Mmov BYTE PTR [BP-121, OH
FLDENV [BP-14]
DE-ALLOCATE STACK SPACE, RESTORE CPU REGISTERS
MOV SP,BP
POP BP

RETURN TO INTERRUPTED CALCULATION
IRET

SAVE_ENVIRONMENT ENDP

Figure 4-4. Reduced-Latency Exception Handler

4-5
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LOCAL_CONTROL DW ? 3 ASSUME INITIALIZED

REENTRANT PROC

.
1
.
)

.
1

SAVE CPU REGISTERS, ALLOCATE STACK SPACE FOR
80287 STATE IMAGE

PUSH BP
mav BP,SP
SUB SP,94

SAVE STATE, LOAD NEW CONTROL WORD,
FOR COMPLETION, ENABLE CPU INTERRUPTS
FNSAVE [BP-94])
FLDCW LOCAL_CONTROL
STI

APPLICATION EXCEPTION HANDLING CODE GOES HERE.
AN UNMASKED EXCEPTION GENERATED HERE WILL
CAUSE THE EXCEPTION HANDLER TO BE REENTERED.
IF LOCAL STORAGE 1S NEEDED, IT MUST BE
ALLOCATED ON THE CPU STACK.

CLEAR EXCEPTION FLAGS IN STATUS WORD

RESTORE MODIFIED STATE IMAGE
mov BYTE PTR [BP-921, OH
FRSTOR [BP-94]

DE-ALLOCATE STACK SPACE, RESTORE CPU REGISTERS
mav SP,BP

POP BP

;7 RETURN TO POINT OF INTERRUPTION
IRET
REENTRANT ENDP

Figure 4-5. Reentrant Exception Handler
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FLOATING-POINT TO ASCIl CONVERSION EXAMPLES

Numeric programs must typically format their results at some point for presentation and inspection by
the program user. In many cases, numeric results are formatted as ASCII strings for printing or display.
This example shows how floating-point values can be converted to decimal ASCII character strings.
The function shown in figure 4-6 can be invoked from PL/M-286, Pascal-286, FORTRAN-286, or
ASM286 routines.

Shortness, speed, and accuracy were chosen rather than providing the maximum number of significant
digits possible. An attempt is made to keep integers in their own domain to avoid unnecessary conver-
sion errors.

Using the extended precision real number format, this routine achieves a worst case accuracy of three
units in the 16th decimal position for a noninteger value or integers greater than 10'. This is double
precision accuracy. With values having decimal exponents less than 100 in magnitude, the accuracy is
one unit in the 17th decimal position.

Higher precision can be achieved with greater care in programming, larger program size, and lower
performance.

1APX286 MACRD ASSEMBLER 80287 Floating-Point to 18-Digit ASCII Conversion 10:12: 38 09/25/83 PAGE 1
SERIES-111 iAPX2B86 MACRO ASSEMBLER X108 ASSEMBLY OF MODULE FLOATING_TO_ASCII
OBJECT MODULE PLACED IN :F3:FPASC.OBJ
ASSEMBLER INVOKED BY: ASM286.86 :F3:FPASC. AP2
Lac oBJ LINE SOURCE
1 +1 $title("B0287 Floating-Point to 18-Digit ASCII Conversion")
2
3 name floating_to_ascii
3
5 public floating_to_ascii
& extrn get_power_10:near, tos_status: near
7 i
8 i This subroutine will convert the floating point number in tne
? i top of the BO28B7 stack to an ASCII string and separate power of 10
10 i scaling value (in binary). The maximum width of the ASCII string
11 i formed is controlled by a parameter which must be > 1. Unnormal values,
12 i denormal values, and psvedo zeroes will be correctly converted.
13 i A returned value will indicate how many binary bits of
14 i precision were lost in an unnormal or denormal value. The magnitude
15 J (in terms of binary power) of a psuedo zero will also be indicated.
16 i Integers less than 10##18 in magnitude are accurately converted if the
17 i destination ASCII string field is wide enough to hold all the
18 i digits. Otherwise the value is converted to scientific notation.
19 i
20 i The status of the conversion is identified by the return value,
21 i it can be:
22 i
23 i [ conversion complete, string_size is defined
24 i 1 invalid arguments
25 i 2 exact integer conversion, string_size is defined
26 i 3 indefinite
27 i 4 + NAN (Not A Number)
28 i 5 = NAN
29 H & + Infinity
30 3 7 = Infinity
a1 i 8 psuedo zeroc found, string_size is defined
32 i
33 i The PLM/2B6 calling convention is:
34 i
35 i floating_to_ascii:
36 i procedure (number.,denormal_ptr,string_ptr,size_ptr, field_size,
37 i power_ptr) word external;
38 i declare (denormal_ptr,string_ptr,power_ptr,size_ptr) pointers
39 i declare field_size word, string_size based size_ptr word;
40 i declare number real;
41 H declare denormal integer based denormal_ptr;
42 i declare power integer based power_ptr;
43 i end floating_to_ascii;
44 i
45 i The floating point value is expected to be on the top of the NPX
46 i stack. This subroutine expects 3 free entries on the NPX stack and
47 i will pop the passed value off when done. The generated ASCII string
48 i will have a leading character either ‘=’ or ’‘+’ indicating the sign
49 i of the value. The ASCII decimal digits will immediately follow.
50 i The numeric value of the ASCII string is (ASCII STRING. )#10#*POWER.

Figure 4-6. Floating-Point to ASCII Conversion Routine
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Loc 0BY

00001
000201
0004L1
00061
0008[1
000AL]
[olelell ]
OO0CEL]

000A

-0002C1
~0004C]
-0006[1
-0010C1
~0010L]
-0010C1

0010

0000

0002
0003
0004
0005
0006
0007
0008
0009
000A
000B
000C
000D
00O0E
000F
0010
0011

iAPX286 MACRO ASSEMBLER 80287 Floating-Point to 18-Digit ASCII Conversion 10:12:38 09/25/83 PAGE 2
LINE SOURCE
51 i If the given number was zero, the ASCII string will contain a sign
52 i and a single zero chacter. The value string_size indicates the total
53 i length of the ASCII string including the sign character. String(0) will
54 i always hold the sign. It is possible for string_size to be less than
55 i field_size. This occurs for zeroes or integer values. A psuedo zero
56 i will return a special return code. The denormal count will indicate
57 i the power of two originally associated with the value. The power of
se i ten and ASCII string will be as if the value was an ordinary zero.
59 i
60 i This subroutine is accurate up to a maximum of 1B decimal digits for
61 i integers. Integer values will have a decimal power of zero associated
62 i with them. For non integers, the result will be accurate to within 2
&3 i decimal digits of the 146th decimal place (double precision). The
64 i exponentiate instruction is also used for scaling the value into the
&5 i Tange acceptable for the BCD data type. The rounding mode in effect
b6 i on entry to the subroutine is used for the conversion.
&7 i
68 i The following registers.are not transparent:
69 i
70 i ax bx cx dx si di flags
71 i
72 +1 seject
73 i
74 i Define the stack layout
75 i
76 bp_save equ word ptr C[bpl
77 es_save equ bp_save + size bp_save
78 return_ptr equ es_save + size es_save
79 power_ptr equ return_ptr + size return_ptr
80 field_size equ power_ptr + size power _ptr
81 size_ptr equ field_size + size field_size
82 string_ptr equ size_ptr + size size_ptr
83 denormal_ptr equ string_ptr + size string_ptr
84
8s parms_size equ size power_ptr + size field_size + size size_ptr +
86 2 size string_ptr + size denormal_ptr
87 i
88 i Define constants used
89 i
90 BCD_DIGITS equ 18 i Number of digits in bcd_value
91 WORD_SIZE equ 2
92 BCD_SIZE equ 10
93 MINUS equ 1 i Define return values
94 equ 4 i The exact values chosen here are
95 INFINITY equ 6 ; important. They must correspond to
96 INDEFINITE equ 3 i the possible return values and be in
97 PSUEDO_ZERD equ 8 i the same numeric order as tested by
98 INVALID equ -2 i the program.
99 ZERO equ -4
100 DENORMAL equ -6
101 UNNORMAL equ -8
102 NORMAL equ o
103 EXACT equ 2
104 i
105 i Define layout of temporary storage area
106 i
107 status equ word ptr [bp-WORD_SIZE]
108 power_two equ status - WORD_SIZE
109 power_ten equ power_two - WORD_SIZE
110 bcd_value equ tbyte ptr power_ten - BCD_SIZE
111 bcd_byte equ byte ptr bcd_value
112 fraction equ becd_value
113
114 local_size equ size status + size power_two + size power_ten
115 13 + size bcd_value
116
117 stack stackseg (local_size+6) ; Allocate stack space for locals
118 +1  S$eject
119 code segment er public
120 extrn power_table:quord
121 i
122 i Constants used by this function
123 i .
124 even i Optimize for 16 bits
125 const10 dw 10 i Adjustment value for too big BCD
126 i
127 i Convert the C3,C2,C1,CO encoding from tos_status into meaningful bit
128 i flags and values.
129 i
130 status_table db UNNORMAL, NAN, UNNORMAL + MINUS, NAN + MINUS,
131 % NORMAL, INFINITY, NORMAL + MINUS, INFINITY + MINUS
132 % ZERO, INVALID, ZERO + MINUS, INVALID
133 & DENORMAL, INVALID, DENORMAL + MINUS, INVALID

0A00

F8
04
F9
05
00
06
o1
07
FC
FE
FD
FE
FA
FE
FB
FE

Figure 4-6. Floating-Point to ASCIl Conversion Routine (Cont’d.)
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iAPX286 MACRO ASSEMBLER

LOC 0BJ

0012

0012 EB0000 E
0015 8BD8
0017 2EBAB70200 R
001C 3CFE
001E 752B

0020 C20A00

0023

0023 DDD8
0025 EBO2

0027

0027 BOFE

0029 C9
002A 07
002B C20A00

002E

002E DB7EFO
0031 ABO1
0033 9B
0034 74F3

0036 BBOOCO
0039 2BSEFé&
003C OBSEF4
003F OBSEF2
0042 OBSEFO
0045 75E2

0047 BOO3
0049 EBDE

004B

004B 06
004C €8100000

0050 BB4EOB
0053 83F702
0056 7CCF
0058 49
0059 83F712
005C 7603
00SE B91200
0061

0061 3C06
0063 7DBE

0065 3C04
0067 7DCS

BOFAFA
732C

80287 Floating-Point to 18-Digit ASCII Conversion

LINE

134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

SOURCE

floating_to_ascii proc

call
mov
mov
cmp
Jne

i ST(0)

Tet

i Remove infinity from stack

found_infinity:

fstp
Jmp

small_string:
mov

exit_proc:
leave
pop
Tet

§T(0)

NAN_or_indefinite:

fstp
test
fwait
Jz

mov
sub
or
or
or
Jnz

mov
Jmp

[,

ot_empty:

push
enter

mov
cmp
J1
dec
cmp
Jbe
mov

size_ok:

cmp
Jge

cmp
Joe

i Set default return values and

fabs

mov
xor
mov
mov
mov
mov
cmp
Jae

cmp
Jae

String space

tos_status

bxsax
al,status_tablelbx]
al, INVALID
not_empty

is empty!

parms_size

st(0)
short exit_proc

is too small!

al, INVALID

es
parms_size

is NAN or indefinite.

fraction
al, MINUS

exit_proc

bx, OCOOOH

bx,word ptr fraction+é
bx;word ptr fraction+s
bx,word ptr fraction+2
bx,word ptr fraction
exit_proc

al, INDEFINITE
exit_proc

Allocate stack space for local variables and establish parameter
addressibility.

es
local_size, O

cx, field_size
cx
small_string

cx
cx, BCD_DIGITS
size_ok

cx, BCD_DIGITS

al, INFINITY
found_infinity

al, NAN
NAN_or_indefinite

dx, ax

ax.ax
di,denormal_ptr
word ptr [dil, ax
bx, power_ptr
word ptr- [bx1, ax
d1l, ZERO
real_zero

d1, DENORMAL
found_denormal

Return the status value.

and exit.

Return invalid code.

Store the value in memory and look
at the fraction field to separate indefinite from an ordinary NAN.

10:12:38 09/25/B3 PAGE 3

i Look at status of ST(0)
; Get descriptor from table

i Look for empty ST(O)

i OK to leave fstp running

i Restore stack

Remove value from stack for examination
Look at sign bit

Insure store is done

Can’‘t be indefinite if positive

Match against upper 16 bits of fraction
Compare bits 63-48

Bits 32-47 must be zero

Bits 31-16 must be zero

Bits 15-0 must be zero

Set return value for indefinite value

Save working Tegister
Format stack

Check for enough string space

Adjust for sign character
See if string is too large for BCD

Else set maximum string size

Look for infinity
Return status value for + or - inf.

Look for NAN or INDEFINITE

check that the number is normalized.

Use positive value only
sign bit in al has true sign of value
i Save return value for later

Form 0 constant
i Zero denormal count

Zero power of ten value

i Test
i Skip

for zero
power code if value is zero

i Look for a denormal value
Handle it specially

Figure 4-6. Floating-Point to ASCIlI Conversion Routine (Cont’d.)
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iAPX2B6 MACRO ASSEMBLER

Loc

0083
0085
ooss

008A

009F
00AL

00A3
00A&

00A%

00AG
00AC

00AF

00AF
00B1
00B3

00B5

00B7
00B9
00BC
OOBE
00CO
00C3
0oCé

ooce

00CA
ooca

0oCA
00CD
00DO

oob2
00D4

[2): N

D9F4
BOFAFB
7240

BOEAF8

D9EB

D9CY
DFiD

BOEAFS
E9A400

BOEAFC
E99E00

DIE8
D9CT
D9F8

D9F4

DIES
9BDFEO
D9CT
DICA
BOEAFA
A90044
74C7

DDD8

DB7EFO
DFS5&FC
DYEC

DEC?
DFSEFA

LINE

80287 Floating-Point to 18-Digit ASCII Conversion 10:12:38 09/25/83 PAGE
SOURCE
fxtract i Separate exponent from significand
cmp d1, UNNORMAL i ‘Test for unnormal value
Jb normal_value
sub d1, UNNDRMAL-NORMAL i Return normal status with correct sign

Normalize the fraction, adjust the power of two in ST(1) and set
the denormal count value. .

Assert: O <= ST(0) < 1.0

fldl Load constant to normalize fraction

normalize_fraction:

fadd st(1), st Set integer bit in fraction

fsub Form normalized fraction in ST(O)
fxtract Power of two field will be negative
of denormal count
fxch Put denormal count in ST(O)
fist word ptr [dil Put negative of denormal count in memory

faddp st(2), st Form correct power of two in st(1)
OK to use word ptr [dil now

Form positive denormal count

neg word ptr [dil
Jnz not_psuvedo_zero

A psuedo zero will appear as an unnormal number. When attempting
to normalize it, the resultant fraction field will be zero. Performing
an fxtract on zero will yield a zero exponent value.

fxch
fistp word ptr [dil

Put power of two value in st(0)

Set denormal count to power of two value
Word ptr [dil is not used by convert
integer, OK to leave running

Set return value saving the sign bit
Put zero value into memory

sub d1, NORMAL~-PSUEDO_ZERO
Jmp convert_integer

The number is a real zero, set the return value and setup for
conversion to BCD

r

eal_zero:
sub d1, ZERO-NORMAL i Convert status to normal value
Jmp convert_integer i Treat the zero as an integer

i
i The number is a denormal. FXTRACT will not work correctly in this
i case. To correctly separate the exponent and fraction, add a fixed
i constant to the exponent to guarantee the result is not a denormal.
i

f

ound_denormal:
f1ld1 i Prepare to bump exponent
fxch
fprem i Force denormal to smallest representable
i extended real format exponent
fxtract i This will work correctly now

The power of the original denormal value has been safely isolated.
Check if the fraction value is an unnormal.

fxam i See if the fraction is an unnormal

fstsw ax » Save 80287 status in CPU AX reg for later
fxch 3 Put exponent in ST(0)

fxch st(2) 3 Put 1.0 into ST(0), exponent in ST(2)

sub d1, DENORMAL~NORMAL i Return normal status with correct sign
test ax, 4400H i See if C3=C2=0 impling unnormal or NAN
Jz normalize_fraction i Jump if fraction is an unnormal

fstp st(0) Remove unnecessary 1.0 from st(0)

i Calculate the decimal magnitude associated with this number to

i within one order. This error will always be inevitable due to

i rounding and lost precision. As a result, we will deliberately fail

i to consider the LDG1O of the fraction value in calculating the order,

i Since the fraction will always be 1 <= F < 2, its LOG10 will not change

i the basic accuracy of the function. To get the decimal order of magnitude,
i simply multiply the power of two by LOG10(2) and truncate the result to

H an integer.

i

normal_value:

‘not_psuedo_zero:

fstp fraction 5 Save the fraction field for later use
fist power_two i Bave power of two
f£1d1g2 3 Get LDG10(2)
; Power_two is now safe to use
fmul i Form LDG1O(of exponent of number)

fistp power_ten Any rounding mode will work here

Check if the magnitude of the number rules out treating it as
an integer.

CX has the maximum number of decimal digits allowed.

4
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iAPX286 MACRO ASSEMBLER

Loc
00D7
0oD8

00DB
00DD

014D

014D

0150

0BY

9B
BB46FA
2BC1
7722

DF46FC

9BDD7EFE
F744FE0040
7550

DDD8
8BD&

8907
F7D8

EB0000 E

DB&EFO

2EDCF40800 E

9BDFEOQ
AF0041
750C

2EDE360000 R
BOE2FD

FFO7

EB14

2EDC940000 E
FBDFEO

A90001

7407

2EDEOEO000 R
FFOF

D9FC

DF76FO0

BEOBOO

80287 Floating-Point to 18-Digit ASCII Conversion

S

10:12:38 09/25/83 PAGE

OURCE
fwait i Wait for power_ten to be valid
mov ax, power_ten 1 Get power of ten of value
sub ax,cx } Form scaling factor necessary in ax
Ja adjust_result i Jump if number will not fit

The number is between 1 and 10#*(field_size).

Test if it is an integer

£i1d power_two I Restore original number

mov si, dx i Save return value

sub d1, NORMAL-EXACT i Convert to exact return value
£1d fraction

fscale i Form full value, this is safe here
fst st(1) i Copy value for compare
frndint i Test if its am integer

fcomp i Compare values

fstsuw status i Save status

test status, 4000H ;5 C3=1 implies it was an integer
Jni convert_integer

fstp 5t(0) i Remove non integer value

mov dx, si i Restore original return value

PR

Scale the number to within the range allowed by the BCD format.
The scaling operation should produce a number within one decimal order
of magnitude of the largest decimal number representable within the
given string width.

The scaling power of ten value is in ax.

djust_resvlt:

mov word ptr [bxJ,ax Set initial power of ten return value

neg ax Subtract one for each order of
; magnitude the value is scaled by

call get_power_10 ;i Scaling factor is returned as exponent
5 and fraction

fld fraction i Get fraction

fmul i Combine fractions

mov si,jcx ; Form power of ten of the maximum

shl sis1 i BCD value to fit in the string

shl sis1 i Index in si

shl sis1

fild power_two i Combine powers of two

faddp st(2), st

fscale i Form full value, exponent was safe

Fstp st1) ; Remove exponent

Test the adjusted value against a table of exact powers of ten.
The combined errors of the magnitude estimate and power function can
result in a value one order of magnitude too small or too large to fit

i correctly in the BCD field.

i ad justed valvue,

i adjust the power of ten value.
test_power:

fcom

fstsw ax

test ax, 4100H

Jni test_for_small
fidiv const10

and dl.not EXACT
inc word ptr [bx]
Jmp short in_range

test_for_small:

fcom power_tablelsil

fstsw  ax

test ax, 100H

Jz in_range

fimul const10

dec word ptr CbxJ
in_range:

frndint
i Assert: O <=
i The TOS
convert_integer:

fbstp  bcd_value
i
i While the store BCD runs,
i ASCII.

mov si, BCD_SIZE-2

To handle this problem,
if it is too small or large,

power_tablelsil+type power_table;

pretest the
then adjust it by ten and

Compare against exact power
entry. Use the next entry since cx
has been decremented by one

No wait is necessary

If C3 = CO = O then too big

Else adjust value

Remove exact flag

Adjust power of ten value

Convert the value to a BCD integer

Test relative size

No wait is necessary

If CO = O then st(0) >= lower bound
Convert the value to a BCD integer

Adjust value into range
Adjust power of ten value

Form integer value

TOS <= 999, 999, 999, 999, 999, 999
number will be exactly representable in 18 digit BCD format.

Store as BCD format number

setup registers for the conversion to

Initial BCD index value

Figure 4-6. Floating-Point to ASCIl Conversion Routine (Cont’d.)

122164-001




NUMERIC PROGRAMMING EXA

MPLES

iAPX286 MACRO ASSEMBLER

O16F

016F
0172
0174
0176
0178

017Aa
017¢C
O17E

0180
0181

0183
0185
0186
0187

0189

0189
018C
018E

01790

0190
0192
0193
0195
0197

0198

0198
019A
0198
019¢C
019D

O019F

O19F
01A2
01A4
0146

0OBJ

B?040F

AA
BOE2FE
9B

BAL2FO

BO30
AA
43
EB16

BAL2FO
B8AC4
D2E8

0430

BAC4
22C5
43

0430
AA
43
4E
7EA

BB7E0A
891D
8BC2
E9BOFE

ASSEMBLY COMPLETE,

NO "WARNINGS,

80287 Floating-Point to 18-Digit ASCII Conversion 10:12:38 09/25/83 PAGE )
LINE SOURCE
416 mov cx, 0f04h 1} Set shift count and mask
417 mov bx:, 1 i Set initial size of ASCII field for sign
418 mov di,string_ptr i Get address of start of ASCII string
419 mov ax,ds i Copy ds to es
420 mov es,ax
421 cld i Set autoincrement mode
422 mov al, '+’ i Clear sign field
423 test d1, MINUS i Look for negative value
424 Jz positive_result
425
426 mov al, ‘=’
427
428 positive_result:
429
430 stosb i Bump string pointer past sign
431 and dl.not MINUS i Turn off sign bit
432 fuwait i Wait for fbstp to finish
433 i
434 i Register usage:
435 i ah: BCD byte value in use
436 i al: ASCII character value
437 i dx: Return value
438 i ch: BCD mask = Ofh
439 i cl: BCD shift count = 4
440 i bx: ASCII string field width
441 i si: BCD field index
442 i di: ASCII string field pointer
443 i ds,es: ASCII string segment base
444 i
445 i Remove leading zeroes from the number.
446 i
447 skip_leading_zeroes:
448
449 mov ah,bcd_bytelsil i Get BCD byte
450 mov al, ah ; Copy value
451 shr al.cl i Get high order digit
452 and al.ch i Set zero flag
453 Jnz enter_odd i Exit loop if leading non zero found
454
455 mov al, ah i Get BCD byte again
456 and al.ch 5 Get low order digit
457 Jnz enter_even ; Exit loop if non zero digit found
458
459 dec si i Decrement BCD index
460 Jns skip_leading_zeroes
461 i
462 i The significand was all zeroes.
463 i
464 mov al, ‘0’ i Set initial zero
465 stosb
466 inc bx i Bump string length
467 Jmp short exit_with_value
468 i
469 i Now expand the BCD string into digit per byte values 0-9
470 i
a71 digit_loop:
472
473 mov ah,bcd_bytelsil ; Get BCD byte
474 mov al,ah
475 shr al.cl i Get high order digit
476
477 enter_odd:
478
479 add al, ‘0’ i Convert to ASCII
480 stosb i Put digit into ASCII string area
ag1 mov al, ah ; Get low order digit
482 and al,ch
483 inc bx i Bump field size counter
484
485 enter_even
486
487 add al, 0’ i Convert to ASCII
488 stosb i Put digit into ASCII area
489 inc bx i Bump field size counter
490 dec si i Go to next BCD byte
491 Jns digit_loop
492 i
493 i Conversion complete. Set the string size and remainder.
494 i
495 exit_with_value:
496
497 mov di,size_ptr
498 mov word ptr [did,bx
499 mov ax,dx ; Set return value
500 Jmp exit_proc
501
502 floating_to_ascii endp
503 code ends
504 end
NO ERRORS

Figure 4-6. Floating-Point to ASCIl Conversion Routine (Cont’d.)
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iAPX286 MACRO ASSEMBLER

Loc

0000
0008
0010
0018
0020
0028
0030
0038
0040
0048
0050
0058
0060
0068

0070

0078
0080
ooss

0090

0098

0098
0098

009D
00%E
00A0
00A3

00AB S

00A%
00AB

0BJY

000000000000F0
3F
00000000000024
0000000000005%9
0000000000408F
4
000000000088C3
pt
00000000006AF8
4
0000000080842E
41
00000000D01263
0000000084D797
0000000065CDCD
000000205FA002
42
000000EB764837
000000A2941A6D
000040E59C30A2
2

0000901EC4BCDS

00003426F 56B0C
43
00B0E03779C341
00A0DBB5573476
4

3
00CB4EL76DC1AB

3D1200
770F

53

8BD8

C1E303

2EDDB70000 R
B

D9F4
c3

D9E?
€8040000
BY4LFE
DE4EFE
9BDF7EFC
BB46FC
25FFF3
0D0004
B746FC

DR&EFC

Calculate the value of 10%#ax

-
z
m

VONC DB W~

22

23

24

25

+

S

OURCE

$title("Calculate the value of 10#%ax")

s
c

[

9

o

This subroutine will calculate the value of 10#¥ax.

the result will exact.

All BO2B6 registers are transparent and the value is returned on
exponent in ST(1) and fraction in ST(0)
The exponent value can be larger than the largest exponent of an
Three stack entries are used

For values of 0

the TOS

<= ax < 19,

as two numbers.

extended real format number

tack

ode

Use exact values from

ower_table

et_power_10

cmp
Ja

push
mov

shl

£ld

pop
fxtract
ret

Calculate the value using the

name get_power_10
public
stackseg B

segment er public

even

dq 1.0, 1el, 1e2, 1e3
dq led, te5. leb, 1e7
dq 1eB, 1e9, 1210, 1e1t
dq le12, 1e13, 1e14, 1e15
dq te16, lel7, 118
proc

ax, 18 ;
out_of_range

bx ;
bx,ax i
bx,3

power_tablelbx]

bx

get_power_10, power_table

1.0 to 1lelB.

The following relations are used:

ut_of_range:

fldl2at
enter
mov
fimul
fstcw
mov
and

or
xchg

fld1
fchs
f1d
fldcw

10##x = 2##(10g2(10)
2#%#(I+F) = 2#x#] # 2%
if st(1) = I and st(
4,0

Cbp-21, ax

word ptr [bp-2]
word ptr C[bp-41]
ax,word ptr [bp-4]
ax.not OCOOH

ax, 0400H

ax,word ptr [bp-4]

st(1)
word ptr [bp-41

#x)
#F
Q) =

exponentiate instruction.

12:11:08 09/25/83 PAGE 1

i DOptimize 16 bit access

Test for 0 <= ax < 19

Get working index register
Form table index

Get exact value

Restore register value
Separate power and fraction
OK to leave fxtract running

2##F then fscale produces 2##(I+F)

TOS = LOG2(10)

Format stack

Save power of 10 value

TOS, X = LOG2(10)#P = LOG2(10##P)
Get current control word

Get control word, no wait necessary
Mask off current rounding field
Set round to negative infinity
Put new control word in memory
old control word is in ax

Set TOS = -1.0

Copy power value in base two
Set new control word value

Figure 4-6. Floating-Point to ASCII Conversion Routine (Cont’d.)
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iAPX286 MACRO ASSEMBLER Calculate the value of 10##ax 12:11:08 09/25/83 PAGE 2
Loc 0OBY LINE SOURCE
00D1 D9FC 62 frndint i TOS = I: -inf < I <= X, I is an integer
00D3 B8946FC 63 mov word ptr [bp-41,ax i Restore original rounding control
00D6 DILEFC 64 fldcw word ptr [bp-4] .
00D D9CA 65 fxch st(2) 5 TOS = X, ST(1) = -1.0, ST(2) =1
OODB DBE2 66 fsub st st(2) i TOSIF = X-1: 0<=7T058 < 1.0
00DD BBA&FE &7 mov ax, [bp-21 ; Restore power of ten
00EO D9FD &8 fscale i TOS = F/2: 0 <= T0S < 0.5
00E2 D9FO 69 f2xm1 3 TOS = 2#x(F/2) - 1.0
O0OE4 C9 70 leave i Restore stack
00ES DEE1 71 fsubr i Form 2#%(F/2)
0OE7 DCC8 72 fmul st st(0) i Form 2##F
00E? €3 73 ret i OK to leave fmul Tunning
74
75 get_power_10 endp
76
——— 77 code ends
78 end

ASSEMBLY COMPLETE, NO WARNINGS, NO ERRORS

iAPX286 MACRO ASSEMBLER Determine TOS register contents 12:12: 13 09/25/83 PAGE 1

SERIES-III iAPX286 MACRO ASSEMBLER X108 ASSEMBLY OF MODULE TOS_STATUS
OBJECT MODULE PLACED IN :F3: TOSST. OBJ
ASSEMBLER INVOKED BY: ASM286. 86 :F3: TOSST. AP2

LoC 0BY LINE SOURCE
1 +1 stitle(“"Determine TOS register contents")
2 i
3 i This subroutine will return a value from 0-15 in AX corresponding
4 i to the contents of BO287 TOS. All registers are transparent and no
5 i errors are possible. The return value corresponds to c3,¢c2,cl,c0
& i of FXAM instruction.
7 i
8 name tos_status
9
10 public tos_status
11
——— 12 stack stackseg &6 i Allocate space on the stack
13
—— 14 code segment er public
15
0000 16 tos_status proc
17
0000 DYES 18 fxam i Get register contents status
0002 ?BDFEO 19 fstsuw ax i Get status
0005 B8AC4 20 mov al,ah i Put bit 10-8 into bits 2-0
0007 250740 21 and ax: 4007h 5 Mask out bits €¢3,c2:clycO
000A COECO3 22 shr ah, 3 3 Put bit ¢3 into bit 11
000D OAC4 23 or al, ah i Put €3 into bit 3
000F B40O 24 mov ah, 0 i Clear return value
0011 €3 25 Tet
26
27 tos_status endp
28
—— 29 code ends
30 end

ASSEMBLY COMPLETE, NO WARNINGS, NO ERRORS

Figure 4-6. Floating-Point to ASCIl Conversion Routine (Cont’d.)

Function Partitioning

Three separate modules implement the conversion. Most of the work of the conversion is done in the
module FLOATING_TO_ASCII. The other modules are provided separately, because they have a
more general use. One of them, GET_POWER_10, is also used by the ASCII to floating-point conver-
sion routine. The other small module, TOS_STATUS, will identify what, if anything, is in the top of
the numeric register stack.
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Exception Considerations

Care is taken inside the function to avoid generating exceptions. Any possible numeric value will be
accepted. The only exceptions possible would occur if insufficient space exists on the numeric register
stack.

The value passed in the numeric stack is checked for existence, type (NaN or infinity), and status
(unnormal, denormal, zero, sign). The string size is tested for a minimum and maximum value. If the
top of the register stack is empty, or the string size is too small, the function will return with an error
code.

Overflow and underflow is avoided inside the function for very large or very small numbers.

Special Instructions

The functions demonstrate the operation of several numeric instructions, different data types, and
precision control. Shown are instructions for automatic conversion to BCD, calculating the value of 10
raised to an integer value, establishing and maintaining concurrency, data synchronization, and use of
directed rounding on the NPX.

Without the extended precision data type and built-in exponential function, the double precision accuracy
of this function could not be attained with the size and speed of the shown example.

The function relies on the numeric BCD data type for conversion from binary floating-point to decimal.
It is not difficult to unpack the BCD digits into separate ASCII decimal digits. The major work involves
scaling the floating-point value to the comparatively limited range of BCD values. To print a 9-digit
result requires accurately scaling the given value to an integer between 10® and 10°. For example, the
number +0.123456789 requires a scaling factor of 10° to produce the value +123456789.0, which
can be stored in 9 BCD digits. The scale factor must be an exact power of 10 to avoid to changing any
of the printed digit values.

These routines should exactly convert all values exactly representable in decimal in the field size given.
Integer values that fit in the given string size will not be scaled, but directly stored into the BCD form.
Noninteger values exactly representable in decimal within the string size limits will also be exactly
converted. For example, 0.125 is exactly representable in binary or decimal. To convert this floating-
point value to decimal, the scaling factor will be 1000, resulting in 125. When scaling a value, the
function must keep track of where the decimal point lies in the final decimal value.

Description of Operation

Converting a floating-point number to decimal ASCII takes three major steps: identifying the magni-
tude of the number, scaling it for the BCD data type, and converting the BCD data type to a decimal
ASCII string.

Identifying the magnitude of the result requires finding the value X such that the number is repre-
sented by 1*10%, where 1.0 <= 1 < 10.0. Scaling the number requires multiplying it by a scaling
factor 10%, so that the result is an integer requiring no more decimal digits than provided for in the
ASCII string.

Once scaled, the numeric rounding modes and BCD conversion put the number in a form easy to
convert to decimal ASCII by host software.
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Implementing each of these three steps requires attention to detail. To begin with, not all floating-point
values have a numeric meaning. Values such as infinity, indefinite, or Not a Number (NaN) may be
encountered by the conversion routine. The conversion routine should recognize these values and identify
them uniquely.

Special cases of numeric values also exist. Denormals, unnormals, and pseudo zero all have a numeric
value but should be recognized, because all of them indicate that precision was lost during some earlier
calculations.

Once it has been determined that the number has a numeric value, and it is normalized setting appro-
priate unnormal flags, the value must be scaled to the BCD range.

Scaling the Value

To scale the number, its magnitude must be determined. It is sufficient to calculate the magnitude to
an accuracy of 1 unit, or within a factor of 10 of the given value. After scaling the number, a check
will be made to see if the result falls in the range expected. If not, the result can be adjusted one
decimal order of magnitude up or down. The adjustment test after the scaling is necessary due to
inevitable inaccuracies in the scaling value.

Because the magnitude estimate need only be close, a fast technique is used. The magnitude is estimated
by multiplying the power of 2, the unbiased floating-point exponent, associated with the number by
log,02. Rounding the result to an integer will produce an estimate of sufficient accuracy. Ignoring the
fraction value can introduce a maximum error of 0.32 in the result.

Using the magnitude of the value and size of the number string, the scaling factor can be calculated.
Calculating the scaling factor is the most inaccurate operation of the conversion process. The relation
10%=2%*(X*log,10) is used for this function. The exponentiate instruction (F2XM1) will be used.

Due to restrictions on the range of values allowed by the F2XM1 instruction, the power of 2 value will
be split into integer and fraction components. The relation 2**(I + F) = 2**I * 2**F allows using
the FSCALE instruction to recombine the 2**F value, calculated through F2XM], and the 2**I part.

INACCURACY IN SCALING

The inaccuracy of these operations arises because of the trailing zeros placed into the fraction value
when stripping off the integer valued bits. For each integer valued bit in the power of 2 value separated
from the fraction bits, one bit of precision is lost in the fraction field due to the zero fill occurring in
the least significant bits.

Up to 14 bits may be lost in the fraction because the largest allowed ﬂoyating point exponent value is
24—1,

AVOIDING UNDERFLOW AND OVERFLOW

The fraction and exponent fields of the number are separated to avoid underflow and overflow in
calculating the scaling values. For example, to scale 107%%* to 10® requires a scaling factor of 10,
which cannot be represented by the NPX.

By separating the exponent and fraction, the scaling operation involves adding the exponents separate

from multiplying the fractions. The exponent arithmetic will involve small integers, all easily repre-
sented by the NPX.
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FINAL ADJUSTMENTS

It is possible that the power function (Get_Power_10) could produce a scaling value such that it forms
a scaled result larger than the ASCII field could allow. For example, scaling 9.9999999999999999 X
10%° by 1.00000000000000010 X 10-** would produce 1.00000000000000009 X 10'. The scale
factor is within the accuracy of the NPX and the result is within the conversion accuracy, but it cannot
be represented in BCD format. This is why there is a post-scaling test on the magnitude of the result.
The result can be multiplied or divided by 10, depending on whether the result was too small or too
large, respectively.

Output Format

For maximum flexibility in output formats, the position of the decimal point is indicated by a binary
integer called the power value. If the power value is zero, then the decimal point is assumed to be at
the right of the rightmost digit. Power values greater than zero indicate how many trailing zeros are
not shown. For each unit below zero, move the decimal point to the left in the string.

The last step of the conversion is storing the result in BCD and indicating where the decimal point lies.
The BCD string is then unpacked into ASCII decimal characters. The ASCII sign is set corresponding
to the sign of the original value.

TRIGONOMETRIC CALCULATION EXAMPLES

The 80287 instruction set does not provide a complete set of trigonometric functions that can be used
directly in calculations. Rather, the basic building blocks for implementing trigonometric functions are
provided by the FPTAN and FPREM instructions. The example in figure 4-7 shows how three trigon-
ometric functions (sine, cosine, and tangent) can be implementing using the 80287. All three functions
accept a valid angle argument between —2°% and +2%%. These functions may be called from
PL/M-286, Pascal-286, FORTRAN-286, or ASM286 routines.

These trigonometric functions use the partial tangent instruction together with trigonometric identities
to calculate the result. They are accurate to within 16 units of the low 4 bits of an extended precision
value. The functions are coded for speed and small size, with tradeoffs available for greater accuracy.

FPTAN and FPREM

These trigonometric functions use the FPTAN instruction of the NPX. FPTAN requires that the angle
argument be between 0 and w/4 radians, 0 to 45 degrees. The FPREM instruction is used to reduce
the argument down to this range. The low three quotient bits set by FPREM identify which octant the
original angle was in.

One FPREM instruction iteration can reduce angles of 10" radians or less in magnitude to w/4! Larger

values can be reduced, but the meaning of the result is questionable, because any errors in the least
significant bits of that value represent changes of 45 degrees or more in the reduced angle.
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Cosine Uses Sine Code

To save code space, the cosine function uses most of the sine function code. The relation sin ( [Al +
m/2) = cos(A) is used to convert the cosine argument into a sine argument. Adding w/2 to the angle
is performed by adding 010, to the FPREM quotient bits identifying the argument’s octant.

It would be very inaccurate to add /2 to the cosine argument if it was very much different from
/2.

Depending on which octant the argument falls in, a different relation will be used in the sine and
tangent functions. The program listings show which relations are used.

For the tangent function, the ratio produced by FPTAN will be directly evaluated. The sine function
will use either a sine or cosine relation depending on which octant the angle fell into. On exit, these
functions will normally leave a divide instruction in progress to maintain concurrency.

If the input angles are of a restricted range, such as from 0 to 45 degrees, then considerable optimiza-
tion is possible since full angle reduction and octant identification is not necessary.

All three functions begin by looking at the value given to them. Not a Number (NaN), infinity, or
empty registers must be specially treated. Unnormals need to be converted to normal values before the
FPTAN instruction will work correctly. Denormals will be converted to very small unnormals that do

work correctly for the FPTAN instruction. The sign of the angle is saved to control the sign of the
result.

Within the functions, close attention was paid to maintain concurrent execution of the 80287 and host.
The concurrent execution will effectively hide the execution time of the decision logic used in the
program.

iAPX286 MACRO ASSEMBLER 80287 Trignometric Functions 10:13: 51 09/25/83 PAGE 1

SERIES-II1 iAPX286 MACRO ASSEMBLER X108 ASSEMBLY OF MODULE TRIG_FUNCTIONS
OBJECT MODULE PLACED IN :F3:TRIG. OBJ
ASSEMBLER INVOKED BY: ASM286.86 :F3: TRIG. AP2

Loc 0BvY LINE SOURCE
1 +1 $title("80287 Trignometric Functions™)
2
3 name trig_functions
4 public sine,cosine, tangent
5
— & stack stackseg ) i Reserve local space
7
# 8 sw_287 record resl:1,cond3:1, top: 3 cond2:1, condl:1l,cond0:1,
9 % res2:
10
- 11 code segment er public
12 i
13 i Define local constants.
) 14 i
15 even
0000 35C26B21A2DAOF 16 pi_quarter dt SFFEC90FDAA2216B8C235R i P1/4
C9FE3F
000A OOOOCOFF 17 indefinite dd OFFCO0000R i Indefinite special valuve

18 +1 seject

Figure 4-7. Calculating Trigonometric Functions
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iAPX286 MACRO ASSEMBLER 80287 Trignometric Functions 10:13: 51
Loc oBJ LINE SOURCE
19 i
20 i This subroutine calculates the sine or cosine of the a
21 i radians. The angle is in ST(0), the returned value will
22 i The result is accurate to within 7 units of the least si
23 i bits of the NPX extended real format. The PLM/B& defini
24 i
25 i sine: procedure (angle) real externals
26 i declare angle real;
27 i end sine;
28 [
29 i cosine: procedure (angle) real externals
30 i declare angle real;
31 i end cosine;
32 i
33 i Three stack registers are.required. The result of the
34 i defined as follows for the following arguments:
35 i
36 i angle
37 H
38 i valid or unnormal less than 2##62 in magnitude
39 i 1ero
40 i denormal
41 i valid or unnormal greater than 2##62
42 i infinity
43 i NAN
44 i empty
45 +1 seject
46 i
47 i This function is based on the NPX fptan instruction. The fptan
48 i instruction will only work with an angle of from O to PI
49 i instruction, the sine or cosine of angles from O to P1/4
50 i calculated. The technique used by this routine can calc
51 i sine or cosine by using one of four possible operations
52 i
53 i Let R = langle mod PI/4!
54 i 8 -1 or 1, according to the sign o
55 i
56 i 1) sin(R) 2) cos(R) 3) sin(P1/4-R) 4) cos(P
57 i
58 i The choice of the relation and the sign of the result
59 i decision table shown below based on the octant the angle
60 i
61 i octant sine cosine
62 i
63 i o S#1 2
64 i 1 S#4 3
&5 i 2 S#2 =1#l
66 i kel S#3 —1%4
67 i 4 ~5#1 =1%2
68 i 5 —S#4 =1%3
69 i & ~5#2 1
70 i 7 -5#3 4
71 i
72 +1 seject
73 i
74 i Angle to sine function is a zero or unnormal,
75 i
000E 76 sine_zero_unnormal:
77
000E DDD? 78 fstp st(1) i Remove PI/4
0010 7501 79 Jnz enter_sine_normalize i Jump if angle
80 i
81 P Angle is a zero.
82 i
0012 C3 83 ret
84 i
85 i Angle is an unnormal.
86 i
0013 a7 enter_sine_normalize:
es
0013 EB0901 89 call normalize_value
0016 EBR2F 90 Jmp short enter_sine
1
0018 92 cosine proc i Entry point to
93
0018 D9ES 94 fxam i Look at the va
001A 9BDFEO 95 fstsw ax i Store status v
001D 2EDB2E0000 R 96 f1d pi_quarter i Setup for angl
0022 B101 97 mov cl,t 1 Signal cosine
0024 9E 98 sahf i IF = €3, PF =
0025 7263 99 Je funny_parameter i Jump if parame
100 i empty, NAN, or
101 i
102 i Angle is unnormal, normal, zero, denormal.
103 i
0027 D9CY 104 fxch i st(0) = angle,
0029 7A1C 105 Jpe enter_sine i Jump if normal
106 i
107 i Angle is an unnormal or zero.
108 i
QO02B DDD% 109 fstp st(1) i Remove P1/4
002D 75E4 110 Jnz enter_sine_normalize
111 i
112 i Angle is a zero. «cos(0) = 1.0

09/25/83 PAGE 2

ngle, given in
be in ST(0).
gnificant three
tion is:

function is

Tesult

correct value
Oor 1

correct denormal
indefinite
indefinite

NAN

empty

/4. With this
can be accurately
vlate a general

£ the angle
1/4-R)

follouws the
falls in:

is unnormal

cosine

lue

alue

e reduce
function
€2, CF = CO
ter is
infinity

st(1) = P1/4
or denormal

Figure 4-7. Calculating Trigonometric Functions (Cont’d.)
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Loc

002F
0031
0033

0034

0034
0036
0039
003E
003F

0047
0047

0049
004A

004D
004E
0051

0053

0055
0057

0059
005C

005F
0062
0064
0066

0068

0068
006B

006D
006F

0071

0071
0073
0074
0077
0078
007A
007D

iAPX286 MACRO ASSEMBLER

0BY

DDD8
D9ES
c3

D9ES
9BDFEO
2EDB2E000O R
FE

7249

D9C?
B100
7BC7

D9F8

93
9BDFEQ

?3
F&C704
7544

D9E1

0ACY
740F

BOE4FD
BOCFBO

B80C740
3000
DODO
32F8

F6C702
7404

DEE?
EBOE

D9E4
91
9BDFEO
?1
DDD%?
F&C540
7514

80287 Trignometric Functions 10:13: 51 09/25/83 PAGE
LINE SOURCE

113 i

114 fstp st(0) i Remove O

115 £1d1 i Return 1

116 ret

117 i

118 i All work is done as a sine function. By adding PI/2 to the angle

119 i a cosine is converted to a sine. Of course the angle addition is not
120 i done to the argument but rather to the program logic control values.

121 i

122 sine: i Entry point for sine function
123

124 fxam i Look at the parameter

125 fstsw ax i Look at fxam status

126 fld pi_quarter i Get P1/4 value

127 sahf » CF = €O, PF = C2, ZF = C3

128 Jec funny_parameter i Jump if empty, NAN, or infinity
129 i

130 i Angle is unnormal, normal, zero, or denormal.

131 i

132 £xch i §T(1) = P1/4, st(0) angle

133 mov cl, 0 » Signal sine

134 Jpo sine_zero_unnormal i Jump if zero or unnormal

135 i

136 i 8T(0) is either a normal or denormal value. Both will work.

137 i Use the fprem instruction to accurately reduce the range of the given
138 i angle to within O and PI/4 in magnitude. If fprem cannot reduce the

139 i angle in one shot, the angle is too big to be meaningful, > 2##62

140 i radians. Any roundoff error in the calculation of the angle given

141 i could completely change the result of this function. It is safest to
142 i call this very rare case an error.

143 i

144 enter_sine:

145 fprem i Reduce angle

146 i Note that fprem will force a
147 i denormal to a very small unnormal
148 ; Fptan of a very small unnormal
149 i will be the same very small
150 5 unnormal, which is correct.
151 xchg ax:bx i Save old status in BX

152 fstsw ax i Check if reduction was complete
153 i Quotient in CO0,C3,C1

154 xchg ax)bx i Put new status in bx

155 test bh,high(mask cond2) i sin(2#N#*PI+x) = sin(x)

156 Jnz angle_too_big

157 i

158 P Set sign flags and test for which eighth of the revolution the

159 i angle fell into.

160 i

161 i Assert: -PI/4 < st(0) < P1/4

162 i

163 fabs i Force the argument positive
164 i condl bit in bx holds the sign
165 or cl,cl i Test for sine or cosine function
166 Jz sine_select i Jump if sine function

167 i

168 i This is a cosine function Ignore the original sign of the angle

169 i and add a quarter revolution to the octant id from the fprem instruction.
170 i costA) = sin(A+PI/2) and cos(!A}) = cos(A)

171 i

172 and ah,not high(mask cond1) i Turn off sign of argument

173 or bh, BOH i Prepare to add 010 to C0,C3,C1
174 i status value in ax

175 i Set busy bit so carry out from
176 add bh.high(mask cond3) ; €3 will go into the carry flag
177 mov al, i Extract carry flag

178 rcl al. 1 i Put carry flag in low bit

179 xor bh,al i Add carry to CO not changing
180 i C1 flag

181 i

182 i See if the argument should be reversed, depending on the octant in
183 i which the argument fell during fprem.

184 i

185 sine_select:

186

187 test bh.high(mask cond1) ; Reverse angle if C1 = 1

188 Jz no_sine_reverse

189 i

190 i Angle was in octants 1,3,5,7.

191 i

192 fsub i Invert sense of rotation

193 Jmp short do_sine_fptan i 0 < arg <= PI/4

194 i

195 i Angle was in octants 0,2, 4,6.

1:3 i Test for a zero argument since fptan will not work if st(0) = O

1 i

198 no_sine_reverse:

199

200 ftst i Test for zero angle

201 xchg axscx

202 fstsw ax i condd = 1 if st(0) = O

203 xchg ax,cx

204 fstp st(1) i Remove P1/4

205 test ch, high(mask cond3) i If C3=1, argument is zero

206 Jnz sine_argument_zero

Figure 4-7. Calculating Trigonometric Functions (Cont’d.)
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1APX286 MACRO ASSEMBLER

Loc

007F
007F
0081

0081
0084

0086
0088

008A

008A
008C

008E

0090

o092
0092

0092

0093

0093
00935

0097

0097
0099
009E
009F

00A0

00A0
00A2

00A4

00A4
00AS
00AB
00AA
00AC

O0AE
00B1
00B4
00B&

ooBs
00BA

00BA
00BC

0By

DIF2

F&c742
7B1A

D9C1
EB1A

DDDB
7404

7802

D9F8

DYE8
EBEA

DED?
2EDF060A00
9B

c3

D9CO
D9CA

pces
D9ce
pcee
DEC1
DYFA

BOE701
B0E402
0AFC
7A02

DIEO

DEF9
c3

R 258

292
293

296
297
298
299
300

80287 Trignometric Functions

10:13:51 09/25/83 PAGE 4

SOURCE

i
i Assert: 0 ¢ st(0) <= PI/4

i
do_sine_fptan:
fptan + TAN ST(0) = ST(1)/ST(0) = Y/X

after_sine_fptan

test bh.high(mask cond3 + mask condl); Look at octant angle fell into
Jpo X_numerator 1+ Calculate cosine for octants
i L2586

Calculate the sine of the argument.
sin(A) = tan(A)/sqrt(i+tan(A)#»2) if tan(A) = Y/X then
sin(A) = Y/sqre(X#X + Ya#Y)

£1d st(1) ; Copy Y value
Jmp short finish_sine i Put Y value in numerator

i The top of the stack is either NAN, infinity, or empty.
i

funny_parameter:
fstp st(0) i Remove PI/4
J2 return_empty i Return empty if no parm
Jpo Teturn_NAN T Jump if st(0) is NAN

i st(0) is infinity. Return an indefinite value.
fprem i ST(1) can be anything

Teturn_NAN:
return_empty:

ret i Ok to leave fprem running
; Simulate fptan with st(0) = 0O
'sine_argument_xero:

£1d1 i Simulate tan(0)

Jmp after_sine_fptan i Return the zero value

i
i The angle was too large. Remove the modulus and dividend from the
i stack and return an indefinite result.

i

a

ngle_too_big:
fcompp )} Pop two values from the stack
£1d indefinite i Return indefinite
fuait : i Wait for load to finish
Tet

Calculate the cosine of the argument.
cos(A) = 1/sqri(l+tan(A)*=2) it tan(A) = Y/X. then
cos(A) = X/sqrt(X#X + Y#Y)

X_numerator:

£1d st(0) i Copy X value

fxch st(2) i Put X in numerator
finish_sine:

fmul st,st(0) i Form X#X + Y#Y

fxch .

fmul st,st(0)

fadd bost(0) = X#X + Y®Y

fsqrt i st(0) = sqrt(X#X + Y#Y)

i Form the sign of the result. The two conditions are the C1 flag from
i FXAM in bh and the CO flag from fprem in ah

and bh,high(mask cond0Q) i Look at the fprem CO flag

and ah,high(mask condi) i Look at the fxam C! flag

or bh, ah i Even number of flags cancel
Jpe positive_sine i Two negatives make a positive
fchs i Force rTesult negative

positive_sine:
fdiv Form final result
Tet

Ok to leave fdiv Tunning

cosine endp .
$e ject |

i
i This function will calculate the tangent of an angle.

i The angle, in radians is passed in ST(0), the tangent is returned
i in ST(O). The tangent is calculated to an accuracy of 4 units in the

Figure 4-7.  Calculating Trigonometric Functions (Cont’d.)
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iAPX286 MACRO ASSEMBLER

Loc oBJY

00BD
00BD
QO0BF
ooca2

ooc7
ooce

00CA
oocc

O00CE
00CE

00D0
0ooD1

00D4

00DS
oops

00DA

00DC
00DF

00E1
00E3

00ES

00ES
00E7

D9ES
9BDFEO
2EDB2E000O
9E

72c0

D9C?
7A17

D9F8

93
9BDFEQ

?3

F6C704
75BD

D9E1

F&6C702
740E

DEE9
EB18

DDD9
7405

SOURCE

tangent:

defined

Let R
s

octant

NOCUHPWN~O

i
i
324 i
i
i
i
i
i
i
i
t

angent proc
fxam
fstsw
fld
sahf
349 Je

R 347

Angle

fxch
Jpe

Angle

i

i

361 i

i
tan_normal:

fprem

xchg
fstsw

xchg

test
Jnz

Assert:

W
N
a

fabs

test
381 Jz

Angle

fsub
Jmp

387 i
388 i
389 ;

Angle

Fstp
393 )z

Angle

Two stack registers are used.

1) tan(R)

angle must be > 2¥%62.

80287 Trignometric Functions

least three significant bits of an extended real format number.
PLM/B6 calling format is

procedure (angle) real external;
declare angle real;
end tangent;

for the following cases:

angle
valid or
o
denormal
valid or
NAN

infinity
empty

The tangent instruction uses the fptan instruction.
relations

are used:

tangle MOD P1/41

= -1 or 1 depending on the sign of the angle

2) tan(P1/4-R)

The following table is used to decide which relation to use depending
on in which octant the angle fell.

relation

S#1
S#4
~S#3
—5#2
S#1
S*4
-S#3
-S#2

ax
pi_quarter

funny_parameter

is unnormal, normal, zero,

tan_zero_unnormal

is either an normal or denormal.

Reduce the angle to the range -PI/4 < result < PI/4.
If fprem cannot perform this operation in one try,
Such an angle is so large that any rounding
errors could make a very large difference in the reduced angle.

It is safest to call this very rare case an error.

ax)bx
ax

ax.bx
bh. high(mask cond2)
angle_too_big

See if the angle must be reversed.

-PI1/4 < st(0) < P1/4

bh, high(mask condl)
no_tan_reverse

fell in octants 1,3,5,7 Reverse

short do_tangent

is either zero or an unnormal.

tan_zero_unnormal

st(1)
tan_angle_zero

is an unnormal.

The result of the tangent function is

unnormal < 2##62 in magnitude

unnormal > 2##62 in magnitude

3) 1/tan(R)

or denormal.

10:13: 51 09/25/83 PAGE 5

The

result
correct value
0

correct denormal
indefinite

NAN

indefinite
empty

Four possible

4) 1/tan(P1/4-R)

Look at the parameter
Get fxam status

Get P1/4
CF = CO,

PF = C2, ZF = C3

st(0) = angle, st(1) = PI/4

the magnitude of the

Quotient in €0,C3:C1
Convert denormals into unnormals

Quotient identifies octant
original angle fell into

Test for complete reduction
Exit if angle was too big

0 <= st(0) < PI/4
€3 in bx has the sign flag
must be reversed

it, subtract it from PI1/4.

Reverse angle

Remove PI/4

Figure 4-7. Calculating Trigonometric Functions (Cont’d.)
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Loc

00E?
00EC
O00EE

OOEE

OOFF
0101

0104

0107

0109
0108

010D
O10F

O10F
o111

o112

o112
o114

0116

o116
o118

O11A
o11c

011C
O11E

iAPX286 MACRO ASSEMBLER

oBY

E83300
EBEO

DYE4
1
9BDFEQ

2

DDD9
F&6C540
75195

D9F2

BAC7
254002

F&C742

7BOD

0AC4
7aA02

DIEO

DEF9
c3

DYE8B
EBE9

0AC4
7402

DYEO

DEF1
c3

DD?
2EDB2E000O
D9CY

c3

ASSEMBLY COMPLETE,

R 480

485

NO WARNINGS,

SOURCE

call
Jmp

tan_angle_zero:
ret

5 Angle

no_tan_reverse:
ftst
xchg
fstsw
xchg
fstp
test
Jnz

do_tangent:
fptan

after_tangent

mov
and

test

Jpo

or
Jpe

fchs
positive_divide:

fdiv
ret

tan_zero:

fld1
Jmp

Angle was in octants 1,2,5,6
Set the correct sign of the result

reverse_divide:

or
Jpe

fchs

80287 Trignometric Functions

normalize_value
tan_normal

fell in octants 0.2,4,6

ax,cx

ax

ax, cx

st(1)

ch,high(mask cond3)
tan_zero

Decide on the order of the operands
operation while the fptan instruction is working

al.bh

10:13:51 09/25/83 PAGE

Test for st(0) = O, fptan won’t work

Test for zero angle

i €3 =1 if st(0) =0

Remove P1/4

tan ST(0) = ST(1)/ST(0)

and their sign for the divide

i Cet a copy of fprem C3 flag

ax,mask condl + high(mask cond3);<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>