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PRE-DECODING VARIABLE LENGTH INSTRUCTIONS

FIELD

[0001] The present disclosure relates generally to the field of processors and in
particular to a method of pre-decoding variable length instructions, such as to identify
undefined instructions.

BACKGROUND
[0002] Variable length instruction set architectures are known 1n the art. For
example, when the Thumb (16-bit) extensions are added to the ARM (32-bit) mstruction
set, the resulting mix may be considered a variable length instruction set. As another
example, executable Java code comprises a series of bytecodes, with each instruction
ranging between 2 and 256 bytes in length. In general, variable length instruction sets
comprise instructions of a base size, and longer instructions that are an integral multiple
of the base size.
[0003] Processor architectures and instruction sets evolve over time. In particular,
as semiconductor technology advances, functionality may be rendered in hardware that
formerly required an extensive software routine to accomplish. To efficiently exploit
the advanced hardware structures, new instructions are added to the instruction set.
However, one feature of stable processor architectures 1s backward compatibility. That
1S, software written for a processor architecture should be executable on an older
processor that conforms to the architecture, even 1f it does not implement the most
recent functionality or directly execute the most recent instructions. Accordingly,

common processor architectures include an "undefined” 1nstruction which generates an
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exception, and the function associated with the undefined instruction 1s executed 1n
software.

10004] One common approach taken by conventional high-performance processors
to optimize 1nstruction decoding 1s pre-decoding. A pre-decoder 1s a logic circuit that
inspects and partially decodes instructions fetched from memory prior to storing the
instructions 1n an nstruction cache (I-cache). The pre-decoder generates a small
number of pre-decode bits that are stored along with each instruction 1n the I-cache.
Upon fetching instructions from the cache, the pipeline decoder may utilize the pre-
decode bits to simplify the instruction decoding task. Pre-decode bits may, for example,
identify branch instructions, identify the length of an instruction in a variable length
instruction architecture, or the like. Pre-decode bits may also be utilized to 1dentify
undefined instructions.

[0005] In a variable length 1nstruction set processor that implements pre-decoding, a
small number of pre-decode bits may be associated with the shortest, or base,
instruction length. A known instruction cache implementation 18 to associate this
number of pre-decode bits with each I-cache storage location (each of which
corresponds to the base instruction length). Longer instructions, occupying an mtegral
multiple of I-cache storage locations, are correspondingly associated with a larger
number of pre-decode bits. The number of discrete properties that can be encoded into
the pre-decode bits associated with an instruction 1s thus a minimum for the base
instruction length. If all of the available pre-decode bit encodings of the base
instruction length are otherwise defined, utilizing the pre-decode bits to 1dentify an
undefined base length mstruction would require increasing the number of pre-decode

bits associated with the base instruction length. This technique would in turn increase
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the number of pre-decode bits stored along with every storage location 1n the I-cache.
Since undefined nstructions are rarely encountered, and instructions longer than the
base length have a rich pre-decode bit encoding space, adding pre-decode bits to

1dentify undefined base length instructions can waste expensive I-cache storage space.

SUMMARY

[0006] According to one or more embodiments described herein, a pre-decoder may
indicate a property of an instruction when the pre-decode bit encoding space associated
with that instruction length 1s fully defined. By altering the instruction to emulate an
instruction of a different length, the pre-decoder may utilize an available encoding of
the pre-decode bits associated with the different length instruction to indicate the
property.

[0007] One embodiment relates to a method of pre-decoding an instruction 1n a
processor. A property of a first instruction 1s 1dentified. The first instruction 1s altered
to emulate a second 1nstruction. Pre-decode bits for the second instruction are generated
that 1dentify the property of the first instruction.

[0008] Another embodiment relates to a processor operative to read instructions
from memory. The processor includes an instruction cache memory storing instructions
read from memory and pre-decode bits associated with each instruction. The processor
also includes a pre-decoder interposed between the memory and the instruction cache,
the pre-decoder operative to 1dentify a property of a first instruction; alter the first
instruction to emulate a second instruction; generate pre-decode bits for the second
instruction that identify the property of the first instruction; and write the pre-decode

bits for the second 1nstruction to the instruction cache.
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BRIEF DESCRIPTION OF DRAWINGS

[0009] Figure 1 1s a functional block diagram of a processor.

[0010] Figure 2 1s a functional block diagram depicting mapping variable length
instructions from memory to the mstruction cache.

[0011] Figure 3 1s a functional block diagram depicting mapping an undefined
instruction from memory to the istruction cache.

[0012] Figure 4 depicts a method of pre-decoding an instruction, according to one

embodiment.

DETAILED DESCRIPTION

[0013] Figure 1 1s a functional block diagram of a processor 10. The processor 10
executes mstructions 1n an instruction execution pipeline 12 according to control logic
14. The pipeline 12 may be a superscalar design, with multiple parallel pipelines such
as 12a and 12b. Each pipeline 12a, 12b includes various registers or latches 16,
organized 1 pipe stages, and one or more Arithmetic Logic Units (ALU) 18. Pipe stage
registers or latches 16 and ALUs 18 may read operands from and/or write results to
registers 1n a General Purpose Register file 28.

[0014] The pipelines 12a, 12b fetch mstructions from an Instruction Cache (I-Cache
or I1$) 20, with memory addressing and permissions managed by an Instruction-side
Translation Lookaside Buffer (ITLB) 22. Data is accessed from a Data Cache (D-Cache
or D$) 24, with memory addressing and permissions managed by a main Translation
Lookaside Buffer (TLB) 26. In various embodiments, the ITLB 22 may comprisec a
copy of a portion of the TLB 26. Alternatively, the ITLB 22 and TLB 26 may be
integrated. Similarly, in various embodiments of the processor 10, the I-cache 20 and

D-cache 24 may be integrated, or unified. Misses 1n the I-cache 20 and/or the D-cache
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24 cause an access to main (off-chip) memory 36, under the control of a memory
interface 34.

[0015] Instructions fetched from memory are processed 1n a pre-decoder circuit 37
prior to being stored 1n the I-Cache 20. The pre-decoder 37 partially decodes the
instructions, and appends pre-decode bits, which are stored along with the instructions
in the I-Cache 20. When 1nstructions are fetched from the I-Cache 20, the pre-decode
bits provide information about cach instruction that may be used by Decode pipe stages
within pipelines 12a and 12b to more quickly and/or more efficiently decode the
instruction. For example, pre-decode bits may 1dentify the length of an instruction in a
variable length instruction set architecture, 1dentify branch instructions, and the like.
[0016] The processor 10 may include an Input/Output (I/0O) intertace 38, controlling
access to various peripheral devices 40, 42. Those of skill in the art will recognize that
numerous variations of the processor 10 are possible. For example, the processor 10
may include a second-level (L2) cache for either or both the I and D caches. In
addition, one or more of the functional blocks depicted in the processor 10 may be
omitted from a particular embodiment.

[0017] Figure 2 1s a functional block diagram depicting the mapping of instructions
from memory 36 into a line 1n the I-cache 20, through the pre-decoder 37, for one
illustrative and non-limiting implementation. Instruction A 1s a 16-bit instruction (the
base 1nstruction length for this example). Upon instruction A being fetched from
memory, the pre-decoder 37 appends two pre-decode bits P4, which are stored along
with the instruction A 1n the I-cache 20. Instruction B 1s a 32-bit instruction, stored 1n

memory 36 as By and B;. The pre-decoder 37 appends four pre-decode bits, stored 1n the
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[-cache 20 as Pgy and Pg;. Instruction C 18 a 16-bit instruction, and 18 stored 1n the I-
cache 20 along with two pre-decode bits Pc.

[0018] As 1ndicated by the table of Figure 2, instructions A and C, having two pre-
decode bits each, have a pre-decode bit encoding space of four. That 1s, four discrete
propertics — such as instruction length, whether the 1nstruction 1s a branch, or the like —
may be encoded 1nto the pre-decode bits for instructions A and C. Instruction B, having
a four pre-decode bits, has a pre-decode bit encoding space of 16. If supported by the
architecture, a 48-bit instruction would have six pre-decode bits, for an encoding space
of 64, and so on.

[0019] Assuming that, 1n a given implementation, all four of the pre-decode bit
encodings for 16-bit instructions such as A and C are defined, an additional pre-decode
bit may be added to each 16-bit storage location in the I-cache 20 to utilize the pre-
decode bits to indicate an undefined 16-bit instruction. This would result 1n every
storage location 1n the I-cache 20 having three associated pre-decode bits. 16-bit
instructions would then have a pre-decode encoding space of eight — only five of which
would be utilized. Additionally, 32-bit instructions would have a pre-decode encoding
space of 64; 48-bit instructions would have a pre-decode encoding space of 512. Since
this 1s far in excess of the number of discrete properties about instructions that the pre-
decoder can indicate, increasing the number of pre-decode bits for the 16-bit instruction
length result in a large waste of expensive I-cache 20 storage.

[0020] According to one embodiment, an undefined 16-bit instruction in this
example may be altered to emulate a 32-bit instruction. The property that the
instruction 18 1n fact a 16-bit undefined instruction i1s encoded into one of the 16 pre-

decode encodings associated with 32-bit instructions. In Figure 3, instruction D 15 a 16-
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bit undefined nstruction. Upon writing instruction D to the I-cache 20, 1t 1s altered to
emulate a 32-bit instruction, comprising D and D;. Pre-decode bits Ppg and Pp, are
written, indicating that instruction D 1s actually a 16-bit undefined 1instruction.

[0021] In one embodiment, where only the fact of a 16-bit undefined instruction 1s
required by the pipeline 12, the pre-decoder 37 may write only the pre-decode bits Ppy
and Pp; to the I-cache 20, discarding the instruction D. In another embodiment, such as
where data within the bit field of the instruction 1s common or helpful to vector the
software trap, the instruction D may be written to either of Dy or Dy, or both, as well as
the pre-decode bits Ppg and Pp; being written to the I-cache 20. In still another
embodiment, the pre-decoder 37 may write the instruction D to one of Dy or D4, and
may write additional information to the other 16-bit I-cache 20 storage location, as well
as writing the pre-decode bits Ppg and Pp,. In any event, it is the pre-decode bits Py and
Pp; that both emulate a 32-bit instruction (so that all the pre-decode bits are read) and
indicates that the instruction 1s actually a 16-bit undefined instruction. In this manner,
the pre-decoder 37 can indicate a base size undefined instruction without expanding the
pre-decode bits associated with base size instructions, hence avoiding inefficient
memory utilization.

[0022] In the embodiment depicted in Figure 3, neither istruction E nor F 1s pre-
decoded or loaded into the I-cache 20. Since the effective length of an instruction 1n the
line has been altered between the memory 36 and the I-cache 20, the remainder of the
cache line cannot contain all of the remaming instructions in the corresponding memory
spaces (e.g., both E and F). The pre-decoder 37 may mark the remainder of the cache
line as unused or 1nvalid, or may simply 1nsert invalid or undefined pre-decode bits 1n

the appropriate bit positions. In normal execution, the processor will trap to software
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upon encountering the undefined instruction, and the cache line will likely be replaced.
Utilizing a software exception handler to handle the trap caused by the undefined
instruction allows software to emulate instructions which were not contemplated at the
time a processor, such as processor 10, 1s fixed 1n silicon or other semiconductor
material. If other code happens to branch into the cache line, 1t will encounter an
incorrect pre-decode and/or not recognize an expected instruction, causing the cache
line to reload, or possibly causing an exception. Since undefined instructions are
assumed to be rarcly encountered, the performance impact of a corrupted I-cache line
due to the altered undefined instruction emulating an instruction of a different length 1s
not of great concern.

[0023] The method disclosed herein 1s not limited to an undetined instruction of the
base instruction length, as described above. In general, for any instruction property that
may commonly be indicated via pre-decode bits but where the pre-decode bit encoding
space for the associated instruction length 1s fully defined, the property may be
indicated by altering the instruction to emulate an instruction of a different length, and
utilizing an available pre-decode bit encoding of the different length instructions. For
example, assume that all 16 encodings of the four pre-decode bits associated with 32-bit
instructions in the previous example are defined, but only three or fewer of the four
encodings of the two pre-decode bits associated with 16-bit instructions are defined. In
this case, a particular property of a 32-bit instruction not defined 1n the 32-bat
instruction pre-decode bits may be indicated by altering the 32-bit instruction to emulate
a 16-bit instruction, and encoding the relevant property 1n an available pre-decode bat
encoding of the two pre-decode bits associated with 16-bit instructions. In this case,

half of the 32-bit instruction bit field 1s lost, so the property being encoded 1s preferably
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on¢ that does not depend on the instruction bit field (such as the fact that the instruction
1s undefined, although this 1s not the only property that may be so indicated).

[0024] Figure 4 depicts a method of pre-decoding an instruction, according to one
embodiment. Upon a miss 1n the I-cache 20, the memory interface 34 fetches at least a
first instruction from the memory 36 (block 50). The pre-decoder 37 inspects the first
instruction and 1dentifies a property of the first instruction (block 52), such as that the
first instruction 1s undefined. The pre-decoder 37 altars the first instruction to emulate a
second 1nstruction (block 54), such as a second instruction of a different length. The
pre-decoder 37 additionally generates pre-decode bits for the second instruction that
identify the property of the first instruction (block 56). That 1s, one of the available
encodings of the pre-decode bits associated with the second instruction length 1s
allocated to the relevant property of the first instruction. The pre-decoder 37 writes the
second 1nstruction and the associated pre-decode bits to the I-cache 20 (block 58).
When the pipeline 12 fetches the second instruction and its pre-decode bits from the I-
cache 20, logic 1n a Decode pipe stage inspects the pre-decode bits to 1dentify the
property of the first instruction (block 60), such as the fact that the first instruction 1s
undefined. The pipeline 12 then takes appropriate action, such as for example causing
an exception to handle the undefined instruction 1n software.

[0025] According to one or more embodiments described herein, a pre-decoder 37
may 1ndicate a property of an instruction when the pre-decode bit encoding space
associated with that instruction length 1s fully defined. By altering the instruction to
emulate an instruction of a different length, the pre-decoder 37 may utilize an available
encoding of the pre-decode bits associated with the different length instruction to

indicate the property. When a property of a shorter instruction 1s indicated 1n the pre-
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decode bit encodings of a longer instruction, one or more instructions or fractions of an
instruction will be displaced from the I-cache line. When a property of a longer
instruction 1s indicated 1n the pre-decode bit encodings of a shorter instruction, some of
the 1nstruction bit field 1s lost. Accordingly, the instruction property indication
technique disclosed herein 1s commonly employed to indicate exception-causing
instruction properties, such as the fact of that an instruction is undefined, although it 1s
not limited to such cases.

[0026] Although the present invention has been described herein with respect to
particular features, aspects and embodiments thereof, it will be apparent that numerous
variations, modifications, and other embodiments are possible within the broad scope of
the present invention, and accordingly, all variations, modifications and embodiments
are to be regarded as being within the scope of the invention. The present embodiments
ar¢ therefore to be construed 1n all aspects as illustrative and not restrictive and all
changes coming within the meaning and equivalency range of the appended claims are

intended to be embraced therein.
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CLAIMS

What 1s claimed 1s:
1. A method of pre-decoding an instruction 1n a processor, comprising:
identifymng a property of a first instruction;
altering the first instruction to emulate a second instruction; and
generating pre-decode bits for the second 1nstruction that identify the property of

the first instruction.

2. The method of claim 1 wherein the first instruction will cause an exception.
3. The method of claim 2 wherein the first instruction 1s undefined.
4. The method of claim 1 wherein the processor’s mstruction set 18 a variable

length instruction set, and wherein the first and second instructions have different

lengths.

5. The method of claim 4 wherein each defined instruction length has a different

number of pre-decode bits associated with instructions of that length.

0. The method of claim 5 wherein 1nsufficient encodings of the pre-decode bits
assoclated with instructions of the length of the first instruction are available to encode

the property of the first mstruction.
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7. The method of claim 6 wherein at least one encoding of the pre-decode bits
associated with instructions of the length of the second instruction 1s available to encode
the property of the first mmstruction.

8. The method of claim 1 wherein the first instruction 1s a 16-bit instruction having

two pre-decode bits associated with it.

9. The method of claim 8 wherein the second instruction 1s a 32-bit instruction

having four pre-decode bits associated with 1t.

10. The method of claim 9 wherein one of the sixteen encodings of the pre-decode
bits associated with 32-bit instructions i1dentifies the associated 32-bit instruction as a

16-b1t undefined instruction.

11. A processor operative to read instructions from memory, comprising:

an 1nstruction cache memory storing instructions read from memory and pre-
decode bits associated with each instruction;

a pre-decoder 1nterposed between the memory and the instruction cache, the pre-
decoder operative to:
identify a property of a first instruction;
alter the first instruction to emulate a second 1nstruction;
generate pre-decode bits for the second instruction that identify the

property of the first instruction; and

write the pre-decode bits for the second instruction to the instruction

cache.
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12.  The processor of claim 11 wherein the instructions read from memory are from a

variable length 1nstruction set.

13.  The processor of claim 12 wherein the instruction cache comprises a plurality of
instruction storage locations corresponding to the length of the shortest instruction, and
wherein a predetermined number of pre-decode bits are associated with cach storage

location.

14.  The processor of claim 13 wherein the instruction cache stores instructions
longer than the shortest mstruction in an integer multiple of storage locations, and
associates with cach instruction the pre-decode bits associated with each storage

location.

15.  The processor of claim 13 wherein the first instruction 1s a 16-bit instruction

having two pre-decode bits associated with 1t.

16.  The processor of claim 15 wherein the second instruction 1s a 32-bit instruction

having four pre-decode bits associated with 1t.

17.  The processor of claim 16 wherein one of the sixteen encodings of the pre-
decode bits associated with 32-bit instructions identifies the associated 32-bit instruction

as a 16-bit undefined instruction.
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