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1
METHOD AND COMPUTING SYSTEM OF
ALLOCATING REGISTERS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method and computing
system of allocating registers, and more particularly, to a
method and a computing system of allocating registers to
reduce the energy consumption.

2. Description of the Prior Art

With the development of the technology, the increasing
demand for computing power of hardware has led to the
large energy consumption. For example, the more hardware
threads graphics processing unit (GPU) supports, the more
performance and power consumptions we obtain. Different
register organization methods of hardware are proposed to
reduce the power consumption of the hardware. For
example, a hierarchical register file organization and an
affine register file organization of GPU can be used in the
design of processor.

Moreover, modern GPUs are designed as single instruc-
tion multiple data (SIMD) execution model that groups the
parallel threads to execute the same instruction in the
lock-step. In order to rapidly switch to different tasks, each
thread has its own register to store the context. However, the
large number of threads and registers has also led to the high
energy consumption problem of GPU.

Therefore, how to reduce the power consumption of
allocating large amount of registers has become a crucial
issue.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
a method and computing system of allocating registers and
to reduce the energy consumption so as to improve the
disadvantages of the prior art.

An embodiment of the present invention discloses a
method of allocating registers, comprising for each of a
plurality of live ranges of variables, calculating an energy
saving value of each of the plurality of live ranges of the
variables; classifying the plurality of live ranges of the
variables into a plurality of queues according to the energy
saving values of the plurality of live ranges of the variables;
and assigning the plurality of live ranges of the variables in
the plurality of queues into a plurality of registers.

An embodiment of the present invention further discloses
a computer system of allocating registers for hardware,
comprising a processing device for allocating registers; and
a memory device coupled to the processing device, for
storing a program code instructing the processing device to
perform a process, wherein the process comprises, for each
of a plurality of live ranges of variables, calculating an
energy saving value of each of the plurality of live ranges of
the variables; classifying the plurality of live ranges of the
variables into a plurality of queues according to the energy
saving values of the plurality of live ranges of the variables;
and assigning the plurality of live ranges of the variables in
the plurality of queues into a plurality of registers.

These and other objectives of the present invention will
no doubt become obvious to those of ordinary skill in the art
after reading the following detailed description of the pre-
ferred embodiment that is illustrated in the various figures
and drawings.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a register allocation
process according to an embodiment of the present inven-
tion.

FIG. 2 is a schematic diagram of a microarchitecture of
hierarchical register file according to an embodiment of the
present invention.

FIG. 3 is a schematic diagram of the energy saving
percentage of register file when the register allocation pro-
cess shown in FIG. 1 is adopted.

FIG. 4 is a schematic diagram of a total energy saving
ratio of GPU when the register allocation process shown in
FIG. 1 is adopted.

FIG. 5 is a schematic diagram of a GPU register archi-
tecture according to an embodiment of the present invention.

FIG. 6 is a schematic diagram of the energy saving of
affine register file on GPU when the register allocation
process shown in FIG. 1 is adopted.

DETAILED DESCRIPTION

Register allocation is a process of assigning a large
number of variables into a small number of registers. Not all
variables are in use, which is also called live, at the same
time, so some registers may be assigned to more than one
variable. However, two variables in use at the same time
cannot be assigned to the same register without corrupting.
Besides, in order to reduce the power consumption, the
registers of hardware are reorganized. Different from the
prior art of designing with performance consideration, a
register allocation method that is dedicated to allocating the
registers by a compiler with high energy saving is adopted
in embodiments of the present invention.

Please refer to FIG. 1 for detailed descriptions. FIG. 1 is
a schematic diagram of a register allocation process 10
according to an embodiment of the present invention. The
register allocation process 10 can be compiled into a pro-
gram code to be saved in a memory device, and performed
by a processor or a processing device. The register allocation
process 10 includes the following steps:

Step 100: Start.

Step 102: Calculate energy saving value for each live
range of variable.

Step 104: Classify live ranges of variables into first queue
and second queue according to energy saving values of live
ranges of variables.

Step 106: Assign live ranges of variables in queues into
registers.

Step 108: Evict live ranges of variables with lower energy
saving value from first queue.

Step 110: Split live ranges of variables.

Step 112: Spill live ranges of variables into computer
memory.

According to the register allocation process 10, in Step
102, live ranges can be calculated for all variables. The live
range may be associated with the time interval when a
corresponding variable is live or active. The live range of a
variable may be a set of program points at which the variable
is live. For each of the live ranges of variables, an energy
saving value of each live range can be calculated. For
example, a compiler calculates the energy saving value for
the live range of the variable by using a cost model of
hardware. The energy saving value of each live range may
be calculated when the live range is allocated to a low access
energy register. For example, the energy saving value may
be a difference value between an energy consumption value
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of the live range of the variable being allocated to a first
register and an energy consumption value of the live range
of the variable being allocated to a second register. For
example, the energy saving value may be a difference value
between an energy consumption value of the live range of
the variable being allocated to a low access energy register
and an energy consumption value of the live range of the
variable being allocated to a general register.

Further, the energy saving value of each live range of
variable may be calculated according to at least one of the
following: (a) read/write access energy associated with the
register (abbreviated to “A”), which is an energy consump-
tion when the variable is read/written from/into the register,
(B) read/write access count (abbreviated to “B”) associated
with the register, which is the count when the variable is
read/written from/into the register during the live range, and
(C) a length of the live range of the variable (abbreviated to
“C”), which is the length of all time intervals when the
variable is live. For example, energy consumptions may be
calculated by the compiler according to the following equa-
tion:

_(AixB) )

E:
i C;

where E, represents a respective energy consumption
corresponding to the live range of the variable being allo-
cated to i-th register; A, represents read/write access energy
corresponding to the live range of the variable being allo-
cated to i-th register; B, represents read/write access count
corresponding to the live range of the variable being allo-
cated to i-th register; C, represents length of the live range
of the variable.

For example, an energy consumption E, of a variable
being allocated to a first register (e.g., a low access energy
register) can be calculated by using equation (1). An energy
consumption E, of a variable being allocated to a second
register (e.g., a general register) is calculated by using
equation (1). The difference value between the energy con-
sumption E,; and the energy consumption E, may represent
the energy saving value of the live range of the variable.
Notably, the energy saving value might be positive or
negative. When the energy saving value is negative, the live
range of the variable saves energy when the variable is live.
When the energy saving value is positive, the live range of
the variable does not save energy when the variable is live.

After calculating the energy saving value of each of the
live ranges of the variables, in Step 104, the compiler
classifies the live ranges of the variables into a plurality of
queues according to the energy saving values of the live
ranges of the variables. For example, the compiler classifies
the live ranges of the variables into two queues (e.g., an
EQueue and a SQueue) according to the energy saving
values of the live ranges of the variables. In an embodiment,
the live range of the variable having the energy saving value
being greater than a threshold value can be selected and
pushed into the EQueue. The live range of the variable
having the energy saving value equal to or less than the
threshold value can be selected and pushed into the SQueue.

Moreover, when the plurality of live ranges of the vari-
ables are classified into the EQueue and the SQueue, the live
ranges of the variables in each queue can be sorted. For
example, the live ranges of the variables in the EQueue are
sorted with a decreasing order of the energy saving value
corresponding to each of the variable. That is, the EQueue
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4

may be a priority queue based on the energy saving value.
The live ranges of the variables in the EQueue may be
assigned into low access energy registers. The live ranges of
the variables in the SQueue are sorted with a decreasing
order of the length of the live ranges of the variables. That
is, the SQueue may be a priority queue based on the length
of' live range. Further, the live ranges of the variables in the
SQueue may be assigned into general registers without low
access energy registers.

In Step 106, the live ranges of the variables in the queues
can be allocated to the registers. For example, the live ranges
of the variables in the EQueue are allocated to the registers
at first. The top node in the EQueue, which is the current live
range with maximum energy saving value, is allocated into
the low access energy register first, and the rest of the live
ranges of the variables in the EQueue are allocated into the
low access energy registers sequentially. Once the EQueue
is empty, the live ranges of the variables in the SQueue are
allocated into the general registers by the compiler. In other
words, the live ranges of the variables in the EQueue can be
allocated to the registers first, and further, the live ranges of
the variables in the SQueue can be allocated to the rest of
registers. Besides, when a compiler fails to assign any live
ranges of the variables in the EQueue or the SQueue to the
registers, go to Step 108. That is, if there is an insufficient
amount of low access energy registers or general registers
for allocating the live ranges of the variables in the EQueue
or SQueue, the compiler further proceeds to Step 108.

In Step 108, the live ranges of the variables which have
been already assigned into the registers and are popped from
the EQueue may be evicted. For example, when the live
ranges have already been assigned into the low access
energy registers and popped from the EQueue, the compiler
evicts the live ranges of the variables with lower energy
saving value in the low access energy registers. In detail, the
compiler first compares the energy saving value of all of the
live ranges of the variables that have been already assigned
into the low access energy registers and popped from the
EQueue, and evicts the live ranges of the variables except
the live range of a variable with a maximum energy saving
value according to the comparison result. That is, when the
comparison result represents that a live range has the maxi-
mum energy saving value, the compiler may evict the live
ranges of the variables with lower energy saving value in the
low access energy registers, rather than the live range having
the maximum energy saving value. Those evicted live
ranges of the variables are pushed into the EQueue again and
reassigned as the implementation of Step 104.

In addition, in Step 108, when the live ranges of the
variables have been already assigned into the registers and
are popped from the SQueue, the compiler evicts the live
ranges of the variables in the SQueue with lower spill weight
in the registers, where the spill weight is a weight to spill the
variables into the computer memory, such as a RAM. For
example, the compiler first compares the spill weight of all
of the live ranges of the variables that have been already
assigned into the registers and popped from the SQueue, and
evicts the live ranges of the variables except the live range
of a variable with a maximum spill weight according to the
comparison result. When the comparison result represents
that a live range has the maximum spill weight, the compiler
may evict the live ranges of the variables with lower spill
weight in the registers, rather than the live range having the
maximum spill weight. Those evicted live ranges of the
variables are pushed into the SQueue again and are assigned
by using the implementation of Step 106.
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In Step 108, the evicted live ranges of the variables from
the EQueue and the SQueue can be pushed back into the
EQueue or the SQueue for a second chance to be assigned,
which is the Step 106. Otherwise, when the live ranges of the
variables cannot be evicted, the compiler further proceeds to
Step 110. For example, when the comparison result repre-
sents there is no live range having the maximum energy
saving value or the maximum spill weight and the live
ranges of the variables cannot be evicted, the compiler
further proceeds to Step 110.

In Step 110, the compiler splits the live ranges of the
variables if the live ranges of the variables cannot be
assigned in Step 106 or evicted in Step 108. The live ranges
of the variables are split into small pieces, new live ranges
of the variables, and pushed back into the queues. For
example, the length of all the time intervals of the variable
is split into two equal pieces and pushed into the EQueue or
the SQueue for reallocation. Notably, the length of the time
intervals of the new live ranges of the variables is not limited
thereto. The compiler could split the live ranges of the
variables bases on the computer system.

Moreover, since the compiler would insert copy instruc-
tions into the new live ranges of the variables to influence
the instruction order, the compiler will recalculate the energy
saving value of the new live ranges of the variables, classify
the new live ranges of the variables back to the queues
according to the energy saving value of each of the new live
ranges of the variables and assign the new live ranges of the
variables in the queues into the registers. In other words, if
the live ranges of the variables are split, go to Step 102 for
energy saving value calculation. In addition, the new live
ranges of the variables pushed into the EQueue also have the
opportunity to be assigned into the low access energy
registers to enlarge the total energy saving value.

Note that when the live ranges of the variables in the
EQueue cannot be split, which means the live ranges of the
variables have no chance to be assigned into the low access
energy register and will be classified into the SQueue to have
another chance to be assigned into the general register, the
compiler further proceeds to Step 112.

In Step 112, when the live ranges of the variables in the
queues cannot be split in Step 110, the compiler spills the
live ranges of the variables into the computer memory, thus
reducing the performance of program. Since a processing
speed of the spilled live ranges of the variables is much
slower than the variables in the registers. Moreover, extra
memory load/store operations, such as, execution time, code
space, and data space will cause high cost to the processor.

Please refer to FIG. 2. FIG. 2 is a schematic diagram of
a microarchitecture of hierarchical register file (HRF) 20
according to an embodiment of the present invention. FIG.
2 is a design of streaming multiprocessor (SM) with HRF
design. In this embodiment, The HRF designs are reorga-
nized GPU register file with a three level hierarchy, a small
sized last result file (LRF), a medium sized operand register
file (ORF), and a large size lower-level main register file
(MRF). The LRF is a lowest access energy register file
appropriately allocated to the produced value consumed in a
next instruction, and the ORF is allocated for a value
frequent or oncoming read. MRF is allocated for the value
without the benefit or enough space to place on LRF and
OREF. For example, during the assignment of Step 106, the
live ranges of the variables in the EQueue can be allocated
to the LRF at first.

FIG. 3 and FIG. 4 are schematic diagrams of experiment
result of register allocation process 10 operated in the
microarchitecture of hierarchical register file. FIG. 3 is a
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schematic diagram of the energy saving percentage of reg-
ister file when the register allocation process 10 is adopted,
and FIG. 4 is a schematic diagram of a total energy saving
ratio of GPU when the register allocation process 10 is
adopted. GPGPU-Sim is utilized as simulator to obtain
register access counts and register power consumptions. By
using the register allocation process 10 of the present
invention, the energy consumption of register files can be
reduced by approximately 53.43% and the total energy
consumption of GPU can be reduced by approximately
5.83% based on a set of benchmarks from NVIDIA GPU
Computing SDK, AMD APP SDK, and Rodinia.

Please refer to FIG. 5 and FIG. 6. FIG. 5 is a schematic
diagram of a GPU register architecture 30 according to an
embodiment of the present invention. FIG. 6 is a schematic
diagram showing the energy saving of affine register file on
GPU when the register allocation process 10 is adopted.
Scalar register file (SRF) and affine register file (ARF) are
used to store a scalar value of uniform vector and an affine
value of an affine vector. The ARF use base and stride
registers to represent the affine vector. The affine register file
of GPUs can eliminate these redundant computations and
vector register access to reduce power consumption. As
shown in FIG. 6, by using the register allocation process 10,
the energy consumption of register can be reduced by
approximately 66.84%, the energy consumption of ALUs
can be reduced by approximately 38.67% and the total
energy consumption of GPU can be reduced by approxi-
mately 4.78%, thus efficiently reducing the energy consump-
tion.

In summary, the register allocation method of the present
invention reorganizes the registers into the low access
energy registers and the general registers for allocation, and
thereby reducing the power consumption of hardware.

Those skilled in the art will readily observe that numerous
modifications and alterations of the device and method may
be made while retaining the teachings of the invention.
Accordingly, the above disclosure should be construed as
limited only by the metes and bounds of the appended
claims.

What is claimed is:

1. A method of allocating registers, comprising:

for each of a plurality of live ranges of variables, calcu-

lating an energy saving value of each of the plurality of
live ranges of the variables;

classifying the plurality of live ranges of the variables into

a plurality of queues according to the energy saving
values of the plurality of live ranges of the variables;
and

assigning the plurality of live ranges of the variables in the

plurality of queues into a plurality of registers;
wherein the classitying the plurality of live ranges of the
variables into the plurality of queues according to the
energy saving values of the plurality of live ranges of
the variables comprises:
pushing the live range of the variable having the energy
saving value being greater than a threshold value into
a first queue of the plurality of queues; and
pushing the live range of the variable having the energy
saving value being equal to or less than the threshold
value into a second queue of the plurality of queues;
wherein the calculating the energy saving value of each of
the plurality of live ranges of the variables comprises
calculating the energy saving value of the each of the
plurality of live ranges of the variables according to at
least one of read/write access energy associated with
the plurality of registers, read/write access counts asso-
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ciated with the plurality of registers and a length of the
each of the plurality of live ranges of the variables;

wherein the plurality of live ranges of the variables in the
first queue is sorted in a decreasing order of the energy
saving values, and the plurality of live ranges of the
variables in the second queue is sorted in the decreasing
order of the lengths of the live ranges of the variables;
and

wherein the assigning the plurality of live ranges of the

variables in the plurality of queues into a plurality of

registers comprises:

assigning the live ranges of the variables in the first
queue into the plurality of registers and assigning the
live ranges of the variables in the second queue into
the plurality of the registers when the first queue is
empty.

2. The method of claim 1, further comprising:

evicting the plurality of live ranges of the variables with

lower energy saving value from the first queue, which
are already assigned into the plurality of registers.

3. The method of claim 2, wherein the evicting the
plurality of live range variables with lower energy saving
value from the first queue comprises:

comparing the energy saving values of the live ranges of

the variables which are already assigned from the first
queue to the plurality of registers; and

evicting the live ranges of the variables except one live

range of the variable with a maximum energy saving
value.

4. The method of claim 1, further comprising:

splitting one of the plurality of live ranges of the vari-

ables.

5. The method of claim 4, wherein the splitting one of the
plurality of live ranges of the variables comprises:

calculating the energy saving value of the plurality of live

ranges of the variables;

classifying the plurality of live ranges of the variables into

the plurality of queues according to the energy saving
values of the plurality of live ranges of the variables;
and

assigning the plurality of live ranges of the variables in the

plurality of queues into the plurality of registers.

6. The method of claim 1, further comprising:

spilling the plurality of live ranges of the variables into a

computer memory.

7. A computer system of allocating registers for hardware,
comprising:

a hardware processor for allocating registers; and

a memory device coupled to the hardware processor, for

storing a program code instructing the hardware pro-
cessor to perform a process, wherein the process com-
prises:

for each of a plurality of live ranges of variables, calcu-

lating an energy saving value of each of the plurality of
live ranges of the variables;

classifying the plurality of live ranges of the variables into

a plurality of queues according to the energy saving
values of the plurality of live ranges of the variables;
and

assigning the plurality of live ranges of the variables in the

plurality of queues into a plurality of registers;
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wherein the classifying the plurality of live ranges of the
variables into the plurality of queues according to the
energy saving values of the plurality of live ranges of
the variables comprises:
pushing the live range of the variable having the energy
saving value being greater than a threshold value into
a first queue of the plurality of queues; and
pushing the live range of the variable having the energy
saving value being equal to or less than the threshold
value into a second queue of the plurality of queues;
wherein the calculating the energy saving value of each of
the plurality of live ranges of the variables comprises
calculating the energy saving value of the each of the
plurality of live ranges of the variables according to at
least one of read/write access energy associated with
the plurality of registers, read/write access counts asso-
ciated with the plurality of registers and a length of the
each of the plurality of live ranges of the variables;
wherein the plurality of live ranges of the variables in the
first queue is sorted in a decreasing order of the energy
saving values, and the plurality of live ranges of the
variables in the second queue is sorted in the decreasing
order of the lengths of the live ranges of the variables;
and

wherein the assigning the plurality of live ranges of the

variables in the plurality of queues into a plurality of

registers comprises:

assigning the live ranges of the variables in the first
queue into the plurality of registers and assigning the
live ranges of the variables in the second queue into
the plurality of the registers when the first queue is
empty.

8. The computer system of claim 7, further comprising:

evicting the plurality of live ranges of the variables with

lower energy saving value from the first queue, which
are already assigned into the plurality of registers.

9. The computer system of claim 8, wherein the evicting
the plurality of live range variables with lower energy saving
value from the first queue, which are already assigned into
the plurality of registers comprises:

comparing the energy saving value of the live ranges of

the variables which are already assigned from the first
queue to the plurality of registers; and

evicting the live ranges of the variables except one live

range of the variables with a maximum energy saving
value.

10. The computer system of claim 7, further comprising:

splitting one of the plurality of live ranges of the vari-

ables.

11. The computer system of claim 10, wherein the split-
ting one of the plurality of live ranges of the variables
comprises:

calculating the energy saving value of the plurality of live

ranges of the variables;

classifying the plurality of live ranges of the variables into

the plurality of queues according to the energy saving
values of the plurality of live ranges of the variables;
and

assigning the plurality of live ranges of the variables in the

plurality of queues into the plurality of registers.

12. The computer system of claim 7, further comprising:

spilling the plurality of live ranges of the variables into a

computer memory.
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