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TITLE: HARDWARE AND SOFTWARE SOLUTIONS TO DIVERGENT
BRANCHES IN A PARALLEL PIPELINE

BACKGROUND

Technical Field

[0001] This disclosure relates to computing systems, and more particularly, to efficiently

processing instructions in hardware parallel execution lanes within a processor.

Background

[0002] The parallelization of tasks is used to increase the throughput of computer systems. To this
end, compilers may extract parallelized tasks from program code to execute in parallel on the system
hardware. To increase parallel execution on the hardware, a processor may include multiple parallel
execution lanes, such as in a single instruction multiple word (SIMD) micro-architecture. This type
of micro-architecture may provide higher instruction throughput for particular software applications
than a single-lane micro-architecture or a general-purpose micro-architecture. Some examples of
tasks that benefit from a SIMD micro-architecture include video graphics rendering, cryptography,
and garbage collection.

[0003] In many cases, particular software applications have data parallelism in which the
execution of each work item, or parallel function call, is data dependent within itself. For example,
a first work item may be data independent from a second work item, and each of the first and the
second work items are simultaneously scheduled on separate parallel execution lanes within a SIMD
micro-architecture. However, an amount of instructions executed within each of the first and the
second work items may be data-dependent. A conditional test implemented as a branch instruction
may pass for the first work item, but fail for the second work item dependent on the data for each
work item.

[0004] The efficiency of parallel execution may be reduced as the second work item halts
execution and waits as the first work item continues with its ongoing execution. The inefficiency
grows when only a few work items continue execution due to passed tests whereas most of the work

items are idle due to failed tests.
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SUMMARY OF EMBODIMENTS

[0005] Systems and methods for efficiently processing instructions in hardware parallel execution
lanes within a processor are contemplated. In various embodiments, a back-end compiler examines
program instructions of a software application to arrange instructions and generate code to
efficiently process the instructions on a target processor. The target processor may include multiple
parallel execution lanes within a single instruction multiple data (SIMD) micro-architecture. The
compiler may identify loops and corresponding basic blocks. A divergent point within the loop may
include a branch instruction. For example, an if-elseif-else construct, an if-else construct, a case
construct and so forth may be used in the program instructions within the identified loop. Multiple
trace paths may be traversed during execution of the translated and compiled program instructions
between the divergent point and a corresponding convergent point.

[0006] During compilation, in response to a given divergent point within an identified loop, the
compiler may arrange instructions within the identified loop into one or more very large instruction
words (VLIW’s). At least one VLIW may include instructions intermingled from different basic
blocks between the given divergence point and a corresponding convergence point. For example, if
there is a Basic Block A with four instructions and a Basic Block B with six instructions between the
given divergent point and the corresponding convergent point, the compiler may arrange the
instructions into six VLIW’s. The first four VLIW’s may include one instruction from each of the
Basic Block A and the Basic Block B. The first VLIW may include the first instruction from each of
the Basic Block A and the Basic Block B. The second VLIW may include the second instruction
from each of the Basic Block A and the Basic Block B, and so forth. The last two VLIW’s may
include an instruction from the Basic Block B grouped with a nop. The compiler may keep track of
a program counter (PC) value that points to each of the VLIW’s.

[0007] The compiler may generate code to insert with the translated and compiled program
instructions. The inserted code when executed may assign at runtime instructions within a given
VLIW to the multiple parallel execution lanes within the target processor. The assignment for a
given lane may be based on branch direction found at runtime for the given lane at the given
divergent point. Continuing with the above example, if the VLIW is the second VLIW created from

the Basic Block A and the Basic Block B and the branch instruction for the given lane is taken, then
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the given lane may be assigned the second instruction in Basic Block A within the second VLIW. If
the branch instruction is not taken, then the given lane may be assigned the second instruction in
Basic Block B within the second VLIW. In various embodiments, the VLIW’s have a variable
length. The inserted code when executed may update the size of a VLIW corresponding to a next
PC.

[0008] In some embodiments, a processor includes multiple parallel execution lanes within a
single instruction multiple data (SIMD) micro-architecture. The processor may include a size
register for storing a size of a variable-length VLIW. Control logic within the processor may fetch
and decode in a respective cycle a number of instructions within a given VLIW equal to the stored
size. The multiple execution lanes may simultancously execute the number of instructions within
the given VLIW. The processor may additionally include a vector register with bit ranges associated
with corresponding lanes of the multiple execution lanes. The bit ranges may store offsets. A given
offset may identify a given instruction within a fetched VLIW for an associated lane to execute.
[0009] These and other embodiments will be further appreciated upon reference to the following

description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a generalized block diagram of one embodiment of single instruction multiple data
(SIMD) pipeline execution flow.

[0011] FIG. 2 is a generalized block diagram of one embodiment of a control flow graph.

[0012] FIG. 3 is a generalized block diagram of one embodiment of execution sequences for a
control flow graph.

[0013] FIG. 4 is a generalized block diagram of one embodiment of a logical layout of a SIMD
micro-architecture for a processor.

[0014] FIG. 5 is a generalized block diagram of one embodiment of an object code arrangement.
[0015] FIG. 6 is a generalized flow diagram of one embodiment of a method for optimizing parallel
execution of multiple work-items in a processor with compiler techniques.

[0016] FIG. 7 is a generalized flow diagram of one embodiment of a method for optimizing parallel
execution of multiple work-items in a processor using hardware techniques.

[0017] FIG. 8 is a generalized block diagram of another embodiment of an object code arrangement.
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[0018] While the embodiments are susceptible to various modifications and alternative forms,
specific embodiments are shown by way of example in the drawings and are herein described in
detail. It should be understood, however, that drawings and detailed description thereto are not
intended to limit the embodiments to the particular form disclosed, but on the contrary, the
embodiments are to cover all modifications, equivalents and alternatives falling within the spirit and

scope of the embodiments as defined by the appended claims.

DETAILED DESCRIPTION OF EMBODIMENT(S)

[0019] In the following description, numerous specific details are set forth to provide a thorough
understanding of the embodiments. However, one having ordinary skill in the art should recognize
that the embodiments might be practiced without these specific details. In some instances, well-
known circuits, structures, and techniques have not been shown in detail to avoid obscuring the
embodiments.

[0020] Referring to FIG. 1, a generalized block diagram illustrating one embodiment of a single
instruction multiple data (SIMD) pipeline execution flow 100 is shown. Instructions 102-108 may
be fetched and sent to a SIMD pipeline with associated data. Multiple computation units within
parallel vertical execution lanes are shown. Some of the computation units are active computation
units 110. Other computation units are inactive computation units 112 due to being disabled during
a given pipe stage. Control logic and storage elements, such as pipeline registers, are not shown for
case of illustration.

[0021] The hardware computation units include hardware that performs the execution of a given
instruction of a given work-item with associated data. This hardware may include an arithmetic
logic unit that is configured to perform addition, multiplication, zero detect, a bit-wise shift,
division, video graphics and multimedia instructions or other operations known to those skilled in
the art of processor design. Examples of processors with parallel execution lanes within a SIMD
pipeline include graphics processing units (GPUs), digital signal processing (DSP), and so forth. In
one embodiment, the SIMD pipeline may be located on a video card. In another embodiment, the
SIMD pipeline may be integrated on the motherboard.

[0022] The SIMD pipeline may improve computing performance for a wide variety of data-

parallel applications used in gaming, entertainment, science and medical fields. Such applications
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generally entail executing the same programs on large numbers of objects. Since each object is
processed independently of other objects, but the same sequence of operations is used, a SIMD
micro-architecture provides considerable performance enhancement. GPUs have also been
considered for non-graphical calculations.

[0023] A software application may include a collection of function calls, or compute kernels, and
internal functions. A software programmer may define the function calls, whereas the internal
functions may be defined in a given library. For example, a software application may perform data
processing on a two-dimensional (2D) array of data, such as an image file. The software application
may perform an algorithm developed by a software programmer on a pixel-by-pixel basis of a 2D
image or an clement-by-element basis of a two-dimensional matrix. A given function call may be
invoked over an index space. An index space may also be referred to as a dimensional space. For a
data-parallel software application, an N-Dimensional computation domain may define a one-, two-,
or three-dimensional space, or index space. An example is the pixels within the 2D image.

[0024] A function call may be matched with one or more records of data to produce one or more
work-items of computation. Therefore, two or more work-items may utilize the same instructions of
the single function call, but operate on different records of data. A function call may include control
flow transfer instructions that create forks, whereas a fork in a computer program typically creates a
software thread, by common definition. A given instance of the function call at a given point in the
index space may be referred to as a “work-item”. A work-item may also be referred to as a work
unit. Continuing with the above example, a work-item may operate with the one or more
instructions in the function call on a record of data corresponding to a given pixel (a given index) of
the 2D image. Typically, work-items have an associated unique identifier (ID).

[0025] The index space may define a total number of work-items that execute in parallel if there is
sufficient hardware support. For example, the index space may define a number of 280 work-items,
but a GPU may support the simultancous execution of 64 work-items at any given time. The total
number of work-items may define a global work size. The work-items may be further grouped into
work groups. Each work group may have a unique identifier (ID). The work-items within a given
work group may be able to communicate with each other and synchronize execution and coordinate

memory accesses. A number of work-items may be clustered into a wave front for simultancous
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execution on a GPU in a SIMD manner. Regarding the example above for 280 total work-items, a
wave front may include 64 work-items.

[0026] Instructions 102-108 may be fetched and enter a SIMD pipeline with associated data.
Instruction 104 may be a control flow transfer instruction, such as a conditional branch. The
instruction 106 may be a first instruction in a path executed when the condition is true. The
instruction 108 may be a first instruction in a path executed when the condition is false. For
example, the branch instruction 104 may be associated with an IF statement in a high-level language
program. The instruction 106 may be associated with a THEN statement in the high-level language
program. The instruction 108 may be associated with an ELSE statement in the high-level language
program.

[0027] Each of the computation units within a given row may be a same computation unit. Each
of these computation units may operate on a same instruction, but different data associated with a
different work-item. As shown, some of the work-items pass the test provided by the conditional
branch instruction 104 and other work-items fail the test. Control logic within the SIMD pipeline
may execute each of the available paths and selectively disable the execution units, such as the
computation units, corresponding to work-items that did not choose the current path. For example,
during execution of an If-Then-Else construct statement, within each column of a SIMD architecture
are execution units configured to execute the “Then” (Path A) and the “Else” (Path B) paths.

[0028] The efficiency of parallel execution may be reduced as the first and the second work-items
pause execution and wait as the third work-item continues with its ongoing execution. Therefore,
not all of the computation units are active computation units 110 in a given row after execution of
the branch instruction 104. As shown, one or more computation units are inactive computation units
112 that have been disabled for execution. If a large number of computation units are inactive
during a given pipe stage, the efficiency and throughput of the SIMD core is reduced. In one
embodiment, an “Else” path is a return for the function call. Execution of the function call ends and
the corresponding work-item becomes idle. However, neighboring work-items in the SIMD core
may continue executing.

[0029] Turning now to FIG. 2, a generalized block diagram illustrating one embodiment of a
control flow graph 200 is shown. Generally speaking, control flow graphs may be used by compiler

optimizers and static analysis tools. The control flow graph 200 may represent all paths that might
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be traversed through the program or a portion of the program during its execution. In a control flow
graph, each node in the graph represents a basic block. Most representations include an entry block,
through which control enters into the control flow graph, and an exit block, through which control
leaves the control flow graph.

[0030] During compilation, a software application may provide the control flow graph 200 with
eight basic blocks (BB’s) numbered from basic block 0 (BB 0) to basic block 7 (BB 7). Although
eight basic blocks are shown, in other examples, another number of basic blocks may be used. For
the control flow graph 200, basic block 1 is the entry block and basic block 6 is the exit block. Each
one of the basic blocks 0-7 is a straight-line sequence of instructions with one entry point and one
exit point. The control flow graph 200 may represent a loop. Inside the loop, the control flow graph
200 may represent an IF-THEN-ELSE construct with basic blocks 1-4 and an IF construct with basic
blocks 4-6.

[0031] Referring now to FIG. 3, a generalized block diagram illustrating one embodiment of
execution sequences 300 for a control flow graph is shown. The execution sequence 310 represents
a typical execution sequence for the previously shown control flow graph 200 when assigned to a
SIMD pipeline. The execution time for a single loop iteration is the sum of the execution times of
cach of the basic blocks within the loop, such as BB 1 to BB 6. However, for a given work-item and
corresponding hardware execution lane, only one of BB 2 and BB 3 is executed. Similarly, BB 5
may be skipped for the given work-item. Although particular basic blocks may not be executed for
the given work-item, the associated execution times still contribute to the total sum of execution
time for the loop iteration.

[0032] The execution sequence 320 represents an alternative execution sequence for the
previously shown control flow graph 200 when assigned to a modified SIMD pipeline. The
execution time for a single loop iteration is the sum of the execution times of the basic blocks
actually executed in the single loop iteration, rather than the sum of the execution times of each of
the basic blocks within the loop. The execution sequence 320 transforms the execution of the
control flow graph 200. The compiler may perform this transformation during compilation of the
source code to object code.

[0033] In some embodiments, the compiler generates code at the end of each basic block wherein

when executed the code identifies a next basic block to execute. The generate code may be inserted
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at the end of a basic block. Alternatively, a branch instruction may be inserted at the end of a basic
block to transfer control flow to the additional code before transferring control to the next basic
block. The additional code is represented by BB C, which refers to a central basic block. When
executed, each branching basic block, such as BB 1, BB 4 and BB 6, identifies a next basic block to
have control transferred to it. The identification is based on the branch resolution, which is further
based on a particular record of data and the branch instruction. When executed, the BBC receives
the address of the target basic block from each work-item and sets up thread registers to execute the
respective target basic block. Across the different work-items being executed in the SIMD pipeline,
a given work-item has a single target for a control flow transfer instruction, such as branch, jump,
and case statements.

[0034] In the execution sequence 320, at the completion of BB 4, a first work-item may branch to
BB 5 and pass the corresponding address to BB C. At the completion of BB 4, a second work-item
may branch to BB 6 and pass the corresponding address to BB C. The compiler may create a
dynamic very large instruction word (DVLIW) that includes an instruction from each of the target
basic blocks to be simultancously executed. When executed, the generated code by the compiler
may update a size of a next DVLIW to execute corresponding to a next program counter (PC) value.
Additionally, when executed, the generated code may update a mapping between a given work-item
being executed in a given parallel execution lane and a pointer to an instruction within the next
DVLIW to execute. The pointer may be an offset identifying an associated one of the instructions
within a next DVLIW, which is to be fetched.

[0035] Referring to FIG. 4, a generalized block diagram illustrating one embodiment of a logical
layout 400 of a SIMD micro-architecture for a processor is shown. The processor has a dynamic
random access memory (DRAM) 450 for storage of data and instructions. In some embodiments, a
given level of a cache memory subsystem is used in addition to the DRAM. As shown, the
processor may have a relatively small cache memory subsystem 430 grouped with control logic 420
for each row of computation units. The data flow within the processor may be pipelined, although
storage elements, such as pipeline registers, are not shown in order to simplify the illustration. In a
given pipeline stage, a computation unit may be unused if an associated instruction in this stage is

not executed based on a previous failed test, such as a not-taken branch.
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[0036] The SIMD pipeline includes work-items 460 comprising lanes A-F. Each one of the lanes
A-F may correspond to a respective one of the vertical parallel hardware lanes comprising
computation units. The pipeline may additionally include a vector register 462. The vector register
462 may include an entry, a field, or a bit range for each one of the parallel execution lanes. Each
entry may include a total number of bits comprising a first number of bits to identify a given trace
executing on a respective work-item and a second number of bits to support special codes. The
special codes may identify wait or sleep states, a loop exit state, a barrier identifier for stalling
execution other than for ending a loop, an event identifier, and so forth. When a special code is not
stored in a given entry, the value stored may identify a respective one of the instructions within the
DVLIW for an associated lane to execute.

[0037] The program counter (PC) register 466 may store a pointer value or address pointing to a
next DVLIW to fetch from memory, such as an i-cache. The processor may further include a size
register 468 that stores the size, or the length, of the DVLIW. In some embodiments, the size may
be an integer representing a number of instructions within the variable length DVLIW.

[0038] Each one of the instructions Instr A to Instr G within the DVLIW 464 represents an
executing trace in the control flow graph. The compiler may lay out DVLIW’s in memory, such as
an i-cache. In one example, lane B within the work-items 460 may correspond to the second vertical
execution lane from the left in the SIMD pipeline. The offset B stored in the vector register 462 may
be associated with lane B and point to the first instruction within the DVLIW 464, which is Instr A.
Therefore, lane B may receive Instr A to process. Similarly, lane A within the work-items 460 may
correspond to the left-most vertical execution lane in the SIMD pipeline. The offset A stored in the
vector register 462 may be associated with lane A and point to the last instruction within the
DVLIW 464, which is Instr G. Therefore, lane A may receive Instr G to process.

[0039] Although not shown, the instruction cache (i-cache) may include one of multiple
implementations to support the DVLIW’s. The i-cache may include multiple smaller caches for
fetching one or more instructions for a given single PC corresponding to a DVLIW. The same PC
may index a valid instruction in one or more of the smaller caches depending on the size of the
DVLIW. The I-cache may receive the size stored in the size register 468 in addition to the pointer or

address value stored in the PC register 466. Alternatively, the I-cache may have multiple data ports
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for accessing one or more instructions in a same valid cache line or cache set. Again, the number of
valid instructions to fetch may equal the received size from the size register 468.

[0040] Referring now to FIG. 5, a generalized block diagram of one embodiment illustrating an
object code arrangement 500 is shown. The code arrangement 500 illustrates one embodiment of
object code layout that may be generated by the compiler for the control flow graph 200 and the
accompanying execution sequence 320 shown in FIG. 2 and FIG. 3, respectively. Basic block code
504 represents code for respective basic blocks. For example, one copy of code for basic blocks 0-3
and 7 are shown laid out in layout 500. Two copies of code for basic blocks 4-5 are shown laid out
in layout 500. Four copies of code for basic block 6 are shown in layout 500.

[0041] The code 502 may be generated and inserted by the compiler for entries of a region, such as
a loop. When later executed, the code 502 may update the size of a next DVLIW and update
mappings between the instructions within a fetched DVLIW and the parallel execution lanes in a
target processor. For example, the size and vector registers within the target processor may have
their stored contents updated by the executed code 502. As shown, the code 502 may be inserted at
the beginning of basic blocks 0, 1 and 7.

[0042] The code 506 may be generated and inserted by the compiler for the transitions into
divergent points, such as the end of basic blocks 1, 4 and 6. When later executed, the code 506 may
determine the DVLIW size changes and corresponding mapping changes between the instructions
within a fetched DVLIW and the parallel execution lanes in a target processor. Therefore, the size
and mappings are updated at divergent and convergent points within the control flow graph. The
compiler identifies the points where the size of the DVLIW’s change and where the mappings
change. Using the notation BBC (0, 1), wherein the first index indicates a trace identifier (ID) and
the second index indicates a basic block (BB) ID, the identified points for inserting code 506 may
exist at BBC (0, 1), BBC (0, 4), BBC (0,6), BBC (1, 4), BBC (1, 6), BBC (2, 6) and BBC (3, 6).
The trace ID in this example may be the same as a corresponding offset.

[0043] At the beginning of the object code arrangement 500, the code 502 performs initialization
steps and may set the DVLIW size to 1. The offsets within each of the entries of the vector register
may be set to point to a same instruction within the BB 0, such as an offset of 0. Therefore, the PC
may be set to 0 or another appropriate starting address. As shown, there are four possible parallel

traces, but the number of work-items may be independent. For example, the SIMD pipeline may
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have 8, 16, 64 or another number of parallel execution lanes for processing assigned work-items.
Each of the work-items within the SIMD pipeline has a stored offset of 0 in the vector register and
will execute a same instruction. This same instruction for each work-item is an instruction from BB
0. The instructions in BB 0 are executed one-by-one by each work-item and the PC is incremented
after each instruction fetch.

[0044] After execution of BB 0 is complete, the loop entry block, BB 1, is next to be processed.
The code 502 at the start of BB 1 maintains the DVLIW size as 1 and the offset for each work-item
as 0. The offsets within each of the entries of the vector register may be set to point to a same
instruction within the BB 1, such as an offset of 0. The PC may remain an incremented value at the
completion of BB 0. Each of the work-items within the SIMD pipeline has a stored offset of 0 in the
vector register and will execute a same instruction. This same instruction for each work-item is an
instruction from BB 1. The instructions in BB 1 are executed one-by-one by each work-item and the
PC is incremented after each instruction fetch.

[0045] When executed, the code 506 at BBC (0, 1) which is at the end of BB 1, changes the stored
DVLIW size from 1 to 2. The instructions within BB 3 are now added to the fetched DVLIW’s.
Additionally, when executed, the code 506 at BBC (0, 1) sets the entries in the vector register for
work-items branching to BB 3 to store the value 1. The entries in the vector register for work-items
branching to BB 2 remain unchanged by continuing to store 0. Although the values of 0 and 1 are
used in this manner, other numerical values may be used to set the corresponding indications and
mappings. At this point, the DVLIW has two instructions, which are intermingled from the two
separate basic blocks BB 2 and BB 3. As the PC continues to be incremented, the fetched DVLIW’s
continue to include intermingled instructions from these two basic blocks until the processing of BB
2 completes. The compiler may have laid out the instructions as intermingled in this manner in
memory in order to support the parallel execution of the instructions within the DVLIWs.

[0046] At the completion of BB 2, the DVLIW size remains 2. The stored offsets in the vector
register also maintain their values. However, now the offset 0 corresponds to instructions in BB 4,
rather than the BB 2. At the completion of BBC (0, 4), the code 506 at the end of BB 4 in trace 0
updates the size register to store 3 and updates the entries for work-items branching to BB 6 to store
2. A DVLIW of length 3 is fetched from the i-cache after sending the single PC and the stored size
to the i-cache. The DVLIW’s include intermingled instructions from BB 3 or BB 4, BB 5 and BB 6.
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Work-items with an associated stored offset of 0 in the vector register obtain fetched instructions
from BB (0, 5). Work-items with an associated stored offset of 1 in the vector register obtain results
from either BB (1, 3) or BB (1, 4) depending on how far the PC has incremented. Work-items with
an associated stored offset of 2 in the vector register obtain fetched instructions from BB (2, 6). The
compiler had previously laid out the instructions in memory in this manner so that a single PC and
the stored size indicate to the i-cache the type of DVLIW to fetch.

[0047] At the completion of BBC (1, 4), the code 506 at the end of BB 4 in trace 1 updates the size
register to store 4 and updates the entries for work-items branching to BB (3, 6) to store 3. A
DVLIW of length 4 is fetched from the i-cache after sending the single PC and the stored size to the
i-cache. The DVLIW’s include intermingled instructions from a first copy of BB 6, a single copy of
BB 3, a second copy of BB 6 and a third copy of BB 6. Work-items with an associated stored offset
of 0 in the vector register obtain fetched instructions from BB (0, 6). Work-items with an associated
stored offset of 1 in the vector register obtain results from either BB (1, 5). Work-items with an
associated stored offset of 2 in the vector register obtain fetched instructions from BB (2, 6). Work-
items with an associated stored offset of 3 in the vector register obtain fetched instructions from BB
(3, 6). The compiler had previously laid out the instructions in memory in this manner so that a
single PC and the stored size indicate to the i-cache the type of DVLIW to fetch.

[0048] For ecach of BB (0, 6), BB (1, 6), BB (2, 6) and BB (3, 6), control flow at the end of BB 6
may either return to BB 1 for another iteration of the loop or terminate from the loop. An associated
branch instruction and data within a corresponding record will determine at runtime the control flow
direction. Some work-items may continue with another iteration and other work-items may exit the
loop. A special code status may be stored in a corresponding entry in the vector register to indicate
which path is taken. In response to determining a given work-item will continue another loop
iteration and at least one other work-item of the multiple work-items is still processing code for an
associated basic block, a sleep state encoding may be stored in the associated entry in the vector
register for the given work-item.

[0049] In response to determining the given work-item will exit the loop, an exit state encoding
may be stored in the associated entry in the vector register for the given work-item. Each of the
sleep and exit state encodings is unique from the offsets used during loop iterations and unique from

one another. In some embodiments, for the given work-item that is in the sleep or the exit state, the
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code 506 halts execution of the given work-item and stores at least a next program counter (PC) and
the work-item identifier (ID) in memory, such as a stack memory for fast retrieval.

[0050] The code 506 at the end of BB 6 may check the status of each of the work-items. In
response to determining each work-item is in the sleep state or each work-item is in the exit state,
the processor while executing code 506 may restart execution for each work-item by branching to a
respective stored next PC. In response to determining each work-item is halted and at least one
work-item is in a different state than another work-item, the processor while executing code 506
may restart execution for only work-items in a sleep state by branching to a respective stored next
PC. If at least one work-item is still processing instructions within a basic block in the loop, then
execution continues for the at least one work-item while the other work-items in a special state wait.
Work-items leaving the sleep state branch back to BB 1. Additionally, the code 502 at the
beginning of BB 1 reinitializes the vector and size registers. Work-items leaving the exit state
branch to BB 7. Additionally, the code 502 at the beginning of BB 7 accordingly reinitializes the
vector and size registers.

[0051] In the above example, the loop has a single exit. In other cases with multiple exits,
corresponding state information, such as at least a next PC and a work-item ID, may be stored in
memory, such as a stack. Later, the state information may be retrieved, such as popping them from
the stack, for restarts. Both work-items that are in a sleep state or an exit state may have state
information stored in memory, such as a stack. As different work-items may exit the loop at
different loop iterations, multiple entries with state information may be placed in memory, such as
the stack. At restart time, when executed, the compiler-generated code may pop the state
information and combine information for work-items that restart from a same next PC.

[0052] Turning now to FIG. 6, one embodiment of a method 600 for optimizing parallel execution
of multiple work-items in a processor with compiler techniques is shown. For purposes of
discussion, the steps in this embodiment and subsequent embodiments of methods described later are
shown in sequential order. However, in other embodiments some steps may occur in a different
order than shown, some steps may be performed concurrently, some steps may be combined with
other steps, and some steps may be absent.

[0053] In block 602, a software program or subroutine may be located and analyzed. The program

code may be written by a designer in a high-level language such as C or another language. This
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software program may be written for compilation and execution of a parallel-data application, such
as in the gaming, business, medical and other fields. Program code may refer to any portion of a
software application, subroutine, dynamic linked library, or otherwise. A pathname may be entered
at a command prompt by a user. Alternatively, a pathname may be read from a given directory
location, or other, in order to begin compiling the source code. Instructions within the program code
may be examined, translated, optimized, and further processed during compilation.

[0054] In some embodiments, the source code is statically compiled. In such embodiments, during
a front-end compilation, the source code may be translated to an intermediate representation (IR). A
back-end compilation step may translate the IR to machine code. The static back-end compilation
may perform more transformations and optimizations. In other embodiments, the source code is
compiled with a Just-In-Time (JIT) method. The JIT method may generate an appropriate binary
code after obtaining the system configuration. With either method, the compiler may identify
function calls, loops, traces within the loops, and basic blocks in the program code. One or more
control flow graphs may be constructed during program analysis.

[0055] In various embodiments, the program code is compiled on a processor, such as a general-
purpose processor. The program code may be compiled for a target processor, which includes a
parallel micro-architecture, such as a SIMD micro-architecture. One or more associated record(s) of
data may be assigned to a function call to produce one or more work-items.

[0056] Prior to detecting any divergent points in the program code, the compiler may lay out the
analyzed and translated instructions in memory as they appear in the program code. Essentially, the
compiler may be creating VLIW’s with a size of one. If the compiler detects a divergent point
within an identified loop (conditional block 604), then in block 606, the compiler may create very
large instruction words (VLIW’s). The compiler may create VLIW’s by laying out in memory
instructions intermingled from multiple basic blocks between the divergent point and a
corresponding convergent point. One or more associated record(s) of data may be arranged and
assigned to accompany the intermingled instructions within the created VLIW’s to produce one or
more associated work-items.

[0057] In block 608, generated code may be inserted wherein when executed the generated code
maps an offset pointing to an instruction within a VLIW to a given lane of multiple parallel

execution lanes within a target processor. Alternatively, the mapping may be between the offset and
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a work-item ID. In block 610, generated code may be inserted wherein when executed updates a
size of a next VLIW to fetch. In block 612, generated code may be inserted at the end of the loop
wherein when executed stores state information for a lane of execution going to a sleep or an exit
state. The generated code may be inserted in particular points in the program code as described in
the earlier example. Basic blocks associated with divergent and convergent points may have more
inserted code for maintaining updates to the mappings and DVLIW size.

[0058] Referring now to FIG. 7, one embodiment of a method 700 for optimizing parallel
execution of multiple work-items in a processor using hardware techniques is shown. For purposes
of discussion, the steps in this embodiment and subsequent embodiments of methods described later
are shown in sequential order. However, in other embodiments some steps may occur in a different
order than shown, some steps may be performed concurrently, some steps may be combined with
other steps, and some steps may be absent.

[0059] In block 702, associated record(s) of data are assigned to compiled code to produce
multiple work-items. In block 704, the work-items are scheduled to a target processor with a single
instruction multiple data (SIMD) micro-architecture. In block 706, using an updated VLIW size and
a single program counter (PC), a VLIW is fetched from memory, such as an i-cache, with a length
equal to the updated VLIW size. The instructions in the VLIW may be from separate basic blocks
between a divergent point and a convergent point within a loop.

[0060] In block 708, a vector register is read for mapping information between instructions within
the fetched VLIW and parallel execution lanes in the processor executing the work-items. The
mapping information may determine for a given work-item and corresponding execution lane, which
instruction in the VLIW to process. In block 710, the instructions in the VLIW are simultancously
executed using the parallel execution lanes. If the end of a loop is reached for a given work-item
(conditional block 712) and if no work-items are detected to be active (conditional block 714), then
in block 716, respective state information is read for each of the work-items assigned to the parallel
execution lanes. The state information may include at least a next PC and a work-item ID. The state
information may be used for continuing execution within the parallel execution lanes. If the end of a
loop is reached for a given work-item (conditional block 712) and if any work-item is detected to be

active (conditional block 714), then in block 718, the state information for the given work-item is
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stored for later use. The given work-item may have execution halted and may be placed in a sleep or
an exit state.

[0061] Referring now to FIG. 8, a generalized block diagram of another embodiment illustrating
an object code arrangement 800 is shown. The code arrangement 800 illustrates one embodiment of
object code layout that may be generated by the compiler for the control flow graph 200 and the
accompanying execution sequence 320 shown in FIG. 2 and FIG. 3, respectively. The code 502-506
may perform the same functionality as previously described.

[0062] The sizes of the basic blocks are known at compile time. The compiler may arrange and
schedule the instructions of the program code to minimize initialization code and reduce the DVLIW
size. In the earlier example using the control flow graph 200 and the object code arrangement 500,
four copies of BB 6 are used. The compiler may reduce the number of traces, and accompanying
offsets, by introducing gaps. The gaps may utilize nop operations.

[0063] The steps described earlier regarding code arrangement 500 may be used here. At the
completion of BB 2, the DVLIW size remains 2. However, one of the two instructions within the
fetched DVLIW’s is a nop operation providing a gap in the arrangement 800. The offset 0
corresponds to the nop operations and the offset 1 corresponds to the instructions in BB 3. At the
completion of BB 3, the DVLIW is reduced from 2 to 1. Now the offset 0 corresponds to the
instructions in BB 4 and the offset 1 corresponds to the nop operations.

[0064] At the completion of BBC (0, 4), the code 506 at the end of BB 4 in trace 0 updates the size
register from 1 to 2. The code 506 also updates the entries for work-items branching to BB 6 to
store 1. A DVLIW of length 2 is fetched from the i-cache after sending the single PC and the stored
size to the i-cache. The DVLIW’s include intermingled instructions from BB 5 and BB 6. Work-
items with an associated stored offset of 0 in the vector register obtain fetched instructions from BB
(0, 5). Work-items with an associated stored offset of 1 in the vector register obtain fetched
instructions from BB (1, 6).

[0065] At the completion of BB (1, 6), the code 506 updates the DVLIW size from 2 to 1. The
work-items corresponding to BB (1,6) halt execution, store state information, and wait until
restarting execution at a next PC. The next PC may point to BB 1 or BB 7. Other steps may be
performed as described earlier. The code arrangement 800 illustrates in response to determining a

first trace path between the detected given divergent point and the corresponding convergent point is
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smaller than a second trace path between the given divergent point and the corresponding
convergent point, the compiler may group nops with instructions corresponding to the second trace
path in VLIW’s created between the completion of the first trace path and the corresponding
convergent point.

[0066] For each of the embodiments described earlier, further parallelization may occur with code
being parallelized outside the loop with the code inside the loop. For example, the program code for
BB 7 may be parallelized with BB 1 to terminate the program for work-items that complete the loop.
Additionally, in response to detecting an offset corresponds to multiple resource-independent
instructions within the VLIW, rather than a single instruction, an associated work-item and
execution lane may simultancously execute the multiple resource-independent instructions within
the execution lane.

[0067] Further, the compiler may decrease the DVLIW size using register allocation. Program
code may include the following statement: X = (A+B) + (B+M). Here, two operations usec the
same opcode. A first trace includes an ADD operation such as T1 = A+B. A second trace includes
an ADD operation such as T2 = C+D. There are work-items that use T1 from a basic block X (BB
X) with an offset such as 0. There are other work-items that use T2 from BB Y with an offset such
as 1. If a first operands pair “C” and “A”, a second operands pair “B” and “D”, and a results pair
“T1” and “T2” are assigned to the same registers in BB X and BB Y, respectively, then the
expression r3 =rl + r2 may be used as a DVLIW with a size of 1. The corresponding offset may be
set to 0 to save on decoding time or free a slot.

[0068] It is noted that the above-described embodiments may comprise software. In such an
embodiment, the program instructions that implement the methods and/or mechanisms may be
conveyed or stored on a computer readable medium. Numerous types of media which are configured
to store program instructions are available and include hard disks, floppy disks, CD-ROM, DVD,
flash memory, Programmable ROMs (PROM), random access memory (RAM), and various other
forms of volatile or non-volatile storage. Generally speaking, a computer accessible storage medium
may include any storage media accessible by a computer during use to provide instructions and/or
data to the computer. For example, a computer accessible storage medium may include storage
media such as magnetic or optical media, e.g., disk (fixed or removable), tape, CD-ROM, or DVD-
ROM, CD-R, CD-RW, DVD-R, DVD-RW, or Blu-Ray. Storage media may further include volatile
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or non-volatile memory media such as RAM (e.g. synchronous dynamic RAM (SDRAM), double
data rate (DDR, DDR2, DDR3, etc.) SDRAM, low-power DDR (LPDDR2, etc.) SDRAM, Rambus
DRAM (RDRAM), static RAM (SRAM), etc.), ROM, Flash memory, non-volatile memory (e.g.
Flash memory) accessible via a peripheral interface such as the Universal Serial Bus (USB)
interface, etc. Storage media may include microelectromechanical systems (MEMS), as well as
storage media accessible via a communication medium such as a network and/or a wireless link.
[0069] Additionally, program instructions may comprise behavioral-level description or register-
transfer level (RTL) descriptions of the hardware functionality in a high level programming
language such as C, or a design language (HDL) such as Verilog, VHDL, or database format such as
GDS 1I stream format (GDSII). In some cases the description may be read by a synthesis tool,
which may synthesize the description to produce a netlist comprising a list of gates from a synthesis
library. The netlist comprises a set of gates, which also represent the functionality of the hardware
comprising the system. The netlist may then be placed and routed to produce a data set describing
geometric shapes to be applied to masks. The masks may then be used in various semiconductor
fabrication steps to produce a semiconductor circuit or circuits corresponding to the system.
Alternatively, the instructions on the computer accessible storage medium may be the netlist (with or
without the synthesis library) or the data set, as desired. Additionally, the instructions may be
utilized for purposes of emulation by a hardware based type emulator from such vendors as
Cadence®, EVE®, and Mentor Graphics®.

[0070] Although the embodiments above have been described in considerable detail, numerous
variations and modifications will become apparent to those skilled in the art once the above
disclosure is fully appreciated. It is intended that the following claims be interpreted to embrace all

such variations and modifications.
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WHAT IS CLAIMED IS
1. A non-transitory computer readable storage medium storing at least one program configured for
execution by at least one processor of a computer system, wherein the at least one program
comprising instructions executable to:
identify loops and corresponding basic blocks within a plurality of program instructions; and
in response to a given divergence point within an identified loop, arrange a plurality of
instructions within the identified loop into a plurality of very large instruction words
(VLIW’s), wherein at least one VLIW comprises instructions intermingled from
different basic blocks between the given divergence point and a corresponding

convergence point.

2. The non-transitory computer readable storage medium as recited in claim 1, further comprising
instructions executable to in response to the given divergence point within the identified loop, assign
at runtime instructions within a given VLIW to a plurality of parallel execution lanes within a target

processor comprising a single instruction multiple data (SIMD) micro-architecture.

3. The non-transitory computer readable storage medium as recited in claim 2, wherein assigning
for a given lane is based on branch direction found at runtime for the given lane at the given

divergent point.

4. The non-transitory computer readable storage medium as recited in claim 2, further comprising
instructions executable to update a stored size of a VLIW corresponding to a next program counter

(PC).

5. The non-transitory computer readable storage medium as recited in claim 4, further comprising
instructions executable to in response to a first trace path being smaller than a second trace path
between the detected given divergent point and the corresponding convergent point, group nops with

instructions corresponding to the second trace path in VLIW’s.
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6. The non-transitory computer readable storage medium as recited in claim 4, wherein to assign at
runtime instructions within the given VLIW to the plurality of parallel execution lanes, further
comprising instructions executable to write offsets in particular bit-ranges within a vector register
that are associated with corresponding lanes of the plurality of execution lanes, wherein the offsets

identify a given instruction within the fetched given VLIW for an associated lane to execute.

7. The non-transitory computer readable storage medium as recited in claim 6, further comprising
instructions executable to in response to a given trace having reached the end of the identified loop:
write a sleep state in a corresponding bit-range within the vector register responsive to
determining at runime the given trace is scheduled to branch back to the beginning of
the identified loop; and
write an exit state in the corresponding bit-range within the vector register responsive to
determining at runtime the given trace is scheduled to branch out of the identified

loop.

8. The non-transitory computer readable storage medium as recited in claim 7, further comprising
instructions executable to in response to the given trace being in the sleep state or the exit state:

halt execution of the given trace; and

store at least a next program counter (PC) and the work-item identifier (ID) for the given

trace.

9. The non-transitory computer readable storage medium as recited in claim 8, further comprising
instructions executable to in response to each work-item being in the sleep state or each work-item

being in the exit state, restart execution for each work-item at a respective stored next PC.

10. The non-transitory computer readable storage medium as recited in claim 8, further comprising
instructions executable to in response to each work-item being halted and at least one work-item is
being a different state than another work-item, restart execution for only work-items in a sleep state

at a respective stored next PC.
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11. A processor comprising:
a plurality of parallel execution lanes within a single instruction multiple data (SIMD) micro-
architecture;
a size register configured to store a size of a very large instruction word (VLIW); and
control logic configured to fetch and decode in a respective cycle a number of instructions
within a given VLIW equal to the stored size;
wherein the plurality of execution lanes are configured to simultaneously execute the number

of instructions within the given VLIW.

12. The processor as recited in claim 11, wherein the processor further comprises a vector register
configured to store offsets in particular bit-ranges that are associated with corresponding lanes of the
plurality of execution lanes, wherein the offsets identify a given instruction within the fetched given

VLIW for an associated lane to execute.

13. The processor as recited in claim 12, wherein a number of valid offsets stored in the vector

register 1s equal to the size stored in the size register.

14. The processor as recited in claim 12, wherein in response to detecting an offset corresponds to a
plurality of resource-independent instructions within the VLIW, the plurality of execution lanes are

further configured to simultaneously execute the plurality of instructions within an associated lane.

15. The processor as recited in claim 12, wherein in response to a given trace having reached the
end of the identified loop and a corresponding bit range within the vector register indicating the
given trace is in a sleep state or an exit state, the control logic is further configured to:

halt execution of the given trace; and

store at least a next program counter (PC) and the lane identifier (ID) for the given trace.

16. The processor as recited in claim 15, wherein in response to cach lane of the plurality of
execution lanes being in the sleep state or in the exit state, the control logic is further configured to

restart execution for each lane by branching to a respective stored next PC.
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17. The processor as recited in claim 15, wherein in response to cach lane of the plurality of
execution lanes being in the sleep state or in the exit state, the control logic is further configured to

restart execution for only lanes in a sleep state by branching to a respective stored next PC.

18. A method comprising:
identifying loops and corresponding basic blocks within a plurality of program instructions;
in response to a given divergence point within an identified loop, arranging a plurality of
instructions within the identified loop into a plurality of very large instruction words
(VLIW’s), wherein at least one VLIW comprises instructions intermingled from
different basic blocks between the given divergence point and a corresponding

convergence point.

19. The method as recited in claim 17, wherein in response to the given divergence point within the
identified loop, the method further comprises assigning at runtime instructions within a given VLIW
to a plurality of parallel execution lanes within a target processor comprising a single instruction
multiple data (SIMD) micro-architecture based on branch direction found at runtime for the given

lane at the given divergent point.

20. The method as recited in claim 19, wherein to assign at runtime instructions within the given
VLIW to the plurality of parallel execution lanes, the method further comprises storing indications
that are associated with corresponding lanes of the plurality of execution lanes, wherein the

indications identify a given instruction within the given VLIW for an associated lane to execute.
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