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(57) Abstract: Embodiments of techniques and systems for execution of
code with multiple page tables are described. In embodiments, a hetero-
genous system utilizing multiple processors may use multiple page tables
to selectively execute appropriate ones of ditferent versions of executable
code. The system may be configured to support use of function pointers to
virtual memory addresses. In embodiments, a virtual memory address may
be mapped, such as during a code fetch, in embodiments, when a pro-
cessor seeks to perform a code fetch using the function pointer, a page
table associated with the processor may be used to translate the virtual
memory address to a physical memory address where code executable by
the processor may be found. Usage of multiple page tables may allow the
system to support function pointers while utilizing only one virtual
memory address for each function that is pointed to. Other embodiments
may be described and claimed.
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EXECUTION USING MULTIPLE PAGE TABLES

Background

Heterogenous computing systems and devices (e.g., systems that use multiple
distinet computing processors hased on difforent instruction set architectures} are used in
many computing scenarios. For example, in some devices, a separate CPU and GPU may
be situated on the same die. In various systems, the computing processors may be
configured to execute fusiructions based on nov-identical fustruction set architectures
{ISAs). The use of heterogenous processors can provide processing, space, and resources
sfficiencies. For example, two processors that lie on the same die may each have access o
a common memory; this shared memory allows the same data to be easy accessed by both
PrOCessors,

However, resource sharing can also lead to problems in some heterogenous
computing systems. One such problem comes when using program languages that support
the use of function pointers, which allow a pointer to a function to be passed as data
between threads, These function pointers arc not frequently well supported {or supported
at all} in traditional systems with heterogenous processors using different ISAs. For
example, if a pointer is created to a function that is written in a first ISA for a first
processor, that same pointer could end up being passed to a thread running on a second
processor. If the second processor attemipts to execute the function pointed to by the
function poiuter, there will usually be an error because the secound processor will attempt
to execute a function written in an unsupported ISA. Some systems attempt to deal with
this by storing two pointers for cach tunction, but this does not work well in all languages,

such as, for example, € and C++.

Brief Description of the Drawings
Embodiments will be readily understood by the following detailed description in
conjunction with the accompanying drawings. To facilitate this description, like reference
numerals designate like structural elements. Embodiments are tllustrated by way of
example, and not by way of lirmitation, in the figures of the accompanying drawings.
Fig. 1 tllustrates an example heterogenous execution system with multiple page
tables, in accordance with various embodiments.

Fig. 2 illustrates an example virtual machime monitor of the heterogenous
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execution system with multiple page tables, in accordance with various embodiments.

Fig. 3 illustrates an example heterogenous execution system with multiple page
tables exccution process, in accordance with various embodiments.

Fig. 4 illustrates an example heterogenous execution s system with multiple page
tables loading process, in accordance with various embodiments.

Fig. 5 illustrates an example heterogenous execution system with multiple page
tables code fetch process, i accordance with various embodiments.

Fig. & tllustrates an example computing environment sutiable for practicing the

disclosure, in accordance with various embodiments,

Betailed Description

In the following detailed description, reference 1s made to the accompanying
drawings which form a part hereof wherein like numcrals designate like parts throughout,
and in which is shown by way of illustration embodiments that may be practiced. ltisto
be understood that other embodiments may be utilized and structural or logical changes
may be made without departing from the scope of the present disclosure. Therefore, the
following detailed description is not to be taken in a limiting sense, and the scope of
embodiments 1s defined by the appended claims and their equivalents,

Various operations may be described as nultiple discrete actions or operations in
turn, in a manner that is most helpful in undersianding the clairued subject matter,
However, the order of description should not be construed as to imply that these
operations are vecessarily order dependent. In particular, these operatious may not be
performed in the order of presentation. Operations described may be performed in a
different order than the described embodiment. Various additional operations may be
performed and/or described operations may be omitted in additional embodiments.

For the purposes of the present disclosure, the phrase “A and/or B” means (A), (B},
or {A and B). For the purposes of the present disclosure, the phrase “A, B, and/or C”
means (A}, (B), (C), (A and B}, (A and C}, (B and C}, or (A, B and ().

The description way use the phrases “in an exoboditoent,” or “in erabodients,”
which may cach refer to one or more of the same or different embodiments. Furthermore,
the terms “comprising,” “including,” “having,” and the like, as used with respect to
embodiments of the present disclosure, are synonymous.

As used herein, the term “module” may refer to, be part of, or include an
Application Specific Integrated Circuit ("ASIC™), an electronic circuit, a processor

~
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{shared, dedicated, or group) and/or memory {shared, dedicated, or group) that execute
one or more software or fitroware programs, a combinational logie cireuit, and/or other
suitable components that provide the described functionality.

Referring to Figure 1, a block diagram 1s shown illustrating a heterogenous
execution system with multiple page tables 100 ("HES 1007). In various embodiments,
the HES 100 may be configured to selectively execute appropriate ones of different
versions of executable code in the heterogenous processor environment. In various
embodiments, the HES 100 may be configured to support use of function pomters to
virtual memory addresses for executable code through the use of multiple page tables.
Thus, in embodiments of the HES 100, a function pointer may inchude a virtual memory
address that 1s mapped, such as by a one of the wultiple page tables, to a physical mersory
address that contains executable code that is executable by the processor utilizing the
function pointer. The mapping may be used during virtual memory address translations,
such as during a code fetch. In embodiments, when another processor of the HES 160
seeks to perform its own code tetch using the function pointer, a sccond page table
associated with the other processor may be used to translate the virtual memory address to
a different physical memory address where code cxecutable by the other processor may be
found. This usage of multiple page tables allows the HES 100 to support function poioters
while utilizing only one virtual memory address for each function that is pointed to.

As dlustrated, wn erabodiruents, a portion of source code 105 (e.g., a function) ruay
be compiled by a compiler 110 nto nultiple versions of executable code (such as
ithastrated versions of executable code 113 and 115). In various embodiments, the
compticr 110 may be configured with knowledge of the HES 100, and in particular of one
or more processors that are used n the HES 100, In embodiments, when the compiler 110
is so configured, the compiler 110 may generate the versions of executable code 113 and
115 to use instructions from the various ISAs of the processors used in the HES 100, For
example, as illustrated in Figure 1, in various embodiments the compiler 110 may compile
a portion of the source code 105 into exccutable code for a CPU (113) as well as
executable code for a GPU (115). In various embodiments, the source code 105 may
comprise main line code and one or more functions; one or more of these functions may
be compiled into the versions of executable code 113 and 115, In alternate embodiments,
the different versions of the executable code may be compiled using different compilers,
such as by software developers, with the compilers targeted for processors of different
{SA.
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The different versions of the executable code 113 and 115 may then be loaded by a
loader 120, which roay, wn various exobodivoents, optiounally be included in the HES 100 or
may be a separate component or module. In various embodiments, the loader 120 may be
configured 1o load the different versions of executable code 113 and 115 mto physical
memory 160. For example, as dlustrated, the different versions of executable code 113
and 115 may be stored in physical mernory at separate sets of physical memory addresses,
such as the illustrated sets EC 1 physical addresses 170 and EC 2 physical addresses 180.
In various embodiments, the loader 120 may also be configured to configure or to
facilitate configuration of page tables (such as Wustrated page tables 140 and 150) to
support various virtual memory address translation activities described hercin, Particular
examples of activities performed by the loader 120 are described below.

In embodiments, the HES 100 may be configured with one or more processors
such as first processor 130 and second processor 135 that are configured to execute
executable code on the HES 100, As discussed above, in various embodiments, first
processor 130 and second processor 135 may be configured to execute instructions based
on different ISAs. Thus, in some embodiments, the first and second processors 130 and
135 may not be configured to execute code written for the other processor. In some
embodiments, the processors way comprise a CPU and a GPU; in other erobodiments,
different processors may be utilized. In varicus embodiments, more than two processors
may be utilized as well.

In various embodiments, the first and second processors 130 and 135 may be
configured to utilize virtual mewmory. In particular, in various embodiments, the first and
second processors 130 and 135 may be associated with multiple page tables, such as page
tables 140 and 150, in order for a virtual memory manager to translate virtual memory
addresses to be accessed by the processors to physical memory addresses. In vartous
embodiments, the muliiple page tables 140 and 150 may be configured to translate one or
more virtnal memory addresses into distinct physical memory addresses that are associated
with code-containing memory regions. Thus, as tllustrated in Figures 1, the page tables
140 and 150 roay cach contain information that executable code 1s to be nominally found
at a specific set of virtual memory addresses (e.g., the set of virtual memory addresses
ithastrated as EC VM addresses 155). However, i various embodiments, the page tables
140 and 150 may cach be configured to translate these virtual memory addresses to
separate physical memory addresses of physical memory locations where the executable
code are actually found. Thus, as illustrated in Figure 1, the page tables 140 and 150 may
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be configured to translate the addresses out of the set of addresses of EC VM addresses
155 to cither the sets of physical uemory addresses EC 1 physical addresses 170 or EC 2
phiysical addresses 180, depending on the page table used for translation. As discussed
above, the use of these multiple page tables by the HES 100 allows multiple versions of
executable code to be selectively used by the HES 100, while stiil allowing for a single
virtual memory address to be used to point to the code, as if there were only one version,

Figure 2 illustrates an example virtual machine monitor 200 (“VMM 200”) of the
HES 100, in accordance with various embodiments. In various embodiments, the VMM
200 way be configured to implernent one or more operations of the HES 100 described
herein. In various embodiments, the VMM 200 may be configured to translate memory
accesses by the first and/or second processors 130 and 135, For example, the first
processor 130 and/or second processor 135 may execute guest software in a virtual
machine (not illustrated) that utilizes virtual merory. As part of operation of the gucst
software, the first processor 130 and/or the second processor 135 may seek to perform
memory accesses at one or more virtual memory addresses. In some embodiments, these
memory accesses may comprise code fetches and/or data accesses.

As illustrated 1 Figore 2, the VMM 200 may include the page tables 140 and 150,
In various emboduments, the page tables 140 and/or 150 may be configured to be
associated with the first and second processors 130 and 135, In some embodiments, either
of' the page tables 140 and 150 may be associated with only a single processor; n other
embodiments, cither or both of the page tables 140 and 150 may be associated with
raultiple processors, In erobodimuents, if a page table s associated with multiple
processors, those processors may be configured to operate according to the same ISA.

In embodiments, the page tables 140 and 150 may be contigured to show a
common set of virtual memory addresses as addressing the same executable code.
Embodiments, of this coramon set of virtual memory addresses 1s demonstrated in Figure
by the set of EC VM addresses 155 that is contained in the same location in each of page
tables 140 and 150. In various embodiments, addresses in the EC VM addresses 155 may
be mapped by cach of the page tables 140 and 150 1uto separate sets of physical merory
addresses, such as EC 1 physical addresses 170 and EC 2 physical addresses 180, As
discussed above, in various embodiments, these sets of physical mewory addresses roay be
determined by a loader 120 that is configured to store various versions of executable code
into physical memory at different locations encompassed by EC 1 physical addresses 170

and EC 2 physical addresses 180
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As discussed above, in various embodiments, while the page tabies 140 and 150
may be configured to map a set of comamon virtual memory addresses for executable code
to separate physical memory addresses. Additionally, in various embodiments, the page
tables 140 and 150 may be configured to map virtual memory addresses assoctated with
data storage to a common set of physical memory addresses. Thus, as illustrated, the page
tables 140 and 150 may be configured to map virtual memory addresses from a set of data
virtual memory addresses 210 to a set of data physical memory addresses 228, In various
embodiments, these data-associated virtual memory addresses may be associated with the
same set of physical roemory addresses by every one of the multiple page tables utilized
by the HES 100. In embodiments, by utilizing page tables 140 and 150 that map data-
associated virtual memory addresses to the same physical wemory addresses, the VMM
200 of the HES 100 may allow the heterogenous first processor 130 and second processor
135 to have access to the same data while still taciltating the usage of function pointers,
such as described above,

Figure 3 illustrates an example HES 100 process 300, in accordance with various
embodiments. In various embodiments, process 300 may be performed to compile, load,
and execute executable code on the HES 100, The process may begin at operation 310,
where the compiler 110 may compile a portion of source code 105 into multiple versions
of executable code, such as versions of executable code 113 and 115, As discussed above,
in various embodiments, cach of the versions of executable code may contain instructions
that are based on a different ISA, and thus may cach be executable by a different processor
in the HES 100, Next, at operation 320, the loader 120 may load the differcnt versions of
the executable code into the HES 100, Particular embodiments of this operation are
discussed below with reference to process 400 of Figure 4, Next, at operation 330, the
HES 100 may selectively execute appropriate versions of the executable code using
multiple page tables. In embodiments, operation 330 may include one or more code
fetches using function pointers. Particular embodiments of these code fetches are
discussed below with reference to process 500 of Figure 5. The process may then end.

Figure 4 ilustrates an example HES 100 process 400, in accordance with variouns
embodiments. The process may begin at operation 420, where the loader 120 may
determine sizes of the different versions of the executable code that were geverated by the
compticr 110. Then, at operation 430, the loader 120 may select virtual memory addresses
to be mapped to the different versions of the executable code based on the sizes
determiined at operation 420, In various embodiments, the loader may be configared to
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select the largest size of the different versions of executable code as a size for the set of
virtual meroory addresses that will be mapped to the versions of the executable code. In
embodiments, by selecting the largest size, the loader 120 may be configured such that the
set of virtual memory addresses is at least as large as any one version of executable code
stored tn physical memory. Additionally, by selecting the largest size, the loader 120 may
better provide for functions to be found consistently at the same virtual memory addresses
by any processor, regardiess of the size of a version of executable code used by that
processor. In embodiments, the set of virtual memory addresses may therefore be padded,
such as when compared to a smaller-sized version of executable code, to reach this
selected.

Next, at operation 440, the loader 120 may be configured to load multiple versions
of executable code into physical memory. In various embodiments, the loader may load
cach version of cxecutable code into memory at contiguous sets of physical memory
addresses; in other embodiments, each version of executable code may be stored in
separate discontignous physical memory scgments, In various ermbodiments, the loader
120 may be configured to load the various versions of executable code into equal-sized
segments of the physical memory. In various embodiments, the loader 120 may be
configured to load the various versious of executable code into segrents of the physical
memory equal in size to the size selected at operation 430, Thus, in some embodiments,
the loader 120 may be configured to pad the physical memory taken up by a smalier
version of executable code so that that version of executable code takes up the same
amount of physical mernory space as other versions. In other ewbodiments, the multiple
versions of executable code may be stored in different-sized segments of memory,
regariess of whether they are mapped-to by the same set of virtual memory addresses..

Next, at operation 450, the loader 120 may be configured to configure the page
tables, such as page tables 140 and 150 to include the virtual memory addresses for the
varigus versions of the executable code. In various embodiments, the loader may generate
the page tables at operation 450. In other embodiments, the loader 120 may be configured
to write the mapping between the virtnal meroory addresses and the physical meroory
addresses for the various versions of the executable code into already-created page tables.
In yet other ermabodiments, the loader 120 may be configured to provide wnformation on the
mapping to the VMM 100 (or other entity} for creation or configuration of the page tables

140 and 159, The process may then end.

-3



W

10

15

WO 2013/169248 PCT/US2012/037164

Figure 5 illustrates an example HES 100 code fetch process 500, in accordance
with various embodiments, In various embodiments, process 500 may be performed
through exccution of a process on a processor where a function pointer is passed to the
process and the processor attempts to switch execution to a function pownted to by the
function pointer. While process 500 1s described with reference to a single processor, it
may be recognized that, in various erabodiments, the process may be repeated for a
different processor in the HES 100 using the same function pomter.

The process may begin at operation 510, where the process exccuting on one of the
processors of the HES 100 may receive the function ponter. In various embodiments, the
function pointed to may be associated with the source code 105 and one of the versions of
executable code 113 or 115 described above.

Next, at operation 520, the HES 100 may determine a virtual memory address from
the function pointer that points to the exccutable code for the function, As discussed
above, in various embodiments, the virtual memory address may be the same regardless of
which processor the current process is executing on. Nexi, at operation 530, the processor
may attemipt a code fetch for the executable code pointed to by the function pointer (e.g.,
the executable code the processor expects to find at the virtual memory address
determined at operation 520}

Next at operation 540, the VMM 200 may translate the virtual memory address
using the page table associated with the processor (e.g. page table 140 or 150). Theu, at
operation 550, the processor may access executable code from physical memory that is
found at the translated physical memory address. The accessed code may then be
executed by the processor at operation 360, The process may then end.

Figure 6 tllustrates, for one embodiment, an example computer system 600 suitable
for practicing embodiments of the present disclosure. As illustrated, example computer
system 600 may mclude control logic 608 coupled to at least one of the processor(s) 604,
system memory 612 coupled to system control logic 608, non-volatile memory
(NVMystorage 616 coupled to system control logic 608, and one or more communications
interface(s) 620 coupled to system control logic 608, In various embodiments, the oue or
more processors 604 may be a processor core.

System control fogic 608 for one emvbodiment may include any suitable interface
controllers to provide for any suitable interface to at least one of the processor(s} 604
and/or to any suitable device or component in communication with systern control logie
638,
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System control logic 608 for one embodiment may include one or more memory
controller(s) to provide an interface to systews memory 612, System memory 612 may be
used to load and store data and/or instructions, for example, for system 600. In one
embodiment, systemn memory 612 may include any suitable volatile memory, such as
suitable dynamic random access memory (“DRAM™), for example.

System control logic 608, in one embodiment, may include one or more
input/output (“1/0”) controller{s) to provide an interface to NVM/storage 816 and
communications mterface(s) 620.

NVM/storage 616 may be used to store data and/or instructions, for example.
NVM/storage 616 may include any suttable non-volatile memory, such as flash memory,
for exaraple, and/or may include any suitable non-volatile storage device(s), such as one or
more hard disk drive(s) (“HDD(s)"), one or more solid-state drive(s}, one or more compact
dise ("CD") drive(s), and/or one or more digital versatile dise (“DVD”) drive(s), for
example.

The NVM/storage 616 may include a storage resource physically part of a device
onn which the system 600 is installed or it may be accessible by, but not necessarily a part
of, the device. For example, the NVM/storage 616 may be accessed over a network via
the commumications inter{ace(s) 620.

System memory 612 and NVM/storage 616 may include, in particuiar, temporal
and persistent copies of heterogenous execution logic 624, The heterogenous exccution
logic 624 may include instructions that when executed by at least one of the processor{s}
604 result in the system 600 practicing one or more of the heterogenous execution with
multiple page table-related operations described above. In some embodiments, the
heterogenous execution logic 624 may additionally/alternatively be located 1 the systern
control logic 608,

Communications interface(s) 620 may provide an interface for system 600 1o
communicate over one or more network(s) and/or with any other suitable device.
Communications interface(s) 620 may include any suitable hardware and/or firmware,
such as a network adapter, one or more antennas, a wireless mterface, and so forth. In
various embodiments, communication interface{s) 620 may include an interface for system
600 to use NFC, optical commumications {e.g., barcodes), BlueTooth or other similar
technologies to communicate directly {¢.g., without an intermediary} with another device.

For one embodiment, at least one of the processor(s) 604 may be packaged
together with system control logic 608 and/or heterogenous execution logic 624. For one
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embodiment, at least one of the processor(s) 604 may be packaged together with system
control logic 608 and/or heterogenous logic 624 to form a System in Package (“SiP7). For
one embodiment, at lcast one of the processor(s) 804 may be integrated on the same dic
with systern control logic 608 and/or heterogenous execution logic 624, For one
embodiment, at least one of the processor(s) 604 may be tntegrated on the same die with
systern control logic 608 and/or heterogenous execution logic 624 to form a Syster on
Chip (“So(”).

The following paragraphs describe examples of various embodiments. In various
embodiments, a heterogenous computing apparatus for executing a function on the
heterogenous computing apparatus may include a physical memory. The apparatus may
also include a {irst computer processor coupled to the physical roemory and configured to
support a first instruction set architecture. The apparatus may also inchude a second
computer processor coupled to the physical memory and configured to support a second
instruction set architecture. The apparatus may also inchade a virtual machine manager
confligured to operate on one or more computer processors of the apparatus to translate
virtual memory addresses to physical memory addresses. The virtual memory manager
may be configured to operate to translate a virtual memory address associated with a code
fetch by the fivst or the second computer processor into a corresponding physical memory
address of the physical memory, using a selected one of a first page table or a second page
table, wherein which of the first or the secoud page table 15 used depends on whether the
virtual memory address is associated with the code fetch by the first or the second
COMPULST Processor.

In various embodiments, the first page table may be configured to map the virtual
memory address to a first physical memory address, and the second page table muay be
configured to map the virtual memory address to a second physical memory address that is
different from the first physical memory address. In various embodiments, the physical
memory may be configured to contain first executabie code for the function 1 a first
physical memory region that includes the first physical memory address and second
executable code for the function in a second physical memory region that includes the
second physical memory address, and the first and second physical memory regions may
be different physical wmemory regions. In various emwbodiments, the first and second
instruction set architectures may be distinct. In various embodiments, the first executable
code may include instructions of the first instruction set architecture and the second
executable code may inchude instructions of the second instruction set architecture.

- 10 -
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In various embodiments, the apparatus may further imclude a loader configured to
operate on one or more computer processors of the apparatus. The loader roay be
configured to load the first executable code into the first physical memory region and to
ioad the second executable code mnto the sccond physical memory region. In various
embodiments, the loader may be further configured to operate to facilitate configuration of
the first and second page tables to map the virtual memory address associated with the
code fetch to the corresponding first and second physical memory addresses.

In various embodiments, the virtual memory address may be associated with the
code fetch based on a {unction pointer comprising the virtual memory address, the
function pointer being available to both the first computer processor and the second
compuier processor, In various embodiments, the virtual memory address may be passed
as an argument to both executable code executing on the first computer processor and
exccutable code executing on the second computer processor.

in various embodiments, a computer-implemented method may facilitate execution
of code on 4 heterogenous computing device comprising a first computer processor
utilizing a first instruction set and a second computer processor utilizing a second
instruction set. The method may nclude loading, by a loader operating on the computing
device, {irst execuiable code for the function based on the first instruciion set and second
executable code for the function based on the second instruction set into physical memory
of the computing device at respective {first and secound physical memory regions, the
ioading performed in response to a request to load executabic code for a function into
riemory on the computing device, the executable code comprising first executable code
and second executable code for the function based on the second instruction set. The
method may also include facilitating, by the loader, conliguration of first and sccond page
tables for use in translating virtual memory accesses made by the corresponding first and
second computer processors, the first and second page tables mapping a virtual memory
address for a code fetch to the function to physical addresses in the corresponding first and
second physical memory regions.

In various embodiments, the rocthod may {further fnclade facilitating configuration,
by the loader, of the first and second page tables to map virtual memory addresses
associated with a comruon virtual memory region including the virtual memory address
for the code fetch to physical memory addresses of the first and second physical memory
regions.

In various embodiments, the method may further include selecting, by the loader, a
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size for the common virtual memory region based on respective sizes of the first
executable code and the second executable code. In various erobodirnents, selecting the
size may include selecting the common size based at icast in part on a larger of a size of
the first exceutable code and a size of the second executable code.

Computer-readable media (including non-transitory computer-readable media},
methods, systems and devices for performing the above-described techniques are
ithustrative examples of embodiments disciosed herein. Additionally, other devices in the
above-described interactions may be configured to perform various disclosed techniques.

Although certain embodiments have been illustrated and described hevewn for
purposes of description, a wide varicty of alternate and/or equivalent embodiments or
implementations calculated to achieve the same purposes may be substituted for the
embodiments shown and described without departing from the scope of the present
disclosure. This application is intended to cover any adaptations or variations of the
embodiments discussed herein. Therefore, it is manifestly intended that embodiments
described herein be limited only by the claims,

Where the disclosure recites “a” or “a first” element or the equivalent thereof, such
disclosure mchades one or more such clements, neither requiring nor excluding two or
rore such elements. Further, ordinal indicators (e.g., first, second or third) for identified
elements are used to distinguish between the elements, and do not indicate or imply a
required or limited nuraber of such elements, nor do they indicate a particular position or

order of such elements unless otherwise specifically stated.
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Claims

What is claimed is;

1. One or more computer-readable storage media having instructions embodied
therein that are configured, in response to execution by a computing device comprising a
first computer processor and a second computer processor, to cause the computing device
to operate a virtual machine manager to translate virtual memory addresses to physical
memory addresses, wherein the virtual memory manager 1s configured o translate a
virtual memory address associated with a code fetch by the first or the second processor
into a corresponding physical mewory address of a physical memory location, using a
selected one of a first page table or a second page table correspondingly associated with
the first and second processors, wherein which of the first and second page tables is used

depends on whether the code fetch is associated with the first or the second processor.

2. The one or more computer-readable storage media of claim 1, wherein:

the first page table maps the virtual mernory address associated with the code fetch
to a first physical memory address, and

the second page table maps the virtual memory address associated with the code
fetch to a second physical memory address that 1s different from the first physical memory

address,

3. The one or more computer-readable storage media of claim 2, wherein the first
physical meroory address 1s associated with a fivst physical memory region having first
executable code of a first instruction set architecture of the first processor, and the second
physical memory address 15 associated with a second physical memory region having
second executable code of a second instruction set architecture of the second processor,

wherein the first and second physical memory regions are ditferent physical memory

architectures.
4. The one or more computer-readable storage media of claim 3, wherein the first and

second page tables are configured to map virtual memory addresses associated with a
common virtual memory data region to physical memory addresses of a common physical

TISINOry region.
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5. The one or more computer-readable storage media of claim 3, wherein the first
executable code and the second executable code are each generated from coramon source

code,

6. The one or more computer-readable storage media of claim 5, wherein the
instructions are further configured, in response to exccution by the computing device, to
cause the computing device to operate a loader to load the first executable code and the

second executable code into the corresponding first and second physical mernory regions.

The one or more computer-readable storage media of claim 6, wherein the loader 1s
configured to facilitate configuration of the fivst and second page tables to map the virtual
memory address associated with the code fetch to the corresponding first and second

physical meroory addresses,

3. The one or more computer-readable storage media of claim 7, wherein the loader 18
contigured to facilitate configuration of the first and second page tables to map virtual
memory addresses associated with a common virtual memory region including the virtual
memory address associated with the code fetch to physical memory addresses of the first

and second physical memory regions,

9. The one or more computer-readable storage media of claim §, the loader is
configured to select a size for the common virtaal memory region based at least in part on

the respective sizes of the first executable code and the second executable code.

16, The one or more computer-readable storage media of claim 9, wherein the loader is
configured to select the size for the common virtual memory region based at least i part

on a larger of a size of the first executable code and a size of the second executable code.

t1.  The one or more computer-readable storage media of any of claims 1-10, wherein
the virtual memory address 1s associated with the code feteh based on a function pointer
comprising the virtual memory address, the function pointer being avatilable to both the

first computer processor and the second computer processor.

12, The one or more computer-readable storage media of claim 11, wherein the virtaal
memory address is to be passed as an argument to both executable code executing on the

first computer processor and executable code executing on the second compruter processor.

- 14 -
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13, One or more computer-readable storage media having instructions embodied
therein that are configured, 1n response to execution by a computing device coruprising a
first computer processor utilizing a first instruction set and a second computer processor
utilizing a sccond instruction set, to cause the computing device to operate a loader to:

respond 10 a request 1o load executable code for a function into memory on the
computing device, wherein the executable code comprises first executable code for the
function based on the first instruction set and second executable code for the function
based on the second nstruction set, wherein response to the request includes performance
of a load of the {irst executable code and the second executable code wnto physical memory
of the computing device at respective first and second physical memory regions;

facilitate configuration of first and second page tables for use 1u translating virtual
memory accesses made by the corresponding first and second computer processors,
wherein the first and second page tables are to map a virtual memory address for a code
fetch of the function to physical memory addresses in the corresponding first and second

physical memory regions,

14, The one or more computer-readable storage media of claim 13, wherein the loader
is configured to facilitate configuration of the first and second page tables through
facilitation of configuration of the first and second page tables to map virtual memory
addresses associated with a common virtual roemory region including the virtual memory
address for the code fetch to physical memory addresses of the first and second physical

MEory Tegions.

13, The one or more computer-readable storage media of claim 14, wherein the loader
is configured to select a size for the common virtual memory region based on respective

sizes of the first executable code and the second executable code,

16,  The one or more computer-readable storage media of elaim 15, wherein the loader
is configured to select the size based at least in part on a larger of a size of the first

executable code and a size of the sccond executable code.

17. A heterogenous computing apparatus for executing a function on the heterogenous
compuiing apparatus comprising:
a physical memory;

a first computer processor coupled to the physical memory and configured to

- 15 -
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support a first instruction set architecture;
a second computer processor coupled to the physical memory and configured to
support a second instruction set architecture; and

a virtual ruachine manager configured to operate on onc or more computer

W

processors of the apparatus to transiate virtual memory addresses to physical memory
addresses;

wherein the virtual memory manager is configured to operate to translate a virtaal
memory address associated with a code fetch by the first or the second computer processor
iuto a corresponding physical mewory address of the physical memory, using a selected
180 one of a first page table or a second page table, wherein which of the first or the second
page table is used depends on whether the virtual wmemory address is associated with the

code fetch by the first or the second computer processor.

18.  The apparatus of claim 17, wherein:
the first page table s configured to map the virtual memory address to a first
15 physical memory address, and
the second page table is configured to map the virtual memory address to a second

physical memory address that is different from the first physical memory address.

19, The apparatus of claim 18, wherein:
the physical memory is configured to contain first executable code for the function
20 1o a first physical memory region that includes the fivst physical memory address and
second executable code for the function in a second physical memory region that includes
the secoud physical roemory address; and
the first and second physical memory regions are different physical memory

Fegions.

[\
LA

20. The apparatus of claim 19, wherein the first and second instruction set

architectures are distinct,

21, The apparatus of claim 20, wherein the first executable code comprises instructions
of the first instruction st architecture and the second executable code comprises

instructions of the second instruction set architecture.

30 22 The apparatus of claims 18, further comprising a loader configured to operate on

one or more computer processors of the apparatus to:

216 -
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load the first executable code into the first physical memory region; and

load the secoud executable code into the second physical memory region.

23, The apparatus of claim 22, wherein the loader i further coufigured to operate to
facilitate contiguration of the first and second page tables to map the virtual memory
address associated with the code fetch to the corresponding first and second physical

memory addresses.

24, The apparatus of any of claims 17-23, wherein the virtual memory address is
associated with the code fetch based on a function pointer comprising the virtual memory
address, the function pointer being available to both the first computer processor and the

second computer Procossor.

25.  The apparatus of claim 24, wherein the virtual memory address is to be passed as
au argument to both executable code executing on the first computer processor and

executable code executing on the second computer processor.

26, A computer-implemented method for facilitating execution of code on a
heterogenous computing device comprising first and second computer processors, the
method comprising:

translating, by a virtual machine manager operating on a computing device, a
virtual wemory address associated with a code fetch by the fivst or the secound processor
into a corresponding physical memory address of a physical memory location, using a
selected one of a first page table or a secoud page table correspondingly associated with
the first and second processors, wherein which of the first or second page table is used
depends on whether the virtual memory address 1s associated with the code fetch by the

first or the second processor.

27, The method of claim 26, wherein:

the first page table maps the virtual memory address to a first physical mermory
address, and

the second page table maps the virtual memory address to a second physical

memory address that is different from the first physical memory address.

~
/
I

28, The wethod of claim 27, wherein the first physical memory address is associated

with a first physical memory region having first executable code of a first instruction set
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architecture of the first processor, and the second physical memory address is associated
with a second physical memory region having second executable code of a second
instruction set architecture of the second processor, wherein the first and second physical
memory regions are different physical memory regions, and the first and second

instruction set architectures are different instruction set architectures,

28, The method of claim 28, wherein the first and second page tables are configured to
map virtual memory addresses associated with a common virtual memory data region to

physical memory addresses of a common physical memory region.

34, The method of claim 28, wherein the first executable code and the second

executable code are cach generated from comumon source code.

31, The method of claim 30, further comprising compiling, by a compiler operating on
the computing device, the coramon source code wito the first executable code and the

second executable code.

32, The method of claim 30, further comprising loading, by a loader operating on the
computing device, the first executable code and the second executable code into the

corresponding first and second physical memory regions.

33, The method of claim 32, further comprising facilitating configuration, by the
ioader, of the first and second page tables to map the virtual memory address associated

with the code fetch to the corresponding first and second physical memory addresses.

34, The wethod of claim 33, wherein facilitating configuration of the first and secound
page tables comprising facilitating configuration of the first and second page tables to map
virtual memory addresses associated with a common virtual memory region including the
virtual memory address associated with the code fetch to physical memory addresses of

the first and second physical memory regions.

35, The method of claim 34, further comprising selecting, by the loader, a size for the
common virtual memory region based at least in part on the respective sizes of the first

executable code and the second exceutable code.

- 18-
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36,  The method of claim 35, wherein selecting a common size comprises selecting the
size for the common virtual memory region based at least n part on a larger of a size of

the first executable code and a size of the second executable code,

37.  The method of any of claims 26-36, wherein the virtual memory address is
associated with the code fetch based on a function pointer comprising the virtual memory
address, the function pointer being avatlable to both the first computer processor and the

second computer processor,

38, The method of claim 37, wherein the virtual memory address 18 configured to be
passed as an arguraent to both executable code execating on the first computer processor

and executable code executing on the second computer processor.

39. A computer-implemented method for facilitating execution of code on a
heterogenous computing device comaprising a first computer processor utilizing a fivst
instruction set and a second computer processor utilizing a second instruction set, the
method comprising:

loading, by a loader operating on the computing device, first executable code for
the function based on the first fnstruction set and second executable code for the function
based on the second instruction set into physical memory of the computing device at
respective first and second physical memory regions, the loading performed in response to
a request 1o load executable code for a function into memory on the computing device, the
executable code comprising first cxecutable code and second executable code for the
function based on the second mstruction sei;

factlitating, by the loader, configuration of first and sccond page tables for use in
translating virtual mewory accesses made by the corresponding first and second computer
processors, the first and second page tables mapping a virtual memory address for a code
fetch to the function to physical addresses in the corresponding first and second physical

memory region&

40, The method of claim 39, further comprising facilitating configuration, by the
loader, of the first and second page tables to map virtual memory addresses associated
with a common virtual memory region including the virtual memory address for the code

fetch to physical memory addresses of the first and second physical memory regions.

T
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41, The method of claim 40, further comprising selecting, by the loader, a size for the
common virtual memory region based on respective sizes of the first executable code and

the second executable code.

42.  The method of claim 41, wherein sclecting the size comprises selecting the
common size based at least in part on a larger of a size of the first executable code and a

size of the second executable code.

220 -
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