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[57] ABSTRACT

A method for scheduling a flag generating instruction and a
subsequent instruction. The subsequent instruction has a
data dependency on the flag generating instruction. The flag
generating instruction is translated into first and second
instructions. The subsequent instruction is translated into at
least a third instruction. The first instruction, when executed,
generates a result and intermediate flag generation data. The
second instruction, when executed, generates a plurality of
flags. The first instruction is scheduled to execute before the
second and third instructions. The second instruction is
scheduled to execute before the third instruction if the third
instruction has a data dependency on the second instruction,
otherwise the third instruction may be scheduled to execute
before the second instruction.

19 Claims, 4 Drawing Sheets

Translate the flag generating instruction
into at least first and second
instructions.

I

AFLAGS.aux = X1{32}
AFLAGS.carry = X1{38}
AFLAGS.overf = X1{38}AX1{37}
AFLAGS.parity = has_even_par(X1{7:0})
AFLAGS.sign = X1{31}

AFLAGS.zero = (X1{31:0} = = 0)
where:

aux = location of Auxiliary Carry in AFLAGS
carry = location of Carry in AFLAGS
overf = location of Overflow in AFLAGS

X1{31‘:’6} = X2{31:0'} + X3{31:0}

X1 {32} = carry out of bit 3
X1 {33} = carry out of bit 6
X1 {34} = carry out of bit 7
X1 {35} = carry out of bit 14
X1 {36} = carry out of bit 15
X1 {37} = carry out of bit 30
X1 {38} = carry out of. bit 31

parity = locatin Parity in AFLAGS
sign = location of Sign in AFLAGS
zero = location of Zero in AFLAGS

Translate the subsequent instruction
into at least a third instruction.
[
Schedule the first instruction to
execute.

|
.

Does
the third
instruction have a data
dependency on the second
instruction
?

hedule the second Schedule the third
instruction to execute instruction to execute
before the third before the second
instruction. instruction.
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Format: prodf AFLAGS = X1, mode, opsize
Operation: switch (opsize) {
case 8-bit:
top bit pos =7,
carry pos = 34;
break;
case 16-bit:
top_bit pos = 15;
carry_pos = 36;
break;
case 32-bit:

top b_p_gos =31;

break '}

switch (mode) {

case ADDF. /*00*/
AFLAGS.aux = X1{32};
AFLAGS.carry = X1{carry_pos});

6,049,864

FIG. 4

AFLAGS.overf = X1{carry_pos} ™~ X1(carry _pos-1}

break;

case SUBF: /*01*/
AFLAGS.aux = ~(X1{32});
AFLAGS.carry = ~(X1{carry_pos});

AFLAGS.overf = X1{carry pos} ~Xl(carry _pos-1};

break;
case shift1:/*10*/
/* left shifts/rotates;
AFLAGS.carry = X1{top_bit pos + 1};

AFLAGS.overf = AFLAGS.carry X1 {top_bit_pos},

break;
case shiftr: /*1 1*/

/* right shifts/rotates */
AFLAGS.carry = X1{top_bit pos + 1};

AFLAGS.overf = X1{top_bit pos-1} ~ X1 {top_bit_pos};

break; }

AFLAGS. parity = has_even_parity (X1{7:0});
AFLAGS.sign = X1{top_bit pos};
AFLAGS.zero = (X1{top_bit_pos:0} = =0);

LzLabs GmbH. Ex. 1007-5
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Translate the flag generating instruction
into at least first and second
instructions.

Translate the subsequent instruction
into at least a third instruction.

|

Schedule the first instruction to
execute.

Does
the third
instruction have a data
dependency on the second
instruction

6,049,864

Schedule the second
instruction to execute
before the third
instruction.

?

Schedule the third
instruction to execute
before the second
instruction.

FIG. 5
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METHOD FOR SCHEDULING A FLAG
GENERATING INSTRUCTION AND A
SUBSEQUENT INSTRUCTION BY
EXECUTING THE FLLAG GENERATING
INSTRUCTION IN A MICROPROCESSOR

BACKGROUND OF THE INVENTION

This invention relates to a method for executing a flag
generating instruction and a subsequent instruction. This
method is particularly useful for rapidly executing flag
generating CISC instructions such as Intel x86 instructions.

When many computer languages that are in widespread
use today were developed, memory was a very expensive
commodity. In addition, during the development of the early
microprocessors, instructions took a long time to fetch when
compared with the time needed to execute. Thus, the lan-
guage developers needed to ensure that instructions could be
stored compactly. As a result, they developed computer
languages that contained a very rich vocabulary of computer
operations. A microprocessor that executes these operations
is known as a complex instruction set computer (CISC).
While CISC microprocessors can rapidly handle CISC
instructions, such microprocessors are often more complex,
expensive, and often slower than a microprocessor designed
to handle simpler instructions.

Today, because memory is relatively inexpensive, modem
computer languages emphasize speed of execution rather
than compactness of code. Thus, more modern reduced
instruction set computer (RISC) languages utilize a smaller
number of simple instructions that may be rapidly handled
by a RISC microprocessor. One of the primary reasons that
RISC instructions may be handled faster than CISC instruc-
tions is that RISC instructions are easier to schedule and
execute in parallel than CISC instructions. A microprocessor
that can execute instructions in parallel is known as a
superscalar microprocessor.

Most microprocessor instructions generate at least one
result that is utilized by subsequent instructions. If a subse-
quent instruction utilizes a result produced by a previous
instruction, the subsequent instruction is said to have a data
dependency on the previous instruction. Thus, if a super-
scalar microprocessor attempts to execute the two instruc-
tions at the same time, the execution of the subsequent
instruction must wait until the previous instruction has
produced its result. Typically, any instruction must be
delayed until all of its inputs have been produced. This
requirement places a significant performance limitation on
superscalar microprocessors.

The above described execution, known as out-of-order
execution, is a conventional method to significantly increase
the performance of modem microprocessors. It is known in
the art that RISC instructions can be more easily executed
out-of-order than their CISC counterparts.

In an effort to ensure compatibility with older CISC
software, the vast majority of computer programmers still
use CISC instructions today. However, in an effort to take
advantage of the RISC performance enhancements, some
microprocessor designers break down lengthy CISC instruc-
tions into simpler operations that more closely resemble
RISC instructions.

When a CISC arithmetic instruction, such as ADD
X1=X2+X3 executes, it generates a result equal to X2+X3.
X2 and X3 are known as operands. In addition, the arith-
metic instruction generates several flags. CISC logical
instructions such as AND, OR, and XOR, also generate
similar flags.
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A flag is a bit that may indicate the condition of a
microprocessor. A flag may also control the operation of the
microprocessor. Flags are typically grouped together into a
flag register. For example, a microprocessor could group
arithmetic flags into the AFLAGS register as shown in FIG.
1(a). Descriptions of these arithmetic flags are shown in
FIG. 1(b).

The arithmetic portion of the above CISC arithmetic
instruction efficiently translates into a single RISC instruc-
tion or at least a relatively small number of RISC instruc-
tions. However, the flag generation portion conventionally
translates into many RISC instructions. Numerous instruc-
tions are required because of the complexity of flag genera-
tion. As an example, the previously discussed ADD instruc-
tion could modify the contents of the sign, zero, carry,
auxiliary carry, parity, and overflow flags. As a result of the
large number of RISC instructions necessary to generate the
above flags, the performance of the microprocessor
decreases dramatically. Thus, translating CISC flag gener-
ating arithmetic instructions into RISC instructions is not an
optimal solution.

There is a need for a more efficient method to execute flag
generating arithmetic and logic instructions. Such a method
should avoid the expense, complexity, and slow speed of
CISC microprocessors. In addition, such a method should
take advantage of RISC performance enhancements while
avoiding generating a large number of RISC instructions
that decrease performance.

2. SUMMARY OF THE INVENTION

The invention relates to a method, performed by a
microprocessor, for scheduling a flag generating instruction
and a subsequent instruction. The subsequent instruction has
a data dependency on the flag generating instruction. The
flag generating instruction is translated into first and second
instructions. The subsequent instruction is translated into at
least a third instruction.

The first instruction, when executed, generates a result
and intermediate flag generation data. The second
instruction, when executed, generates a plurality of flags.

The first instruction is scheduled to execute before the
second and third instructions. The second instruction is
scheduled to execute before the third instruction if the third
instruction has a data dependency on the second instruction,
otherwise the third instruction may be scheduled to execute
before the second instruction.

3. BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(a) is a diagram of an AFLAGS register.

FIG. 1(b) is a table containing a description of flags
contained in the AFLAGS register of FIG. 1(a).

FIG. 2 is a diagram of a plurality of computer instructions.

FIG. 3 is a high level diagram of one embodiment of a
method to translate a flag generating instruction.

FIG. 4 presents pseudo code for a prodf instruction.

FIG. 5 is a high level diagram of a method for executing
the flag generating and subsequent instructions of FIG. 2.

4. DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Referring to FIG. 2, a plurality of instructions is shown.
The plurality of instructions are typically CISC instructions,
although they may be RISC instructions.

The plurality of instructions include at least one flag
generating instruction and a subsequent instruction. The flag

LzLabs GmbH. Ex. 1007-7
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generating instruction may be any instruction that generates
at least one flag. Examples of flag generating arithmetic
instructions include add, subtract, shift left, and shift right.
Examples of flag generating logical instructions include
instructions that perform the logical operations AND, OR,
and XOR.

The subsequent instruction has a data dependency on the
flag generating instruction. Thus, the subsequent instruction
may take the result and/or a flag generated by the flag
generating instruction as an input.

While only two instructions are shown in FIG. 2, it is to
be understood that the two instructions are part of a larger
computer program consisting of numerous instructions. In
addition, even though the subsequent instruction is shown as
immediately following the flag generating instruction, there
may be additional instructions between the flag generating
instruction and the subsequent instruction.

4.1 Translating the flag generating instruction

Referring to FIG. 3, a method to execute the instructions
shown in FIG. 2 is presented. A flag generating instruction,
such as a 32 bit add instruction (ADD32), is translated into
a first instruction (addf32) and a second instruction
(prodf32). The first and second instructions are typically
RISC instructions, however, under some circumstances,
they may be CISC instructions. (In an effort to facilitate
readability, all CISC instructions will be upper case and all
RISC instructions will be lower case.) While the terms
“first” and “second” are used to describe the above two
instructions, there may be additional instructions generated
from the flag generating instruction. In addition, there may
be additional instructions generated between the generation
of the first and second instructions.

Referring again to FIG. 3, ADD32 X1=X2+X3 is intended
to place the sum of the two 32 bit operands X2 and X3 into
register X1. Further, ADD32 is intended to update some or
all of the 6 arithmetic flags in the AFLAGS register of FIG.
1(a). ADD32 X1=X2+X3 may be broken down into two
RISC instructions. Addf32 generates the arithmetic result
X2+X3. In addition, addf32 produces intermediate flag
generation data such as carry out bits or other bits that may
be utilized in producing flags. Prodf32 produces the arith-
metic flags using the intermediate flag generation data
produced by addf32.

4.1.1 addf32

As shown in FIG. 3, addf32 places the arithmetic result
X2+X3 into the lower 32 bits of X1. Note that both X2 and
X3 are 32 bit numbers. However, the registers that hold X1,
X2, and X3 may be greater than 32 bits in length. A length
of 64 bits may be optimal. If 64 bit registers are used, then
the upper 32 bits may be used to store intermediate flag
generation data and flags while the lower 32 bits may be
used to store the above arithmetic result. Referring again to
FIG. 3, the various carry out bits may be placed into the
higher order bits of X1. Alternatively, the carry out bits may
be placed in any memory storage location, such as another
general purpose register. However, placing the arithmetic
result, intermediate flag generation data, and even AFLAGS
in a single register may be useful in certain circumstances
such as data dependency checking.

4.1.2 prodf32

As shown in FIG. 3, the prodf32 instruction produces six
arithmetic flags by performing conventional operations on
the intermediate flag generation data. Because prodf32 takes
the intermediate flag generation data as an input, prodf32 is
data dependent on add32. In the embodiment shown in FIG.
3, prodf32 sets the Auxiliary Carry flag to the value of
X1{32}. X1{32} contains the value of the carry out of bit 3.
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Similarly, prodf32 sets the Carry flag to the value of X1{38},
the carry out of bit 31. The Overflow flag is set to the result
of X1{38} XOR X1{37}. X1{37} contains the value of the
carry out of bit 30. The Parity flag is set if the first 8 bits in
X1 have even parity. Similarly, the Zero flag is set if the first
32 bits of X1 are equal to zero.

As is known by those skilled in the art, flag generation
depends on both the operand size and the flag generating
instruction. Thus, different versions of prodf may be needed
for the differing operand sizes and differing flag generating
instructions. FIG. 4 presents C pseudo code for a prodf
instruction that supports operand sizes of 8, 16, and 32 bits.
This C pseudo code also supports several different flag
generating instructions.

There may be circumstances when a designer would
desire to keep some of the flags unchanged. For example, in
an effort to maintain compatibility with certain Intel x86
CISC instructions, some instructions may be allowed to
modify only a subset of the flags. In this case, flags that the
instruction should not modify could be masked. Thus, prodf
could take an AFLAGS mask as an additional input. Prodf
could then generate a temporary AFLAGS, check the given
AFLAGS mask, and merge the temporary and original
AFLAGS together to form the final AFLAGS.

4.2 Translating the subsequent instruction

Referring to FIG. 5, after the flag generating instruction is
translated into first and second instructions, the subsequent
instruction is translated into one or more instructions. Typi-
cally these instructions are RISC instructions. One of these
RISC instructions will be referred to as a third instruction.
Recall that the subsequent instruction is data dependent on
the flag generating instruction. Thus, the third instruction is
data dependent on either the first and/or the second instruc-
tions.

4.3 Scheduling the first instruction

As discussed previously, the second instruction takes the
result generated by the first instruction as an input. Similarly,
the third instruction takes the result of the first instruction
and/or a flag generated by the second instruction as an input.
Thus, because the second and third instructions are data
dependent on at least the first instruction, the first instruction
is scheduled to execute first by the microprocessor instruc-
tion scheduler.

4.4 Scheduling the second and third instructions

Again referring to FIG. 5, the third instruction may or may
not take the flags generated by the second instruction as an
input. If the third instruction does take the flags as an input,
then the third instruction is data dependent on the second
instruction. Thus, the second instruction is scheduled to
execute prior to the third instruction. However, if the third
instruction is not data dependent on the second instruction,
then an increase in performance may be obtained. In this
case, the third instruction may be scheduled to execute
before the second instruction.

4.5 Storage of certain flag combinations

‘When determining a conditional branch, a microprocessor
may often use certain combinations of some of the bits in
AFLAGS. Some examples of these combinations are “below
or equal” (Carry OR Zero), “less” (Sign XOR Overflow),
“less or equal” ((Sign XOR Overflow) OR Zero), and the
complements of these cases. In an effort to increase micro-
processor performance, the values for each of these combi-
nations may be produced by prodf and stored in the
AFLAGS register. If the combinations are so stored, then
many branch decisions may be made by testing only one bit.

5. REMARKS

One of the advantages of the invention is that it provides
an efficient method for executing flag generating instruc-

LzLabs GmbH. Ex. 1007-8
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tions. By breaking such instructions into a small number of
instructions, subsequent instructions may be expedited if
they do not take flags as an input. In addition, by breaking
such instructions into only a small number of instructions,
the invention avoids the large number of instructions that are
generated by conventional CISC to RISC translations.

Another advantage of the invention is that it allows some
arithmetic instructions to be executed in a single clock cycle
in a modem microprocessor. For example, it may not be
possible to execute a CISC ADD32 instruction in a single
clock cycle of a modern microprocessor. However, it would
be possible to execute a RISC add32 in a single instruction
cycle.

Another advantage of breaking CISC flag generating
arithmetic instructions into RISC instructions, is that it
simplifies the design effort. It is known by those skilled in
the art that designing two separate modules often requires
less effort than designing a single complex module.

Still another primary advantage of this invention is that it
decreases the complexity of a microprocessor. CISC micro-
processors arc inherently complex. However, by breaking
down CISC flag generating instructions into more manage-
able RISC instructions, CISC instructions can be efficiently
executed using RISC performance enhancements.

It will be appreciated by those of ordinary skill having the
benefit of this disclosure that the illustrative embodiments
described above are capable of numerous variations without
departing from the scope and spirit of the invention. For
example, while an ADD32 instruction has been discussed as
an example of a flag generating instruction, other ADD
instructions that operate on different length operands are
also flag generating instructions. There are many other flag
generating instructions, such as but not limited to subtract,
left shift, right shift, and logical instructions. Accordingly,
the exclusive rights sought to be patented are as described in
the claims below.

What is claimed is:

1. A method, performed by a microprocessor, for execut-
ing a flag generating instruction, the method comprising:

(a) translating the flag generating instruction into at least

a first instruction and a second instruction;

(b) the first instruction generating intermediate flag gen-

eration data upon execution of the first instruction; and

(c) the second instruction, utilizing the intermediate flag

generation data, generating a plurality of flags upon
execution of the second instruction.

2. The method of claim 1, further comprising scheduling
the first instruction for execution before the second instruc-
tion.

3. The method of claim 1 wherein the flag generating
instruction comprises a CISC instruction and the first and
second instructions comprise RISC instructions.

4. The method of claim 1 wherein the flag generating
instruction comprises an Intel x86 instruction.

5. The method of claim 1 wherein the flag generating
instruction comprises an arithmetic instruction.

6. The method of claim 1 wherein the flag generating
instruction comprises a logical instruction.

7. The method of claim 1 wherein the microprocessor
comprises a superscalar out-of-order microprocessor.

8. A method, performed by a microprocessor, for sched-
uling a flag generating instruction and a subsequent
instruction, the subsequent instruction having a data depen-
dency on the flag generating instruction, the method com-
prising:
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(a) translating the flag generating instruction into a first
instruction and a second instruction, the first
instruction, when executed, generating intermediate
flag generation data, the second instruction, when
executed, utilizing the intermediate flag generation
data, generating a plurality of flags;

(b) translating the subsequent instruction into at least a
third instruction;

(c) scheduling the first instruction to execute before the
second and third instructions; and

(d) scheduling the second instruction to execute before the
third instruction if the third instruction has a data
dependency on the second instruction.

9. The method of claim 8 wherein the flag generating
instruction and the subsequent instruction comprise CISC
instructions and the first, second, and third instructions
comprise RISC instructions.

10. The method of claim 8 wherein the flag generating
instruction comprises an arithmetic instruction.

11. The method of claim 8 wherein the flag generating
instruction comprises a logical instruction.

12. The method of claim 8 wherein the flag generating
instruction and the subsequent instruction comprise Intel
x86 instructions.

13. The method of claim 8 wherein the microprocessor is
a superscalar out-of-order microprocessor.

14. A method, performed by a microprocessor, for sched-
uling a flag generating instruction and a subsequent
instruction, the subsequent instruction having a data depen-
dency on the flag generating instruction, the method com-
prising:

(a) translating the flag generating instruction into a first
instruction and a second instruction, the first
instruction, when executed, generating intermediate
flag generation data, the second instruction, when
executed, utilizing the intermediate flag generation
data, generating a plurality of flags;

(b) translating the subsequent instruction into at least a
third instruction;

(¢) scheduling the first instruction to execute before the
second and third instructions;

(d) scheduling the second instruction to execute before the
third instruction if the third instruction has a data
dependency on the second instruction; and

(e) otherwise, scheduling the third instruction to execute
before the second instruction.

15. The method of claim 14 wherein the flag generating
instruction and the subsequent instruction comprise CISC
instructions and the first, second, and third instructions
comprise RISC instructions.

16. The method of claim 14 wherein the flag generating
instruction comprises an arithmetic instruction.

17. The method of claim 14 wherein the flag generating
instruction comprises a logical instruction.

18. The method of claim 14 wherein the flag generating
instruction and the subsequent instruction comprise Intel
x86 instructions.

19. The method of claim 14 wherein the microprocessor
is a superscalar out-of-order microprocessor.
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