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(57) ABSTRACT

This invention describes a compilation method of extracting
and implementing an accelerator control program from an
application source code in a processor based system. The
application source code comprises arrays and loops. The
input application source code is sequential, with loop,
branch and call control structures, while the generated
output of this invention has parallel execution semantics.
The compilation method comprises the step of performing
loop nest analysis, transformations and backend processes.
The step of loop nest analysis consists of dependence
analysis and pointer analysis. Dependence analysis deter-
mines the conflicts between the various references to arrays
in the loop, and pointer analysis determines if two pointer
references in a loop are in conflict. Transformations convert
the loops from their original sequential execution semantics
to parallel execution semantics. The back-end process deter-
mines the parameters and memory map of the accelerator
and the hardware dependent software.
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for (i = 0; i < MAX; i++)
{
for (j = 0; j < MAX; j++)
{
val = CO * ali+1][j+1) + Cl1 * a[i][j+1] + C2*ali+1]1[j];
al[il{j1 = alil(3] - val;

FIGURE 4
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/* SAMPLE SOURCE CODE FOR LOOP FUSION */

for (i = 0; 1 < MAX; i++)
{
ali+l] = b[i] + c{[i];
}
for (j = 0; j < MAX; j++)
{
d[i] = alil*b[i];

- FIGURE 5A

/* RESULTANT FUSED LOOP IS BELOW*/

for (i = 0; i < MAX; i++)
{
alfi+l} = b[i] + cl[i]:

d[i] = al[i] * b[i];

FIGURE 5B
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/*EXAMPLE SOURCE CODE*/

for (i = 0; i < MAX; i++)
{
for (j = 0; j < MAX; j++)
{
val = CO * a[i+1][j+1] + C1 * a[i][j+1]) + C2*é[i+1] {31;
ali) (3] = alillj] - val; '

FIGURE 6A

for (i = 0; i < MAX; i++)

{
a_0 = a[i+1](0};
for (j = 0; j < MAX; j++)
{

a1l = a[itl][j+1]
val = CO * a 1 + C1 * a[i][j+1] + C2*a_O0;
alil [3) = alil[j] - val;

a0=al;

FIGURE 6B
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/*EXAMPLE SOURCE CODE*/

for (i = 0; i < MAX; i++)
{
for (j = 0; j < MAX; j++)
{
val = CO * a[i+1][j+1] + Cl1 * a[i}[j+1] + C2*a[i+1](]];
alil[j) = alill[j]l - val;

FIGURE 7A

/*SOURCE CODE AFTER LOOP TILING*/

for (i = 0; i < MAX; i++)
{
for (j _tile = 0; j _tile < MAX; j tile += 32)
- '
for (j = j _tile; j < j_tile + 32; j++)
{ _
val = CO * a[i+1][j+1] + C1 * a[i][j+1]
+ C2*al[i+1]1([31;
a[i) (31 = alil (3] - val;

FIGURE 7B
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/*SOURCE CODE AFTER INPUT/COMPUTE/OUTPUT LOOP CREATION*/

for (i = 0; i < MAX; i++)
{
for'(j_tilé = 0; j_tile < MAX; j_tile += 32)
{
for (j = j_tile; J < j_tile + 32; j++)
{ .
local ali+1](j+1] = al[i+l]([j+1];
local_ali]l[3+1] = al[i]([j+1];
afi+1] (31
local al(ill[j] = alil(3j]:

I

local ali+1]I[3]

}
for (j = j_tile: j < j_tile + 32; j++)
{

val = CO * local_a[i+1][j+1] + Cl1 * local ali]l[j+1]

+ C2*local_ali+1][]j];

local af{i][j] = local ali]l[j] - val;
}
for (j = j_tile; J < j _tile + 32; j++)
{

-alil[3] = local_afi]ll(jl:

} .

FIGURES
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/*SOURCE CODE AFTER LOCAL ARRAY RENAMING"_‘/

for (i = 0; i < MAX; i++)
{
for (j tile = 0; j tile < MAX; j_tile += 32)
{
for (j = j_tile; j < j_tile + 32; j++)
{
local_a_1[j+1] =_§[i+1][j+1];

local a[j+1] = ali](j+1];
local a 1[j) = al[i+11[jl;
local_a(j] = alil(3];

}
for (j = j_tile; j < j_tile + 32; j++)
{
val = CO * local a 1[j+1] + Cl * local_alj+1]
+ C2*local_a_1[31;
rename_local_afj] = local a[j] - val;
}
for (j = j_tile; j < j_tile + 32; j++)
{

afi][J) = rename local aljl:;

FIGURE 9
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/*SOURCE CODE AFTER MERGING DMA TRANSFERS*/

for (i = 0; i < MAX; i++)
{
for (j_tile = 0; j_tile < MAX; j tile += 32)
{
for (j = j_tile; Jj < j_tile + 33; j++)

local_a_1[j] = ali+1]1[3j];

for (3 = j tile; j < j _tile + 33; j++)

local_al[j] alil (31
for (3.= j _tile; j < j_tile + 32; j++)
val = CO * local_a_1[j+1] + Cl * local_alj+1]
+ C2*local _a 1(j];
rename local a([j] = local a[j] - val;

for (j = j_tile; j < j_tile + 32; j++4)

ali]l[j] = rename_local_aljl:;

FIGURE 10
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DMA Channels:

Number of channels: 3 (2 reads and 1 write)

RAM Banks:

Number of Banks: 3

RAM Bank 1: Size: 33 words

Holds: “local_a 1> array

Number of ports: 2

Port 1: Write (For DMA to write “local_a 1" data)

Port 2: Read (For Compute Core to read “local a 1 data)

RAM Bank 2: Size: 33 words '

Holds: “local_a” array

Number of ports: 2

Port 1: Write (For DMA to write “local _a” data)

Port 2: Read (For Compute Core to read “local_a” data)

RAM Bank 3: Size: 32 words

Holds: rename_local a array

Number of ports: 2

Port 1: Read (For DMA to read “rename_local a” data)

Port 2: Read (For Compute Core to write “rename_local _a” data)
Compute Core Ports: ‘ '
Number of ports: 2

Port 1: Read-Write (To read “local a 1” and write “ rename local a” data)
Port 2: Read (To read “local_a” data)

Compute Core — RAM Bank Connectivity:

Compute Core Port 1:

Connected to RAM Bank 1, port 2 (to read “local a 1" data)
Connected to RAM Bank 3, port 2 (to write “rename_local _a” data)
Compﬁte Core Port 2:

Connected to RAM Bank 2, port 2 (to read “local a” daita)

FIGURE 11
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LOOP (num_iterations: MAX/32)

/* Comment: Corresponds to the outerloop */

DO_DMA (channel: 0, source: &(a[i+1][0]), sink: local_a_1, size: 33,
element_size: 4 bytes, address_mode: offset) '

/* Comment: Corresponds to the statement in first input loop */
WAIT _DMA (channel:0)

- DO_DMA (channel: i, source: &(a[i][0]), sink: local_a, size: 33, element_size: 4
bytes, address_mode: offsct)

/* Comment: Corresponds to the statement in second input loop */
WAIT _DMA (channel:1)

DO _COMPUTE (thread_id: 0, mode_id: 0)

/* Comment: Corresponds to the compute loop */
WAIT _COMPUTE(thread_id:0, mode_id: 0)

DO_DMA (channel: 2, source: rename_local_a, sink: &(a[i][0]), size: 32,
element_size: 4 bytes, address_mode: offset)

/* Comment: corresponds to the statement in the output loop */

WAIT_DMA (channel: 2)
END_LOOP
SINT (message: “end of accelerator execution”)
/* Comment: Send Interrupt. Optional statement to send an interrupt to the processor */
END

/* Comment: A statement to indicate end of the program. */

FIGURE 12
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LOOP (num_iterations: MAX)
/* Comment: Corresponds to the outer-nest loop */
LOOP (num_iterations: MAX/32)
/* Comment: Corresponds to the outerloop */
DO_DMA (channel: 0, source: &(a[1]{0]), sink: local_a_1, size: 33,
element_size: 4 bytes, address_mode: stride) ‘ '
/* Comment: Corresponds to the statement in first input loop */
/* Note: this dma operates in stride mode */
WAIT_DMA (channel:0)
DO_DMA (channel: 1, source: &(a[0]{0]), sink: local_a, size: 33,
element_size: 4 bytes, address_mode: stride)
/* Comment: Corresponds to the statement in second input loop */
/* Note: this dma operates in stride mode */
WAIT_DMA (channel:1)
DO_COMPUTE (thread_id: 0, mode_id: 0)
/* Comment: Corresponds to the compute loop */
WAIT_COMPUTE(thread_id:0, mode_id: 0)
DO_DMA (channel: 2, source: rename_local_a, sink: &(a[0][0]), size: 32,
element_size: 4 bytes, address_mode: stride)
/* Comment: corrésponds to the statement in the output loop */
/* Note: this dma operates in stride mode */
WAIT _DMA (channel: 2)
END_LOOP
END_LOOP
SINT (message: “end of accelerator execution™)
/* Comment: Send Interrupt. Optional statement to send an interrupt to the processor */
END

/* Comment: A statement to indicate end of the program. */

FIGURE 13
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LOOP (num_iterations: MAX/32)

/* Comment: Corresponds to the outerloop */

DO_DMA (channel: 0, source: &(a[i+1][0}), sink: local_a_1, size: 33,
element_size: 4 bytes, address_mode: offset)

/* Corresponds to the statement in first input loop */

DO_DMA (channel: 1, source: &(a[i][0]), sink: local_a, size: 33, element_size: 4
bytes, address_mode: offset)

/* Corresponds to the statement in second input loop */

WAIT DMA (channel:0, channel:1, channel:2)
/* This is the result of wait propagation. This statement causes the accelerator to

wait until channels 0, 1, and 2 become idle */

DO_COMPUTE (thread_id: 0, mode_id: 0)

/* Corresponds to the compute loop */
WAIT _COMPUTE(thread_id:0, mode _id: 0)

DO_DMA (channel: 2, soufce: rename_local_a, sink: &(a[i][0]), size: 32,
element_size: 4 bytes, address_mode: offset)

/¥ corresponds to the statement in the output loop */
END_LOOP

WAIT DMA (channel: 2)
/* This wait dma is generated as a result of wait propagation */

SINT (message: “end of accelerator execution™)
END

FIGURE 14
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/* Comment: Prologue Start */ ‘

DO_DMA (channel: 0, source: &(a[i+1][0]), sink: local_a_1, size: 33, element_size: 4
bytes, address _mode: offset)

/* Corresponds to filling up the first buffer for local_a_1 */

DO_DMA (channel: 1, source: &(a[i][0]), sink: local_a, size: 33, el_ement_sizc;: 4 bytes,
address_mode: offset)

/* Corresponds to filling up the first buffer for local_a */

WAIT_DMA (channel:0, channel:1, channel:2)

SWITCH_BUFFER (local_a, local a 1)

/* Please refer to the explanation below */

/* Comment: Prologue End */
LOOP (num_iterations: MAX/32 - 1)
/* The number of iterations has changed because some of the operations are now
performed outside the loop. */

DO_DMA (channel: 0, source: &(a[i+1][0]), sink: local_a_1, size: 33,
element_size: 4 bytes, address_mode: offset) -

/* Corresponds to filling up the buffer for the next set of data */
DO_DMA (channel: 1, source: &(a[i}[0]), sink: local_a, size: 33, element_size: 4
bytes, address_mode: offset)

/* Corresponds to filling up the buffer for the next set of data */

DO_COMPUTE (thread id: 0, mode_id: 0)
/* Compute operates on the first buffer, while DMA fills up the other buffer */

WAIT _COMPUTE(thread id:0, mode_id: 0)

WAIT_DMA (channel:0, channel:1, channel:2)
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/* The above two statements guarantee that the accelerator waits until the current

DMA and Compute activities are completed */

SWITCH_BUFFER (local_a, local_a 1, rename local a)
/* After the activities are done, switch the buffers for all the local arrays. */

DO_DMA (channel: 2, source: rename_local_a, sink: &(a[i][0]), size: 32,
element_size: 4 bytes, address_mode: offset)

/* corresponds to emptying the buffer of the computed set of data */
END_LOOP

/* Comment: Epilogue Start */
WAIT DMA (channel: 2) ’
SWITCH_BUFFER (rename local a)

DO_COMPUTE (thread_id: 0, mode_id: 0)

/* Compute operates on the remaining buffer filled by the previous DMAs */

DO_DMA (channel: 2, source: rename_local_a, sink: &(a[i][0]), size: 32, element_size: 4
bytes, address_mode: offset)

/* corresponds to emptying the final buffer of the computed set of data */

/* Comment: Epilogue End */

WAIT DMA (channel: 2)

/* This wait dma is generated as a result of wait propagation */

SINT (message: “end of accelerator execution”)
END

FIGURE 13
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.

Store functions:

void store_into_acc(unsignéd char value, void *address)

{ *(unsigned char *)address = value;

\}zoid store_into_acc(unsigned short value, void *address)
{ *(unsigned short *)address = value;

ioid store_into_acc(unsigned int value, void *address)
{ *(unsigned int *)address = value;

zfoid store_into_acc(float value, void *address)

{ *(float *)address = value;

zfoid store_into_acc(double value, void *address)

{ *(double *)address = value;

}

Load functions:

void load from_acc(unsigned char *value, void *address)

*value = *(unsigned char *)address;

} .
.void load from_acc(unsigned short *value, void *address)
{
*value = *(unsigned short *)address;
}

void load_from_acc(unsigned int *value, void *address)
*value = *(unsigned int *)address;

void load_from_acc(float *value, void *address)

{

*value = *(float *)address;

~ void load_frofn__acc(double *value, void *address)

{
}

*value = *(double *)address;

FIGURE 16
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COMPILER METHOD FOR EXTRACTING AND
ACCELERATOR TEMPLATE PROGRAM

FIELD OF THE INVENTION

[0001] The present invention relates in general to a com-
piler method and more particularly to a compiler method for
extracting an accelerator template program.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to the generation of a
control program for a hardware accelerator from an appli-
cation source code in any processor-based system, using a
novel compilation method. This invention describes a
method for automatically generating the program of the
controller for an accelerator starting from an application
source code, i.e., a sequential high-level language descrip-
tion of the application. The compilation method disclosed
improves the performance of the accelerator by parallelising
the operations of the accelerator.

[0003] Processor-based systems using multiple accelera-
tors are designed to perform tasks such as mathematical
calculation, signal processing, etc., in a rapid and cost
efficient manner. Processor-based systems typically have a
large software component that can be easily changed or
modified, even after the system has been built. Also, these
software components do not need significant hardware
resources other than additional memory, as they run on the
existing processors. To control software development costs,
it is necessary to write the application using high-level
languages such as C/C++, Java, etc., because writing in
assembly language is prohibitively expensive both in terms
of time and money. Applications written in high-level lan-
guages also have the advantage of being portable across
different processors.

[0004] The disadvantage of using software components in
processor-based systems includes reduced performance and
increased power consumption. Contemporary embedded
systems are rapidly increasing in complexity in terms of the
functionality provided. Further, due to market demand, such
systems are expected to provide superior performance and
power efficiency at a lower cost. Moving more functionality
to software may not meet the performance and power goals
of the system. Hardware accelerators that perform specific
computation intensive tasks of the application can be added
to the system to provide the required performance boost.
Adding such accelerators also reduces the overall power
requirement of the system.

[0005] Application specific hardware accelerators suffer
from the disadvantage of being relatively fixed, i.e., inflex-
ible, and require long design and development cycles. To
incorporate flexibility in the processor based system, the
hardware accelerators can be built with a limited amount of
programmability. This programmability allows the use of the
same accelerator to perform different tasks, and also for
modification of the functionality after the system has been
built. Further, to avoid long design time, an automatic
approach that can generate the application specific program-
mable accelerator and the control program that executes on
the accelerator is needed.

[0006] The invention applies parallelisation techniques to
improve the performance of the accelerator.

Jul. 19, 2007

[0007] By way of example, this invention describes the
compilation method using the C software language as the
high-level language. However, the compilation method is
generic and is applicable to an application written in other
high-level languages such as C++, Java, etc.

SUMMARY OF THE INVENTION

[0008] This invention describes a compilation method of
extracting and implementing an accelerator control program
from an application source code in a processor based system.
The application source code comprises arrays and loops. The
input application source code is sequential, with loop,
branch and call control structures, while the generated
output of this invention has parallel execution semantics.
The compilation method comprises the step of performing
loop nest analysis, transformations and backend processes.
The step of loop nest analysis consists of dependence
analysis and pointer analysis. Dependence analysis deter-
mines the conflicts between the various references to arrays
in the loop, and pointer analysis determines if two pointer
references in a loop are in conflict. Transformations convert
the loops from their original sequential execution semantics
to parallel execution semantics. The back-end process deter-
mines the parameters and memory map of the accelerator
and the hardware dependent software.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 illustrates the architecture of a processor-
based system.

[0010] FIG. 2 illustrates the input and output diagram for
the partitioning process.

[0011] FIG. 3 illustrates the processes involved in extrac-
tion of an accelerator control program from an application
source code.

[0012] FIG. 4 illustrates a sample application source code
on which the process of dependency analysis will be con-
ducted.

[0013] FIG. 5A illustrates the sample application source
code on which the process of loop fusion will be applied.

[0014] FIG. 5B illustrates the resultant fused loop after the
application of the loop fusion process on the sample appli-
cation source code illustrated in FIG. 5A.

[0015] FIG. 6A illustrates an example of an application
source code on which the process of scalar replacement will
be applied.

[0016] FIG. 6B illustrates the application source code after
the application of the scalar replacement process on the
example application source code illustrated in FIG. 6A.

[0017] FIG. 7A illustrates an example an application
source code on which the process of loop tiling will be
applied.

[0018] FIG. 7B illustrates the resultant example applica-
tion source code after the process of loop tiling is applied on
the example application source code illustrated in FIG. 7A.

[0019] FIG. 8 illustrates the resultant example application
source code after the process of input-compute-output loop
creation is applied on the application source code illustrated
in FIG. 7B.













































