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(54) METHOD OF PROCESSING OPENCL KERNEL AND COMPUTING DEVICE THEREFOR

(57) A multi-core computing device (300) includes a
control core group (320) having first low-level control
cores and a processing core group (360). The control
core group (320) allocates work groups for executing an
Open Computing Language (OpenCL) kernel to the first
low-level control cores and first processing cores among

the processing core group (360). The processing core
group (360) performs processing of the work groups al-
located by the control core group (320) outputs results
of the processing. The control cores are hierarchically
grouped.
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Description

BACKGROUND

1. Technical Field

[0001] The present disclosure relates to a method of
processing an Open Computing Language (OpenCL)
kernel and a computing device for the method.

2. Discussion of Related Art

[0002] Computing devices have been developed to
have a structure in which a plurality of cores or processors
are included in a single integrated circuit so as to satisfy
performance requirements of applications. For example,
a multi-core processor refers to a processor in which two
or more cores having an arithmetic function are integrat-
ed. Many-core processors integrate sixteen or more
cores in a single processor. Multi-core processors and
many-core processors may be included in devices having
multimedia chips and embedded in TVs or portable de-
vices.
[0003] Open Computing Language (OpenCL) is a
framework for writing programs for execution across mul-
tiple platforms. In other words, OpenCL is an open gen-
eral-purpose parallel computing framework for programs
executing across multiple platforms such as general-pur-
pose multi-core central processing units (CPUs), field-
programmable gate arrays (FPGAs), and graphics
processing units (GPUs). OpenCL expands the capabil-
ities of GPUs to areas other than graphics processing.
Thus, various attempts have been made to efficiently
process OpenCL programs using multi-core computing
devices.

SUMMARY

[0004] At least one embodiment of the inventive con-
cept provides a method for processing an Open Com-
puting Language (OpenCL) kernel and a computing de-
vice for the method, wherein a hierarchical control core
group allocates work groups for executing the OpenCL
kernel to a processing core group.
[0005] According to an exemplary embodiment of the
inventive concept, a multi-core computing device in-
cludes: a control core group including first low-level con-
trol cores and a processing core group. The control core
group is configured to allocate work groups for executing
an OpenCL kernel to first low-level control cores and first
processing cores. The processing core group includes
at least one of the first processing cores. The processing
core group is configured to process the work groups al-
located by the control core group and output results of
the processing of the work groups. A plurality of control
cores included in the control core group are hierarchically
grouped according to a number of the first processing
cores to which the work groups are allocated by the con-

trol cores.
[0006] According to an exemplary embodiment of the
inventive concept, a method of processing an OpenCL
kernel includes: allocating, by a control core group, work
groups for executing an OpenCL kernel to first low-level
control cores and first processing cores; processing, by
a processing core group including at least one of the first
processing cores, the allocated work groups; and output-
ting, by the processing core group, results of the process-
ing of the work groups. A plurality of control cores of the
control core group are hierarchically grouped according
to a number of the first processing cores to which the
work groups are allocated by the control cores.
[0007] According to an exemplary embodiment of the
inventive concept, there is provided a non-transitory com-
puter-readable recording medium on which a method of
executing the OpenCL kernel processing method on a
computer is recorded.
[0008] According to an exemplary embodiment of the
inventive concept, a multi-core computing device in-
cludes a processing core group having a plurality of first
processing cores and a plurality of second processing
cores, a root control core configured to receive informa-
tion about execution of an OpenCL kernel from a host
processor, the information indicating work groups for ex-
ecuting the OpenCL kernel, a first leaf control core con-
nected between the root control core and the first
processing cores, and a second leaf control core con-
nected between the root control core and the second
processing cores. The root control core sends a first part
of the work groups to the first leaf control core and a
second part of the work groups to the second intermedi-
ate control core.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Embodiments of the inventive concept will be
more clearly understood from the following detailed de-
scription taken in conjunction with the accompanying
drawings in which:

FIG. 1 is a view illustrating an OpenCL platform;
FIG. 2 is a block diagram illustrating a computing
device according to an exemplary embodiment of
the inventive concept;
FIG. 3 is a block diagram illustrating a computing
device according to an exemplary embodiment of
the inventive concept;
FIG. 4 is a view illustrating the number of processing
cores to which work groups are allocated by control
cores, according to an exemplary embodiment of the
inventive concept;
FIG. 5 is a view illustrating a method of dynamically
allocating work groups for executing an OpenCL ker-
nel, according to an exemplary embodiment of the
inventive concept;
FIG. 6 is a view illustrating a computing device ac-
cording to an exemplary embodiment of the inventive

1 2 



EP 3 343 370 A1

3

5

10

15

20

25

30

35

40

45

50

55

concept;
FIG. 7 is view illustrating a leaf control core and
processing cores, according to an exemplary em-
bodiment of the inventive concept;
FIG. 8 is a view illustrating an OpenCL kernel code
executed on processing cores, according to an ex-
emplary embodiment of the inventive concept;
FIG. 9 is a view illustrating a computing device ac-
cording to an exemplary embodiment of the inventive
concept;
FIG. 10 is a view illustrating a buffer according to an
exemplary embodiment of the inventive concept;
FIG. 11 is a view illustrating an OpenCL kernel code
executed on processing cores in a case in which a
buffer is added, according to an exemplary embod-
iment of the inventive concept;
FIG. 12 is a view illustrating an OpenCL kernel code
for processing OpenCL work groups when a buffer
is added, according to an exemplary embodiment of
the inventive concept;
FIGS. 13 and 14 are tables illustrating experimental
conditions for evaluating the performance of com-
puting devices according to exemplary embodi-
ments of the inventive concept;
FIG. 15 is a view illustrating results of an evaluation
of the performance of computing devices according
to exemplary embodiments of the inventive concept;
FIG. 16 is a flowchart illustrating a method of
processing an OpenCL kernel, according to an ex-
emplary embodiment of the inventive concept; and
FIG. 17 is a flowchart illustrating a method of
processing an OpenCL kernel, according to an ex-
emplary embodiment of the inventive concept.

DETAILED DESCRIPTION OF THE EXEMPLARY EM-
BODIMENTS

[0010] Reference will now be made in detail to exem-
plary embodiments of the inventive concept, examples
of which are illustrated in the accompanying drawings,
wherein like reference numerals refer to like elements
throughout. In this regard, the present exemplary em-
bodiments may have different forms and should not be
construed as being limited to the descriptions set forth
herein.
[0011] In the following descriptions of the exemplary
embodiments, when a portion or element is referred to
as being connected to another portion or element, the
portion or element may be directly connected to the other
portion or element, or may be electrically connected to
the other portion or elements with intervening portions or
elements being therebetween. In the descriptions of the
embodiments, terms such as unit or module are used to
denote a unit having at least one function or operation
and implemented with hardware, software, or a combi-
nation of hardware and software.
[0012] Hereinafter, exemplary embodiments will be
described with reference to the accompanying drawings.

[0013] FIG. 1 is a view illustrating an Open Computing
Language (OpenCL) platform 100.
[0014] OpenCL is one of a number of programming
languages for realizing operations of heterogeneous
compute devices simultaneously. Thus, programs writ-
ten in OpenCL may be executed across multiple plat-
forms.
[0015] Referring to FIG. 1, the OpenCL platform 100
includes a host processor 110 and at least one computing
device such as computing devices 120 to 140.
[0016] The host processor 110 may be a processor on
which a host program is executed and may define a work
space for executing a kernel. Here, the work space may
be divided into work groups each including a plurality of
work items. Each work item is a point of the work space
that is the smallest unit of work. For example, the host
processor 110 may be a general-purpose central
processing unit (CPU). However, the host processor 110
is not limited thereto.
[0017] In an embodiment, the kernel includes kernel
code such as a multi-thread program code. The kernel
code may include one or more statements. A statement
is an individual instruction or significant expression which
composes a program, and may include an instruction se-
quence. In a multi-threaded program execution model,
an execution domain is divided into multiple work items
so that a kernel code may be executed with respect to
each work item. In an embodiment, each work item is
executed in a separate software thread. In an embodi-
ment, some work items are synchronized for sharing da-
ta. The work items to be synchronized may be classified
into one work group. The execution domain of a multi-
thread program can be divided into a plurality of work
groups.
[0018] The computing devices 120 to 140 may include
at least one compute device such as compute devices
121 and 122. In addition, the compute devices 121 and
122 may include at least one processing element (PE)
such as PEs 10 to 40. The compute devices 121 and 122
may be units for processing work groups, and the PEs
10 to 40 may be units for processing work items. For
example, the compute devices 121 and 122 may process
a work group received from the host processor 110, and
the PEs 10 to 40 may process work items included in the
work group. Therefore, the work items of the work group
may be processed in parallel by the PEs 10 to 40. Each
of the computing devices 120 to 140 may be a many-
core processor or multi-core processor. However, the
computing devices 120 to 140 are not limited thereto.
The computing devices 120 to 140 may be any processor
including at least one core. In an embodiment, each com-
pute device is a core and each PE is a hardware thread
capable of processing a software thread.
[0019] An OpenCL program may include one host pro-
gram and at least one kernel. The host program may be
executed by the host processor 110 and may order the
compute devices 120 to 140 to perform a calculation by
sending commands through the host processor 110 or
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may manage memories of the compute devices 120 to
140. Here, the kernel refers to a program executed on
the compute devices 120 to 140 and may be referred to
as an OpenCL kernel or a kernel code.
[0020] When a kernel is executed on a computing de-
vice including a plurality of cores, each core may corre-
spond to a compute device such as the compute devices
121 and 122. In other words, cores of a computing device
may process work groups allocated thereto, and process-
ing elements, such as the PEs 10 to 40, included in the
cores may process work items included in the work
groups.
[0021] A computing device may receive work groups
from the host processor 110. For example, the host proc-
essor 110 may dynamically allocate work groups to cores
according to results of processing of work groups in the
cores. In an embodiment, the host processor 110 in-
cludes a work distribution manager for dynamically allo-
cating work groups.
[0022] However, if a work distribution manager dynam-
ically allocates work groups to a plurality of cores, the
amount of distribution work (e.g., overhead) that the work
distribution manager carries out may increase according
to the number of the cores, and thus the performance of
a computing device may decrease. In addition, if a work
distribution manager statically allocates work groups to
a plurality of cores, the work groups may be processed
at different times, and thus the operational efficiency of
a computing device may decrease. In addition, if the host
processor 110 includes a work distribution manager, the
host processor 110 may be heavily burdened.
[0023] If a core of a computing device is used as a work
distribution manager, the core is not used to process work
items. Therefore, a method of effectively allocating work
groups is required for the case in which an OpenCL kernel
is executed on a computing device having a plurality of
cores.
[0024] FIG. 2 is a block diagram illustrating a comput-
ing device 200 according to an exemplary embodiment
of the inventive concept.
[0025] The computing device 200 according to the em-
bodiment may include a plurality of cores, and the cores
may be grouped into a control core group 210 and a
processing core group 220. The computing device 200
may further include general-purpose elements in addition
to the elements illustrated in FIG. 2.
[0026] The computing device 200 illustrated in FIG. 2
may correspond to the computing devices 120 to 140
illustrated in FIG. 1.
[0027] The control core group 210 is a group of control
cores allocating work groups for executing an OpenCL
kernel to low-level control cores and processing cores.
The specifications of the control cores may be the same
as those of the processing cores. However, the control
cores are not limited thereto.
[0028] The processing core group 220 is a group of
processing cores configured to process work groups al-
located by the control core group 210 and output results

of the processing. In an embodiment, each of the
processing cores includes at least one processing ele-
ment. For example, the processing cores may corre-
spond to cores of a many-core processor. However, the
processing cores are not limited thereto.
[0029] In an embodiment, the control cores of the con-
trol core group 210 are hierarchically grouped according
to the number of the processing cores to which work
groups are allocated by the control cores. An example
of a hierarchical grouping of the control core group 210
will be described with reference to FIG. 3.
[0030] FIG. 3 is a block diagram illustrating a comput-
ing device 300 according to an exemplary embodiment
of the inventive concept.
[0031] Referring to FIG. 3, the computing device 300
includes a control core group 320 and a processing core
group 360. The control core group 320 includes a root
control core 330 and a leaf control core group 350. In
addition, the computing device 300 may further include
an intermediate control core group 340 according to the
hierarchy of the control core group 320. The processing
core group 360 shown in FIG. 3 corresponds to the
processing core group 220 shown in FIG. 2, and thus a
detailed description of the processing core group 360 is
not provided here.
[0032] In an embodiment, when the root control core
330 receives information about execution of an OpenCL
kernel, the root control core 330 allocates work groups
to low-level control cores. In FIG. 3, control cores below
the root control core 330 are indicated as being in the
intermediate control core group 340. The control cores
below the root control core 330 may be included in at
least one of the intermediate control core group 340 and
the leaf control core group 350 according to the hierarchy
of the control core group 320.
[0033] In an embodiment, the root control core 330 re-
ceives information about execution of an OpenCL kernel
from a host processor 310. For example, when an Open-
CL kernel is executed, the host processor 310 may gen-
erate information about the execution of the OpenCL ker-
nel and transmit the information to the root control core
330. The information about the execution of the OpenCL
kernel may include at least one of the total number of
work groups for executing the OpenCL kernel and infor-
mation about applications included in the OpenCL kernel.
[0034] The leaf control core group 350 may include a
plurality of leaf control cores configured to receive infor-
mation about work groups allocated by high-level control
cores and allocate the work groups to processing cores.
In FIG. 3, control cores above the leaf control core group
350 are indicated as being in the intermediate control
core group 340. However, each control core above the
leaf control core group 350 may be at least one of the
root control core 330 and a control core of the interme-
diate control core group 340 according to the hierarchy
of the control core group 320.
[0035] The intermediate control core group 340 may
include a plurality of intermediate control cores and be

5 6 



EP 3 343 370 A1

5

5

10

15

20

25

30

35

40

45

50

55

configured to receive information about work groups al-
located by the root control core 330 and allocate the work
groups to the leaf control core group 350. In addition, the
intermediate control core group 340 may be arranged
into a plurality of levels. Referring to FIG. 3, the interme-
diate control cores may be hierarchically grouped accord-
ing to the number of processing cores to which work
groups are allocated by the intermediate control cores.
In this case, high-level intermediate control cores 341
allocate work groups to low-level intermediate control
cores 342.
[0036] FIG. 4 is a view illustrating the number of
processing cores to which work groups are allocated by
control cores, according to an exemplary embodiment of
the inventive concept.
[0037] According to the embodiment, the control cores
of the control core group 210 are hierarchically grouped
according to the number of processing cores to which
work groups are allocated by the control cores.
[0038] FIG. 4 is a view illustrating a processing core
group including 8x8 processing cores. Referring to FIG.
4, processing cores 410 to which work groups are allo-
cated by the root control core 330 are all the processing
cores of the processing core group.
[0039] One intermediate control core may allocate
work groups to some of processing cores 420 of the
processing core group. For example, in the case shown
in FIG. 4, if the intermediate control core group 340 in-
cludes four intermediate control cores, the number of
processing cores to which one intermediate control core
can allocate work groups may be sixteen. The number
of processing cores to which one intermediate control
core allocates work groups may be different from the
number of processing cores to which another intermedi-
ate control core allocates work groups. For example,
when 64 processing cores and 4 intermediate control
cores are available, rather than each intermediate control
core allocating work groups to 16 processing cores, one
intermediate control core could allocate work groups to
15 processing cores while another intermediate control
core allocates work groups to 17 processing cores.
[0040] In an embodiment, a leaf control core receives
information about work groups allocated by high-level
control cores and may directly allocate the work groups
to the processing cores. For example, one leaf control
core may allocate work groups to some of processing
cores 430 of the processing cores 420 to which work
groups are allocated by one intermediate control core.
That is, the number of processing cores to which work
groups are allocated by one leaf control core is less than
the number of processing cores to which work groups
are allocated by one intermediate control core. For ex-
ample, if an intermediate control core is managing 16
processing cores, a leaf control core might only manage
4 processing cores.
[0041] In addition, according to an embodiment of the
inventive concept, since leaf control cores allocate work
groups to processing cores adjacent thereto, work

groups exhibiting locality may be allocated according to
the locality with low overhead.
[0042] In addition, since the computing device 200 of
the embodiment includes the control core group 210 in
addition to the processing core group 220, all processing
cores may process work groups. In addition, since the
control core group 210 is hierarchically organized, dy-
namic allocation of work groups may be efficiently per-
formed. A method of dynamically allocating work groups
using hierarchically grouped control cores will now be
described with reference to FIG. 5.
[0043] FIG. 5 is a view illustrating a method of dynam-
ically allocating work groups for executing an OpenCL
kernel, according to an embodiment of the inventive con-
cept.
[0044] According to the embodiment, a control core
group re-allocates work groups to other low-level control
cores and other processing cores according to results of
processing of work groups by low-level control cores and
processing cores. A host processor 510 shown in FIG. 5
corresponds to the host processor 310 shown in FIG. 3,
and thus a detailed description thereof will be omitted. A
computing device 520 shown in FIG. 5 may correspond
to the computing device 300 shown in FIG. 3.
[0045] Referring to FIG. 5, if a work group allocated to
a processing core 560 is completely processed, a work
group that has been allocated to another processing core
may be re-allocated to the processing core 560 by a leaf
control core 550. In addition, the leaf control core 550
may send a request for an additional work group to an
intermediate control core 540. In this case, the leaf control
core 550 may receive a request for an additional work
group from the processing core 560 or may periodically
check processing of a work group in the processing core
560 to determine whether the work group allocated to
the processing core 560 is completely processed.
[0046] If a work group allocated to the leaf control core
550 is completely processed, a work group that has been
allocated to another leaf control core may be re-allocated
to the leaf control core 550 by the intermediate control
core 540. In addition, the intermediate control core 540
may send a request for an additional work group to a root
control core 530.
[0047] For example, if a first processing core has fin-
ished processing a first workgroup and a second
processing core is still processing a second workgroup,
instead of waiting for the second processing core to com-
plete processing of the second work group, the leaf con-
trol core associated with the second processing core can
send a third workgroup to the first processing core even
though the third workgroup was scheduled to be next
processed on the second processing core. The leaf con-
trol core associated with the second processing core may
determine that the first processing core can handle this
assignment after being notified by an intermediate control
core that receives a request from the leaf control core
associated with the first processing core. The leaf control
core associated with the first processing core may send
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the request in response to a request from the first
processing core for an additional workgroup after com-
pleting the first process.
[0048] If a work group allocated to the intermediate
control core 540 is completely processed, a work group
that has been allocated to another intermediate control
core may be re-allocated to the intermediate control core
540 by the root control core 530.
[0049] In addition, when work groups for executing an
OpenCL kernel are processed, if the root control core
530 receives information about execution of a new Open-
CL kernel from the host processor 510, the root control
core 530 may re-allocate work groups allocated to a
processing core group.
[0050] In an embodiment, the intermediate control core
540 illustrated in FIG.5 is omitted, and thus the root con-
trol core 530 communicates directly with the leaf control
core 560. For example, in this embodiment, the leaf con-
trol core 560 forwards a request from the processing core
560 for an additional work group to the root control core
530.
[0051] FIG. 6 is a view illustrating a computing device
630 according to an exemplary embodiment of the inven-
tive concept.
[0052] Referring to FIG. 6, the computing device 630
is connected to a host processor 610 and a memory 620.
In addition, the computing device 630 includes a root
control core 631, leaf control cores 633, and processing
cores 634. According to the hierarchy of a control core
group, the computing device 630 may further include in-
termediate control cores 632.
[0053] Referring to FIG. 6, the root control core 631 is
connected to the intermediate control cores 632. There-
fore, the root control core 631 may transmit information
about work groups allocated to the processing cores 634
to the intermediate control cores 632 or the leaf control
cores 633 instead of directly accessing the processing
cores 634 to allocate work groups. Since the intermediate
control cores 632 are connected to the leaf control cores
633, the intermediate control cores 632 may transmit in-
formation about work groups allocated to some process-
ing cores of a processing core group to the leaf control
cores 633. Since the leaf control cores 633 are connected
to the processing cores 634, the leaf control cores 633
may directly transmit information about allocated work
groups to the processing cores 634.
[0054] Since the root control core 631 is connected to
the host processor 610, the root control core 631 may
receive information about work groups generated when
an OpenCL kernel is executed. In addition, cores of the
control core group and the processing core group may
receive information necessary for allocating and
processing work groups from the memory 620.
[0055] FIG. 7 is a view illustrating a computing device
700 including a leaf control core 730 and processing
cores 710, according to an exemplary embodiment of the
inventive concept.
[0056] According to the embodiment, the leaf control

core 730 allocates work groups to the processing cores
710. For example, referring to FIG. 7, the leaf control
core 730 may be connected to four processing cores 710
to directly allocate work groups to the processing cores
710 and receive results of work group processing or a
request for additional work groups.
[0057] In addition, each of the processing cores 710
may include a core 711 configured to process work
groups, and a router 712 for communication with external
devices. In an embodiment, the processing cores 710
are connected to an external router 720 through the rout-
ers 712, and the external router 720 is connected to the
leaf control core 730. Therefore, the processing cores
710 may receive information about work groups from the
leaf control core 730. In FIG. 7, each of the processing
cores 710 includes one core 711. However, the number
of cores included in each of the processing cores 710 is
not limited thereto.
[0058] The routers 712 and the external router 720 may
communicate with each other by a network on chip (NoC)
communication method or a bus communication method.
However, communication between the routers 712 and
the external router 720 is not limited thereto.
[0059] In addition, referring to FIG. 7, the leaf control
core 730 may allocate work groups to four processing
cores 710. However, the number of processing cores to
which the leaf control core 730 allocates work groups is
not limited thereto.
[0060] FIG. 8 illustrates an OpenCL kernel code exe-
cuted on processing cores, according to an exemplary
embodiment of the inventive concept.
[0061] The OpenCL kernel code shown in FIG. 8 is for
adding elements of a matrix (a) and elements of a matrix
(b) and storing results thereof in a matrix (c). Since the
matrices (a) and (b) are two-dimensional matrices, a two-
dimensional work group space may be used to execute
the OpenCL kernel code shown in FIG. 8. In other words,
elements of the matrices (a) and (b) may be work items
which are points of a work space.
[0062] If the OpenCL kernel code shown in FIG. 8 is
executed on the computing device 630 shown in FIG. 6,
the processing cores 634 may access the memory 620
to read elements of the matrices (a) and (b). Here,
get_global_id() is a function for reading indexes of a ker-
nel code. Therefore, when the processing cores 634 ex-
ecute the OpenCL kernel code shown in FIG. 8, a plurality
of work items may be processed in parallel. However,
since it is necessary to repeatedly access the memory
620 to read the work items, the time necessary for
processing the OpenCL kernel code may increase.
[0063] FIG. 9 is a view illustrating a computing device
920 according to an exemplary embodiment of the inven-
tive concept.
[0064] The computing device 920 of the embodiment
may further include buffers such as first and second buff-
ers 965 and 970 to store information about work groups.
Since the computing device 920 includes the buffers, the
computing device 920 may read information about work
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groups from the buffers and thus may access memory
relatively fewer times. A host processor 910 and a root
control core 930 shown in FIG. 9 correspond to the host
processor 510 and the root control core 530 shown in
FIG. 5, and thus detailed descriptions thereof will be omit-
ted.
[0065] Referring to FIG. 9, a leaf control core 950 and
a processing core 960 are connected to the second buffer
970. In an embodiment, the second buffer 970 receives
from the leaf control core 950 the number and the iden-
tifications (IDs) of work groups allocated to the process-
ing core 960 and stores the number and the IDs of work
groups. Therefore, the leaf control core 950 may check
results of processing of work groups in the processing
core 960 by reading information about work groups allo-
cated to the processing core 960 from the second buffer
970, instead of accessing memory. If the leaf control core
950 determines that a work group allocated to the
processing core 960 is completely processed, the leaf
control core 950 may re-allocate a work group that has
been allocated to another processing core to the process-
ing core 960. In an embodiment, the second buffer 970
is included in the processing core 960 and is connected
to the leaf control core 950 through a router of the
processing core 960. However, the position of the second
buffer 970 is not limited thereto.
[0066] In an embodiment, an intermediate control core
940 and the leaf control core 950 are connected to the
first buffer 965. In an embodiment, the first buffer 965
receives, from the intermediate control core 940, the
number and the IDs of work groups allocated to the leaf
control core 950, and stores the number and the IDs of
work groups. Therefore, the intermediate control core
940 may check results of processing of work groups in
the leaf control core 950 by reading information about
work groups allocated to the leaf control core 950 from
the first buffer 965, instead of accessing memory. If the
intermediate control core 940 determines that a work
group allocated to the leaf control core 950 is completely
processed, the intermediate control core 940 may re-al-
locate a work group that has been allocated to another
leaf control core to the leaf control core 950. In an em-
bodiment, the first buffer 965 is included in the leaf control
core 950. However, the position of the first buffer 965 is
not limited thereto.
[0067] In FIG. 9, the computing device 920 includes
two buffers, that is, the first and second buffers 965 and
970. However, the number of buffers of the computing
device 920 is not limited thereto.
[0068] FIG. 10 is a view illustrating a buffer 1030 ac-
cording to an exemplary embodiment of the inventive
concept. The first buffer 965 or the second buffer 970 of
FIG. 9 may be implemented by the buffer 1030 of FIG. 10.
[0069] Referring to FIG. 10, the buffer 1030 is connect-
ed to a leaf control core 1010 and a processing core
1020. In addition, the buffer 1030 stores the number and
the IDs of work groups allocated to the processing core
1020.

[0070] In an embodiment, the leaf control core 1010
allocates work groups to the processing core 1020 and
then sends the IDs and the number of the work groups
allocated to the processing core 1020 to the buffer 1030.
After processing a work group, the processing core 1020
may access the buffer 1030 to update the number of work
groups allocated to the processing core 1020. Therefore,
the leaf control core 1010 may check results of process-
ing work groups in the processing core 1020 by accessing
the buffer 1030 instead of accessing memory. For exam-
ple, the processing core 1030 could decrement the
number of allocated work groups after completing
processing of a workgroup.
[0071] FIG. 11 illustrates an OpenCL kernel code ex-
ecuted on processing cores of a computing device in-
cluding a buffer, according to an exemplary embodiment
of the inventive concept.
[0072] The OpenCL kernel code shown in FIG. 11 is a
code using the buffer 1030 to perform the same function
as the function of the OpenCL kernel code shown in FIG.
8. In other words, the OpenCL kernel code is executed
on the processing core 1020 to which the buffer 1030 is
added, so as to add elements of matrices (a) and (b) and
store results of the addition in a matrix (c).
[0073] Referring to FIG. 11, read_wg_id() is a function
for reading, from the buffer 1030, the IDs of work groups
allocated to the processing core 1020. Therefore, since
the OpenCL kernel code uses the IDs of work groups
stored in the buffer 1030 as indexes by using the function
read_wg_id(), the processing core 1020 may process
work groups in parallel without accessing memory.
[0074] FIG. 12 illustrates an OpenCL kernel code for
executing OpenCL work groups when a computing de-
vice includes a buffer, according to an exemplary em-
bodiment of the inventive concept.
[0075] According to the embodiment, if the processing
core 1020 includes one or more processing elements,
and the number of the processing elements is less than
the number of work items of a work group, a computing
device converts an OpenCL kernel so that the processing
elements serialize the work items and sequentially per-
form the work items.
[0076] For example, if the number of processing ele-
ments is less than the number of work items of a work
group, each of the processing elements may process a
plurality of work items. In this case, whenever each of
the processing elements completely processes a work
item allocated thereto, the processing element may store
information about the completely processed work item in
memory and switch to the next work item. Therefore,
when a processing element processes a plurality of work
items, the number of times the processing element ac-
cesses memory may increase.
[0077] The computing device may convert the OpenCL
kernel code, based on a work item coalescing method,
so as to enable each processing element to process a
plurality of work items in series, and thus to reduce the
number of times the processing element accesses mem-
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ory. In an embodiment, an iterative statement is enclosed
in the kernel code so that the kernel code may be exe-
cuted a number of times equal to the number of work
items to be serialized. The iterative statement may be
referred to as a work-item coalescing loop (WCL) or a
thread loop.
[0078] Referring to FIG. 12, read_num_wgs() is a func-
tion for reading, from the buffer 1030, the number of work
groups allocated in succession to the processing core
1020.
[0079] Therefore, since the OpenCL kernel code
shown in FIG. 12 sets indexes based on the functions
read_wg_id() and read_num_wgs() for reading informa-
tion from the buffer 1030, the number of times the
processing core 1020 accesses memory may be re-
duced. In addition, since a loop surrounds the OpenCL
kernel code, it is not necessary to call the OpenCL kernel
code each time a work item is executed. That is, a plurality
of work items may be sequentially performed by calling
the OpenCL kernel code just once. Therefore, the
number of times the processing core 1020 accesses
memory may be reduced as compared to a case in which
the work item coalescing method is not used.
[0080] FIGS. 13 and 14 are tables illustrating experi-
mental conditions for evaluating the performance of com-
puting devices according to exemplary embodiments of
the inventive concept.
[0081] FIG. 13 is a table showing delay times neces-
sary for computing devices provided according to an em-
bodiment to allocate work groups when different sched-
uling methods are applied to the computing devices. A
processing core group of each of the computing devices
includes ninety-six processing cores, and a control core
group of each of the computing devices includes a root
control core, four intermediate control cores, and sixteen
leaf control cores. In an embodiment, the control cores
operate at a clock frequency of 50 MHz, and the process-
ing cores operate at a clock frequency of 500 MHz.
[0082] In FIG. 13, Concentrated Scheduling refers to
a scheduling method in which a control core dynamically
allocates work groups to all processing cores. In addition,
Distributed Scheduling refers to a scheduling method in
which hierarchically grouped control cores dynamically
allocate work groups to processing cores. In addition,
Hardware Support refers to whether the computing de-
vices include a buffer.
[0083] Referring to FIG. 13, the delay time of a com-
puting device to which the distributed scheduling method
is applied is shorter than the delay time of a computing
device to which the concentrated scheduling method is
applied. That is, it may be understood that a time neces-
sary for hierarchically grouped control cores to dynami-
cally allocate work groups to ninety-six processing cores
is shorter than a time necessary for a single control core
to dynamically allocate work groups to ninety-six
processing cores.
[0084] In addition, when the same scheduling method
is applied, the delay time of a computing device including

a buffer is shorter than the delay time of a computing
device including no buffer. Therefore, it may be under-
stood that since the number of times the computing de-
vice including a buffer accesses memory is relatively
small, the delay time necessary for the computing device
to process work groups is relatively short.
[0085] Referring to FIG. 14, four different applications
are executed to evaluate the performance of computing
devices. For example, a PI estimation application takes
a longer time to process allocated work groups than other
applications. The applications, Small buffer copy and Big
buffer copy, access memory more times than the other
applications. In addition, an SpMV application irregularly
accesses memory, and time periods necessary for the
SpMV application to process allocated work groups are
not uniform.
[0086] FIG. 15 is a graph illustrating results of an eval-
uation of the performance of computing devices accord-
ing to exemplary embodiments of the inventive concept.
[0087] FIG. 15 illustrates results of measurements of
scheduling performance of computing devices with re-
spect to execution of the four applications on the com-
puting devices, the results being normalized based on
an ideal scheduling performance.
[0088] Referring to FIG. 15, the scheduling perform-
ance of computing devices to which the concentrated
scheduling method is applied is lower than the scheduling
performance of computing devices to which the distrib-
uted scheduling method is applied. For example, in the
case of the SpMV application, the scheduling perform-
ance of the computing device to which the concentrated
scheduling method is applied is markedly different from
the scheduling performance of the computing device to
which the distributed scheduling method is applied.
[0089] In addition, the scheduling performance of com-
puting devices to which buffers are added and the dis-
tributed scheduling method is applied is higher than the
scheduling performance of the computing devices to
which only the distributed scheduling method is applied.
For example, a large scheduling performance difference
may be caused by the addition of buffers in the cases of
the Small buffer copy and Big buffer copy applications
that access memory relatively many times.
[0090] FIG. 16 is a flowchart illustrating a method of
processing an OpenCL kernel according to an exemplary
embodiment of the inventive concept.
[0091] In operation 1610, a control core group 320 al-
locates work groups for executing an OpenCL kernel to
low-level control cores and processing cores. A plurality
of control cores of the control core group 320 may be
hierarchically grouped according to the number of
processing cores to which work groups are allocated by
the control cores.
[0092] For example, the control core group 320 may
include a root control core 330 and a leaf control core
group 350.
[0093] If the root control core 330 receives information
about execution of an OpenCL kernel, the root control

13 14 



EP 3 343 370 A1

9

5

10

15

20

25

30

35

40

45

50

55

core 330 may allocate work groups to low-level control
cores and may send information about the allocated work
groups to the low-level control cores. The leaf control
core group 350 may include at least one leaf control core
and may be configured to receive information about work
groups allocated by high-level control cores and allocate
the work groups to processing cores.
[0094] In addition, the control core group 320 may fur-
ther include an intermediate control core group 340 in-
cluding a plurality of intermediate control cores and con-
figured to receive information about work groups allocat-
ed by the root control core 330 and allocate the work
groups to the leaf control core group 350.
[0095] According to an exemplary embodiment, if the
intermediate control cores are hierarchically grouped ac-
cording to the numbers of processing cores to which work
groups are allocated by the intermediate control cores,
high-level intermediate control cores allocate work
groups to low-level control cores in operation 1610.
[0096] In operation 1620, a processing core group 360
including at least one processing core processes the
work groups allocated by the control core group 320.
[0097] In operation 1630, the processing core group
360 outputs results of processing of the work groups.
[0098] FIG. 17 is a flowchart illustrating a method of
processing an OpenCL kernel according to an exemplary
embodiment of the inventive concept.
[0099] FIG. 17 illustrates a method of processing an
OpenCL kernel using the computing device 300 de-
scribed with reference to FIG. 16. However, the OpenCL
kernel processing method may vary according to the con-
figuration of the computing device 300. In addition, op-
erations 1720, 1730, and 1740 shown in FIG. 17 corre-
spond to operations 1610, 1620, and 1630 shown in FIG.
16, and thus detailed descriptions thereof will be omitted.
[0100] In operation 1710, upon execution of an Open-
CL kernel, the root control core 330 receives information
about the execution generated by the host processor
310. For example, the root control core 330 may receive
information about execution of a new OpenCL kernel
while processing work groups for executing an OpenCL
kernel, and in this case, the root control core 330 may
re-allocate work groups allocated to the processing core
group 360. Here, information about execution of an
OpenCL kernel may include the total number of work
groups for executing the OpenCL kernel and information
about applications included in the OpenCL kernel.
[0101] In addition, according to the embodiment, after
the control core group 320 allocates work groups to the
processing core group 360, the method of processing an
OpenCL kernel may further include: the host processor
310 stopping the execution of the OpenCL kernel, and
also collecting and outputting results of the allocation of
the work groups.
[0102] In addition, according to the embodiment, the
method of processing an OpenCL kernel may further in-
clude storing information about work groups in a buffer.
Here, the information about work groups may include the

IDs and the number of work groups allocated to low-level
control cores and processing cores.
[0103] In operation 1750, the control core group 320
re-allocates work groups allocated to other low-level con-
trol cores and other processing cores according to output
results of work group processing. For example, according
to results of work group processing by intermediate con-
trol cores or leaf control cores, the root control core 330
may re-allocate work groups allocated to other interme-
diate control cores or other leaf control cores. In addition,
according to results of work group processing by low-
level intermediate control cores or leaf control cores, the
intermediate control cores may re-allocate work groups
allocated to other low-level intermediate control cores or
other leaf control cores. In addition, according to results
of work group processing by processing cores, the leaf
control cores may re-allocate work groups allocated to
other processing cores.
[0104] As described above, according to one or more
of the above embodiments, since control cores for allo-
cating work groups to processing cores are hierarchically
grouped, work groups may be efficiently distributed.
[0105] At least one of the embodiments may be imple-
mented in the form of non-transitory recording media
storing instructions, executable on computers, such as
program modules. Non-transitory computer readable
media may be any non-transitory media accessible by a
computer, such as volatile media, non-volatile media,
separable media, or non-separable media. Examples of
computer storage media include volatile media, non-vol-
atile media, separable media, and non-separable media
implemented by any method or technique for storing data
such as computer instructions, data structures, or pro-
gram modules.
[0106] While one or more embodiments have been de-
scribed with reference to the figures, it will be understood
by those of ordinary skill in the art that various changes
in form and details may be made therein without depart-
ing from the scope of the inventive concept as defined
by the appended claims.

Claims

1. A multi-core computing device comprising:

a control core group (210; 320) comprising first
low-level control cores, the control core group
(210; 320) configured to allocate work groups
for executing an Open Computing Language
(OpenCL) kernel to the first low-level control
cores and first processing cores; and
a processing core group (220; 360) comprising
at least one of the first processing cores, the
processing core group configured to process the
work groups allocated by the control core group
and output results of the processing of the work
groups,
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wherein a plurality of control cores included in
the control core group (210; 320) are hierarchi-
cally grouped according to a number of the first
processing cores to which the work groups are
allocated by the control cores.

2. The computing device of claim 1, wherein the control
core group (210; 320) comprises:

a root control core (330; 631; 930) configured to
allocate the work groups to the first low-level
control cores upon receiving information about
execution of the OpenCL kernel and transmit
information about the allocated work groups to
the first low-level control cores; and
a leaf control core group (350) comprising at
least one leaf control core (550; 633; 730; 950)
and configured to receive information about
work groups allocated by high-level control
cores of the control core group (210; 320) and
allocate the work groups to the first processing
cores.

3. The computing device of claim 2, wherein the control
core group (210; 320) is configured to re-allocate
work groups allocated to second low-level control
cores of the control core group (210; 320) and sec-
ond processing cores according to results of the
processing of the work groups by the first low-level
control cores and the first processing cores.

4. The computing device of claim 2 or 3, wherein the
control core group (210; 320) further comprises an
intermediate control core group (340) comprising a
plurality of intermediate control cores (341, 342; 540;
632; 940) and configured to receive information
about the work groups allocated by the root control
core (330; 631; 930) and allocate the work groups
to the leaf control core group (350),
wherein the intermediate control cores (341, 342;
540; 632; 940) are hierarchically grouped according
to a number of the first processing cores to which
the work groups are allocated by the intermediate
control cores (341, 342; 540; 632; 940), and high-
level intermediate control cores (341) of the control
core group (210; 320) allocate the work groups to
low-level intermediate control cores (342).

5. The computing device of any one of claims 2 to 4,
wherein as the OpenCL kernel is executed, the root
control core (330; 631; 930) receives information
generated by a host processor (310; 510; 610; 910)
about the execution of the OpenCL kernel.

6. The computing device of claim 5, wherein when the
work groups for executing the OpenCL kernel are
processed, the root control core (330; 631; 930) re-
allocates the work groups allocated to the processing

core group (220; 360) upon receiving information
about execution of a new OpenCL kernel from the
host processor (110; 310; 510; 610; 910).

7. The computing device of claim 5 or 6, wherein after
the control core group allocates the work groups to
the processing core group (220; 360), the host proc-
essor (110; 310; 510; 610; 910) stops the execution
of the OpenCL kernel, and collects and outputs re-
sults of the allocation of the work groups.

8. The computing device of any one of claims 1 to 7,
wherein the first processing cores comprise one or
more processing elements, and
when a number of the processing elements is less
than a number of work items of the work groups, the
first processing cores convert the OpenCL kernel
such that the processing elements serialize the work
items and sequentially execute the work items.

9. The computing device of any one of claims 1 to 8,
further comprising a buffer (965, 970; 1030) config-
ured to store information about the work groups.

10. The computing device of claim 9, wherein the infor-
mation about the work groups comprises at least one
of a number and identifications (IDs) of the work
groups allocated to the first low-level control cores
and the first processing cores.

11. A method of processing an OpenCL kernel, the
method comprising:

allocating, by a control core group (210; 320)
comprising first low-level control cores, work
groups for executing an OpenCL kernel to the
first low-level control cores and first processing
cores;
processing, by a processing core group (220;
360) comprising at least one of the first process-
ing cores, the allocated work groups; and
outputting, by the processing core group (220;
360), results of the processing of the work
groups,
wherein a plurality of control cores of the control
core group (210; 320) are hierarchically grouped
according to a number of the first processing
cores to which the work groups are allocated by
the control cores.

12. The method of claim 11, wherein the control core
group (210; 320) comprises:

a root control core (330; 631; 930) configured to
allocate the work groups to the first low-level
control cores upon receiving information about
execution of the OpenCL kernel and transmit
information about the allocated work groups to
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the first low-level control cores; and
a leaf control core group (350) comprising at
least one leaf control core (550; 633; 730; 950)
and configured to receive information about
work groups allocated by high-level control
cores of the control core group (210; 320) and
allocate the work groups to the first processing
cores.

13. The method of claim 12, further comprising re-allo-
cating, by the control core group (210; 320), work
groups allocated to second low-level control cores
of the control core group (210; 320) and second
processing cores according to the results of the
processing of the work groups.

14. The method of claim 12 or 13, wherein the control
core group (210; 320) further comprises an interme-
diate control core group (340) comprising a plurality
of intermediate control cores (341, 342; 540; 632;
940) and configured to receive information about the
work groups allocated by the root control core (330;
631; 930) and allocate the work groups to the leaf
control core group (350),
wherein if the intermediate control cores (341, 342;
540; 632; 940) are hierarchically grouped according
to a number of the first processing cores to which
the work groups are allocated by the intermediate
control cores (341, 342; 540; 632; 940), the allocat-
ing of the work groups comprises allocating, by high-
level intermediate control cores (341) of the control
core group (210; 320), the work groups to low-level
intermediate control cores (342) of the control core
group (210; 320).

15. The method of any one of claims 12 to 14, further
comprising receiving, by the root control core (330;
631; 930), information generated by a host processor
(310; 510; 610; 910) about execution of the OpenCL
kernel when the OpenCL kernel is executed.

16. The method of claim 15, further comprising re-allo-
cating, by the root control core (330; 631; 930), the
work groups allocated to the processing core group
(220; 360) upon receiving information about execu-
tion of a new OpenCL kernel from the host processor
(110; 310; 510; 610; 910) when the work groups for
executing the OpenCL kernel are processed.

17. The method of any one of claims 11 to 16, wherein
when the first processing cores comprise one or
more processing elements, and a number of the
processing elements is less than a number of work
items of the work groups, the processing of the work
groups comprises converting the OpenCL kernel
such that the processing elements serialize the work
items and sequentially execute the work items.

18. The method of any one of claims 11 to 17, further
comprising storing information about the work
groups in a buffer (965, 970; 1030).

19. The method of claim 18, wherein the information
about the work groups comprises at least one of a
number and IDs of the work groups allocated to the
first low-level control cores and the first processing
cores.

20. A non-transitory computer-readable recording me-
dium on which a method of executing the method of
any one of claims 11 to 19 on a computer is recorded.
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