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TEMPLATE FIELD INSTRUCTION ENCODING Field OF THE INVENTION The present
invention relates generally to the field of processor architecture. More
specifically, to an instruction encoding method and apparatus for
increasing the efficiency of processor operation. BACKGROUND OF THE
INVENTION In the field of high speed computer processors, there have been a
variety of approaches to the problem of how best to encode instructions.
Early en, processors manufactured by Intel Corporation utilized variable
length encoding in which different instruction were encoded with different
bit lengths. While this approach gained wide acceptance in the computer
industry, the Intel architecture (iA) encoding method was improved on by
reduced instruction set computing (RISC) machines. In a RISC machine, all
fields are uniformly encoded, with every instruction having a fixed length
(e.g., 32-bits). The fixed, 32-bit length of the instruction fields provide
enough bit position or "space", to encode instructions that use three
operands, with every operand containing a 5-bit register identification. T
Therefore the FtISC approach provides adequate space to encode opcode bits,
immediate values, offsets. etc. Mora recently, there has developed a demand
in the computer industry for highly efficient, parallel processing machines
having the ability to process a large plurality of instructions in a single
'machine cycle. tnese machines, commonly referred to as very long
instruction word (VLIW) or wide-word computer processors, are capable of
processing several instructions at a time. By way o` example, a VLIW
multiprocessor capable of handling 1,024-bits of instruction each clock
cycle is described in U.S. Patent No. 4,833,599. One of the problems mat
arises in a VLIW or wide-word machine is how to encode instructions which
address large register files, i,e" 128 registers. One approach, adapted by
Hewlett-Packard~, Co  in their original wide-word     - 5 APR 2p02 WO
99119793 PCTILS98I:1j8B designs was to group instructions in a single
128-bit entry that contained three 42-bit instructions (with 2 bits
leftover). Each of the three instructions of the 128-bit entry was
restricted to be of a certain type. That is, the first instruction is
restricted to being a memory type instruction, the second instruction had
to be an integer type, and the thud instruction was limited to being a
floating-point type of instruction. The fundamental problem with this
wide-word, fixed, 128-bit format is that it greatly expands the code and
introduces inefficiencies in the packing of instruction bytes. For example,
a LOAD instruction may only be 1 or 2 bytes long) but in prior an,
wide-word format, 42-bils would necessarily still be supplies Even granter
inefficiencies arise in sequences of instructions where c. only 1 :.r ? c.
the ins;; instruction in each of the successive 128-bit instruction entries
are utilized. Persons familiar with superscalar processors twill further
appreciate that RISC machines also suffer difficulties when trying to
simultaneously process a large number of instruction For example. a R1SC
processor designed to execute many instructions in parallel requires an
large number of multiplexers and associated wiring to route the various
instructions to the appropriate functional units. This places practical
limitations on the number of instructions which can be processed in
parallel, 



Thus there is a need for a processor that reduces the waste and
inefficiency associated with past instruction encoding methods and
apparatus. As will be seen, the present invention provides a processor
capable of simultaneously executing a plurality of sequential instructions
with a highly efficient encoding of instructions. SUMMARY OF THE INVENTION
A processor is described which utilizes a template field for encoding a set
of most useful instruction sequences in a long instruction word format. In
one embodiment) the invented processor comprises a register file having 128
registers. The instruction set of the processor includes instructions which
2   - 5 APR ZOp2 WO 99A9793 PCT/U5981: l ebb address the ~ 28 registers,
with each instruction being one of the plurality of different instruction
types. The execution units of the processor are similarly categorized into
different types, wherein each instruction type may be executed on one or
more of the execution unit types. According to the present invention,
instructions are grouped together into 128-bit sized and aligned containers
called bundles. Each bundle includes first, second, and third instruction
slots, and a template field that specifies the mapping of the instruction
slots to the execution unit types. The improved instruction encoding scheme
utilized in the present invention provides enhanced flexibility and greater
efficiencies as compared to prior art approaches. BRIEF DESCRIPTION OF THE
DRAWINGS The present invention will be understood more fully from the
detailed description which follows and from the accompanying drawings,
which, however, should not be taken to limit the invention to the specific
embodiments shown, but rather are for explanation and understanding only,
Figure 1 illustrates an architectural register model in accordance with one
embodiment of the processor of the present Invention. Figure 2 shows the
relationship between Instruction types and execution unit types for one
embodiment of the present invention. Figure 3 is a diagram illustrating a
bundle format for instruction encoding according to one embodiment of the
present invention. Figure 4 shows a template field encoding an instruction
slot mapping for one embodiment of the present invention. DETAILED
DESCRIPTION The present invention covers a processor with instruction
encoding that utilizes a template field. In the following description,
numerous specific details are set forth, such as register file modIs, bit
lengths, specific encodings, etc., 3   - 5 AP R 2002 



WO 99It9793 PCTN598/21388 in order to provide a thorough understanding of
the present invention. Practitioners having ordinary skill in the data
processing arts will understand that the invention may be practiced without
many of these details, In other instances, well-known signals, components,
and circuits have not been described in detail to avoid obscuring the
invention. Figure 1 illustrates the architectural register model employed
in one embodiment of the processor of the present invention. Persons of
ordinary skill in the field of prcessor design understand that the
architectural state of a processor consists of the contents of the
processor's registers and memory. The results of Instruction execution
become architecturally visible according to a set of rules embodied within
the processor governing execution sequencing. As shown, architectural
register model 10 includes a general purpose register file 12 that provides
a central resource for all integer and multimedia computations. The general
registers are a set of 1Z8 (64-bit) registers that are numbered gro through
gr127 and are available to all programs and all privileged levels.
Application register mode! 10 also includes a floating-point register set
14 that is used for all floating-point computations. The floating-point
registers are numbered fro through fr127 and similarly comprise a set of
129 (82-bit) registers in one implementation of the processor of the
present invention. Also shown in Figure t are predicate registers 15,
numbered pro through pry, Predicate registers 15 comprise single-bit
registers used in predication and branching. They are used to hold the
results of compare instructions, and era typically used for conditional
execution of instructions, Branch register file 17 is used to hold
branching information. For example, branch registers bro through br7
comprise o4-bit registers that may be used to specify the branch target
addresses for indirect branches. Also shown in Figure 7 is an instruction
pointer 18 that holds the address of the `bundle" which contains the
currently executing instruction. As wilt be described in more detail
shortly, the term "bundle" refers to three , instructions and a template
field grouped together into a 128-bit sized field. 4   - 5 APP 2002 WO
99/1993 Pl. liU~ytf~lJ~ea Finally, register model 10 further includes an
application register file 19 comprising special data registers and control
registers for application visible processor functions. 'typically, these
registers are accessed by application software. It Is appreciated that the
register model shown in Figure 1 may include other register types
implementing venous processor features. The fist of registers available
within the processor of the present invention is not deemed essential to an
understanding oP the novel concepts described herein. With reference now to
Figure 2, there is shown a table 20 that 115t5 the instruction types and
the execution unit types for executing instructions in one embodiment of
the present invention. Each instruction is categorized into one of six
different types. The six different instruction types include integer
anthmetic logic unit (ALU) instructions, non-AI.U integer instructions,
memory instructions, floating-point instructions, branch instructions, and
long immediate instructions. The instruction unit type on which each of
these different instruction types may be executed is shown in the
right-most column of table 20. These different execution unit types include
the integer execution unit (Iunit), the memory execution unit (M-unit), the
floating-point execution unit (F unit), and the branch execution unit
(13-unit). Figure 3 shows how instruction are encoded in the processor of
the present invention Figure 3 illustrates a 128-bit (16-byte aligned)
bundle 30 that contains three 41-bit instruction slots, a 4-btt template
field, and a crop bit (S-bit), The format of bundle 30 depicted in Figure 3
shows the stop-bit occupying bit position 0. the template filed occupying
bit positions 1-4, and instruction sloes 0, 7 , and 2 occupying bit
positions 5-45, 46-86, and 87-127, respectively. ' According to the
instruction format shown in Figure 3, all instructions in the instruction
set of the processor are 41 bits in length. The 4-bit template field
permits the encoding of multiple sequences of instruction of different
instruction types. In other words, the template field specifies the mapping
of instruction slots to execution unit types. The template field also
specifies instruction group boundaries within a bundle 'An' instruction
group is a set o! 5  



5 APP 2~ WO 99~19~93 PtrTItJ59BIZ1388 statically contiguous instructions
that may be executed concurrently. For example, an instruction group has no
read-after-write or write-after-write register dependencies between them.
An instruction group contains at least one instruction, and there are no
architectural limits to the maximum number of instructions. Practitioner in
the art will therefore appreciate that instruction group boundaries have no
fixed relationship to bundle boundaries; they are simply indicated
statically by the template field and the S-bit, The S-bit specifies whether
an instruction group boundary occurs after the last instruction (i.e., slot
2) of the current bundle. For instance, in a current implementation, if the
S-bit is set to "0" the current instruction group continues info the first
instruction (i.e,, slat 0) of the statically next sequential bundle. That
is, there Is no instruction group boundary after the fast instruction in
the bundle. Conversely, setting the S-bit to "1" means that an instruction
group boundary occurs after the last instruction in the bundle. Referring
now to Figure 4, there is shown the template field encoding and instruction
slot mapping for one embodiment of the processor of the present invention
As described above, the template field specifics two properties:
Instruction group boundaries within a bundle, and the mapping of
instruction sluts to execution unit types. It is important to note that not
all combinations of these two properties are permitted. The combinations
which are defined in the current embodiment are illustrated in table 40 0l
Figure 4. Practitioners familiar with the computer arts will appreciate
that table 40 provides instruction encoding for the most useful instruction
sequences typically encountered in modem computer programs. The three
rightmost columns of table 40 correspond to the three instruction slots
within a bundle. Listed within each column of the three right most columns
is the execution unit type which is controlled by that instruction slot.
For example, template 6 specifies that the instruction in slot 0 is
executed by the memory execution unit, the instruction in slot 1 is
executed by the floating-point execution unit, and the instruction unit in
slot 2 is executed by the integer execution unit of the processor. 6   - 5
APR 20p2 WO 99119793 PCT/tlS9B/21388 Note that table 40 includes double
lines 42 and 43 separating two instruction slots associated with template 1
and template 5, respectively. Double line 42 separates slot t and slot 2
for template 1, whereas double line 43 separates slot 0 and slot 1 In
template 5. These double lines indicate that an instruction group boundary
occurs at that point. Basically, the double lines function as a stop-bit
between the two adjacent instructions. This means, for example, that in the
case of template 5, the slot 0 instruction is allowed to depend on the slot
1 instruction. By encoding the template field to define stop points between
two instructions within a bundle, the compiler is allowed to intricate to
the hardware where dependencies reside within the code. Persons of skill in
the field of computer architecture will appreciate that the ability to
specify infra-bundle instruction group boundaries (via template fields 1
and 5) -in addition to defining inter-bundle instruction group boundaries
(via the S-bit) -is an extremely valuable processor function. Within a
bundle, execution order proceeds from slot 0 to slot 2. If the S bit is 0)
the instruction group containing the last instruction (slot 2) of the
current bundle continues into the first instruction (slot 0) of the
statically next sequential bundle. On the other hand, if the S-bit is 1 an
Instruction group boundary occurs after the last instruction of the current
bundle. It is appreciated that the use of the stop-bit is a great advantage
in executing a code that is highly sequential. For example, a sequential
code that includes a LOAD followed by an ADD followed by a STORE operation
can simply be sequenced by use of the S-bit after the three operations. In
the past, a full 128-bit entry would have to be used for each instruction
in the sequence, even though the actual encoding of the instruction may
occupy only 1 or 2 bytes. It should be further understood that a program
according to the present invention, consists of a sequence of instructions,
packed In bundles, and organized into instruction groups that are
statically delimited by S-bits, with templates specifying S-bits within a
bundle. The instruction groups and the instructions within them are ordered
as follows. Bundles are ordered from lowest to highest memory address.
Instructions in bundles with lower memory 



7   - 5 APR ~ WO 99I19793 PCTlU598rL1388 addresses are considered to
precede instructions in bundles with higher memory addresses. . The byte
order of bundles in memory is little-endian. This means that the template
field and the S-bit are contained in byte 0 of the bundle. Within a bundle,
instructions and instruction groups are ordered from instruction slot 0 to
instruction slot 2 as shown in Figure 3. An ordinary compiler may used in
conjunction with the processor of the present Invention. obviously,
however) it should be adapted to take advantage of the instruction encoding
scheme described above. Generally speaking, the compiler should be designed
to use of the template fields to provide the most compact code possible.
Practitioners in the art will understand that the unused template values
appearing in table 40 of Figure 4 are reserved in the illustrated
embodiment. These unused template values'appear as empty rows associated
with template 3, A, D and F. The empty templates are available for use in
future extensions of the processor architecture. Specifying one of these
unused template values in the processor causes an illegal operation fault.
It should also be noted that for template 2, the Lunit designation In the
column of sloe 1 represents a placeholder for a long immediate instruction
type. In addition, the 1-unit designation in the column of slot 2 of
template 2 is restricted in that only maul, break and nap operations may be
encoded in this panicular slot for one embodiment of the present invention.
Encoding other instructions in this slot causes an illegal operation fault.
A further restriction is that encoding a maul instruction in an t-unit slot
other than the one in template 2 causes an illegal operation fault in the
described embodiment. B   - 5 APR 2002 Claims We claim: 1. A processor
comprising a register file having a plurality of registers; an instruction
set including instructions which address the registers, each instruction
being one of a plurality of instruction types; a plurality of execution
units) each execution unit being one of a plurality of types, wherein each
instruction type is executed on one or more execution unit types; and
further wherein the instructions are encoded In bundles, each bundle
Including a plurality of instructions and a template field grouped together
in a Nbit field, the instructions being located in instruction slots of the
N-bit field. the 



template field specifying a mapping of the instruction slots to the
execution unit types. 2, The processor of claim 1 wherein the template
field further specifies instruction group boundaries within the bundle,
with an instruction group comprising a set of statically contiguous
instructions that are executed concurrently. 3, The processor o1 claim 2
wherein the instruction types include integer arithmetic logic unit,
memory, floating-point, and branch instructions. 4. The processor of claim
3 wherein the instruction types further include non-arithmetic logic unit
Integer, and long immediate instructions, 9   - ~ AP R 2~2 5. The processor
of claim d wherein the execution unit types include integer, memory,
floating-point, and branch execution units. s. The processor of claim 5
wherein the template field comprises a 4-bit field. 7. The processor of
either claim 1, 2, 3) 4, 5 or 6 wherein the bundles comprise first, second,
and third instruction slots, with each bundle being 128-bits in length. 8.
The processor of claim 7 wherein each of the first) second, and third
instruction slots are 41-bits tong. 9. The processor of claim 7 wherein the
bundle further includes a stop-bit that specifies an inter-bundle
instruction group boundary. 1 D. The processor of claim 9 wherein, if the
stop-bit is in a first condition, the instruction group boundary occurs
after a last Instruction of a current bundle. 11, The processor of claim 10
wherein, it the stop-bit is in a second condition, an instruction group
containing the last instruction of the current bundle continues into the
first instruction slot associated with a statically next sequential bundle.



12. The processor of claim 11 wherein the last Instruction of the current
bundle comprises the third instruction slat. 13. The processor according to
claim 9 further comprising a memory that stores the bundles, a byte order
of the bundles in the memory bang in 10    - s aPR zooz a little-endian
format, with the template field and the sop-bit being contained in a first
byte of the bundle, 1 a. The processor of claim 13 wherein the bundles are
ordered in the memory from a lowest to a highest memory address. 15. The
processor of claim 14 wherein an instruction in the bundles with the lowest
memory address precedes an instruction in the bundles with the highest
memory address, 16. The processor of claim 1 wherein the plurality of
registers comprise 128 registers. t 7. The processor of claim 5 wherein the
bundles comprise first, second, and third instruction slots, with each
bundle being 128-bits In length, and further wherein the mapping specified
by the template field is as shown in Figure 4. 18. A processor comprising:
a register file having a plurality of registers; an instruction set
including instructions which address the registers. each instruction being
one of a plurality or' instruction types; a plurality of execution units,
each execution unit being one of a plurality of types, wherein each
instruction type is executed on one or more execution unit types; and
further wherein the instructions are encoded in bundles, each bundle
including a plurality of instructions and a. template field grouped
together in a N bit field, the instructions being located in instruction
slots of the N-bit field, the template field specifying a mapping of the
instruction slots to the execution unit 



1t   - 5 APR 2~2 types, at least one encoding of the template field further
specifying instruction group boundaries within a bundle, with an
instruction group comprising a set of statically contiguous instructions
that are executed concurrently. 19. The processor of claim 18 wherein the
bundles comprise first, second, and third instruction slots, with each
bundle being 128-bits in length. 20. The processor of claim t t3 wherein
the instruction types include integer arithmetic logic unit, memory,
floating-point, and branch instructions. 21. The processor of claim 20
wherein the instruction types further include non-arithmetic logic unit
integer, and long immediate instructions. 22. The processor of claim 2~
wherein the execution unit types include integer, memory, floating-point,
and branch execution units. , 23. The processor of claim 18 wherein each
bundle further includes a stop bit that specifies an inter-bundle
instruction group boundary. 2a. The processor of claim 23 wherein, if the
stop-bit is in a fast condition the instruction group boundary occurs after
a last instruction of a current bundle. 25. The processor of claim 24
wherein, if the stop-bit is in a second condition, an instruction group
containing the last instruction of the current bundle continues into the
first instruction slot associated with a statically next sequential bundle.
12   - 5 APR 2002 26. The processor of claim 2S wherein the last
instructure of the current bundle comprises the third instruction slot. 27.
The processor according to claim 23 further comprising a memory that 



stores the bundles, a byte order of the bundles in the memory being in a
little- ' endian format, with the template field and the stop-bit being
contained in a first byte of the bundle. 23. The processor of claim 27
wherein the bundles are ordered in the memory from a lowest to a highest
memory address. 29. The processor of claim 28 wherein an instruction In the
bundles with the lowest memory address precedes an instruction In the
bundles with the highest memory address. 30. The processor of claim 18
wherein the plurality of registers comprise 128 registers. ' 31. The
processor of claim 23 wherein the mapping specified by the template field
is as shown in Figure 4. 32. A processor comprising: a register file having
a plurality of registers; an instruction set including instructions which
address the registers, each instruction being one of a plurality of
instruction types; a plurality of execution units, each execution unit
being one of a plurality of types, wherein each instruction type is
executed on one or more execution unit types; 13   - 5 APR z~z and further
wherein the instructions are encoded in bundles, each bundle including a
plurality of instructions, a stop bit, and a template field grouped
together in a N-bit field, the instructions being located in instruction
slots of the N bit field, the template field specifying a mapping of the
instruction slots to the execution unit types, at least one encoding of the
template field further specifying instruction group boundaries within a
bundle, with an instruction group comprising a set of statically contiguous
instructions that are executed concurrently, the stop bit specifying an
inter-bundle instruction group boundary. 33. A processor comprising: a
register file having a plurality of registers; an instruction set including
instructions which address the registers, each instruction being one of a
plurality of instruction types; a plurality of execution units, each
execution unit being one of a plurality of types, wherein each instruction
type is executed on one or more execution unit types; . and further wherein
the instructions are encoded in bundles, each bundle including a plurality
of instructions and a template field grouped together in a Nbit field, the
instructions being located in instruction slots of the'N-bit field, the
template field specifying a mapping of the instruction slots to the
execution unit types, an unused encoding of the template field being
available for use in a future extension of the processor. 14
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