wo 2017/112866 A 1[I N0F 00000 O 0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/112866 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

29 June 2017 (29.06.2017) WIPOIPCT
International Patent Classification:
GO6F 9/50 (2006.01)
International Application Number:
PCT/US2016/068301

International Filing Date:
22 December 2016 (22.12.2016)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
NI NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,

Filing Language: English TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
Publication Language: English ZA,IM, ZW.
Priority Data: (84) Designated States (uniess otherwise indicated, for every
62/387.556 23 December 2015 (23.12.2015) Us kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
Applicant: IDAC HOLDINGS, INC. [US/US]; 200 Bel- TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
levue Parkway, Suite 300, Wilmington, DE 19809 (US). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
. . . DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
g;?gﬁﬁ?f;&ngb)” Kleine Wharf, 14 Orsman LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI. SK.
? ’ SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
Agents: ROCCIA, Vincent J. et al.; Condo Roccia Kop- GW, KM, ML, MR, NE, SN, TD, TG).
tiw LLP, 1800 JFK Blvd., Suite 1700, Philadelphia, PA Published:

19103 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

with international search report (Art. 21(3))

(54) Title: METHODS OF OFFLOADING COMPUTATION FROM MOBILE DEVICE TO CLOUD

-
. Service-level - Context-Aware Code Exacutioner
. Reguirement - Parttioner

orsrrene?

g e e e -
| Computation Resource

information Ty
o e - Offioading
| Wireless Medium Biock

Information
fe e o e o e e e

A

(57) Abstract: Systems, methods and instrumentalities are disclosed for offloading computation for an application on a local device
in a wireless network, comprising determining service-level requirements for the application, wherein the service-level requirements
comprise one or more of latency, reliability, and power consumption for processing; determining wireless network conditions; de -
termining local device conditions; partitioning the application into one or more tasks; comparing a processing time of a task at the
local device to a latency requirement of the task, and: if the processing time of the local device would exceed the latency requirement
of the task, determining to otfload the task; and if the processing time of the local de vice would not exceed the latency requirement
of the task, comparing a power consumed at the local device to offload the task to a power consumed at the local device to execute
the task, wherein if the power consumed at the local device to offload the task is less than the power consumed (e.g., while satisfying
the latency and reliability requirements of the task) at the local device to execute the task, determining to offload the task.
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METHODS OF OFFLOADING COMPUTATION FROM MOBILE DEVICE TO CLOUD

CROSS REFERENCE TG RELATED APPLICATION
10001]  This application claims the benefit of Provisional U S. Patent Apphication No.
62/387,556 filed December 23, 20135, the contents of which are hereby incorporated by reference

herein.

BACKGROUND

[0002]  Recent development and populanity of smart phones and/or mobile applications {e.g,
virhial and augmented reality, speech recognition, and/or high definition video services) may
enable mobile devices to use the rescurces of cloud computing {e.g., computing, storage,
operating systems, software, efc. } via wired and/or wircless networks, Mobile cloud computing
(MCC) aims at including mobile devices in a cloud computing-like scenario, tor example, such
that the computation and/or power lmitations of mobile applications and services may be
overcome. The challenges in MCC mav be different from those in traditional cloud computing

technology. Frameworks and methods may be desirable to realize the potential of MCC.

SUMMARY

[606G3]  Systems, methods and mstromentalitics are disclosed for offloading computation tor an
application on a local device in a wirgless network, The local device {e.g., a WTRU) may
determing service-level requirements for the application, where the service-level requirements
comprise one or more of latency, reliability, and power consumption for processing. The local
device may then determune wirgless network conditions and local device conditions. The local
device may determing to partition the apphication into one or more tasks, and compare a
processing time of a task at the local device to a latency requirement of the task. The laiency
requirement may mclude an amount of time incurred to upload the task to a remote entity, an
amount of time mcurred to process the task at the remote entity, and/or an amount of time
incurred to download the executed task once processed by the remote entity. The local device
may obtain the latency requirement from the application {e.g., service-levely. If the local device
determines that the processing time of the local device would exceed the latency requirement of
the task, then the local device may determine to offload the task. For example, the latency

incurred once the local entity opts for offloading may mclude the total amount of time for the
-1-
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task upload, processing at the remote entity, and the time it takes to download the result
processed at the remote entity. If the focal device determines that the processing time of the
{ocal device would not exceed the latency requirement of the task, then the local device may
compare a power consumed at the local device to offioad the task to a power consumed at the
local device to exccute the task, where if the power consumed at the local device to offload the
task s less than the power consumed {e.g., while satisfving the latency and rehability
requirements of the task) at the local device to execute the task, then the local device may
determine to offload the task. And if the local deviee determines that the power consumed at the
local device to offload the task is greater than the power consumed (e g, while satisfying the
{atency and reliability requirements of the task) at the local device to execute the task, then the

focal device may determine to execute the task jocally.

BRIEF DESCRIPTION OF THE BRAWINGS
0004
{0635
3066

FIG. 1 depicts an example mobile cloud computing (MCC) architecture.
FIG. 2 depicts an example of local and remote task partitioning.

FIG. 3 depicts an example task offloading architecture at a local device.

0008

[6004]

[0005]

[6006]

100G7]  FIG. 4 depicts an example flow chart for task oftioading.

f 1 FIG. 5 depicts an example flow chart for task officading at an offloading block.
[60u]

0809]  FIG. 6 depicts an example flow chart for task offloading at an offloading block with
acknowledgment.

[6016]  FIG. 7 depicts an cxample flow chart for task offloading with system contiguration
parameter provisioning,

{3611} FIG. 8A depicts a diagram of an cxample communications system in which one or more
disclosed embodiments may be implemented.

{0012} FIG. 8B depicts a system diagram of an example wircless transmit/receive unit
(WTRU) that may be used within the commumications system ithistrated in FIG. 8A.

16013] FIG. 80 depicts a system diagram of an example radio access network and an example
core network that may be used within the communications system illustrated in FI1G. 8A.

[0014] FIG. 8D depicts a system diagram of another example radio access network and an
example core network that may be used within the communications system Hlustrated mn FIG.
gA.

[0015] FIG. 8E depicts a system diagram of another example radio access network and an
example core network that may be used within the communications system illustrated in FIG.

SA.
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DETAILED DESCRIPTION

[0016] A detailed description of illustrative embodiments will now be described with reference
1o the various Figures. Although this description provides a detailed example of possible
implementations, it should be noted that the details are intended to be exemplary and in no way
Linnt the scope of the application.

[0017F  FIG. 1 shows an example mobile cloud computing (MCC) architecture. MCC may
utilize cloud computing technologies. MCC may coliaboratively utilize the underdving
computation power of contributing system elements in a wireless network. The wireless network
may include one or more wireless transmit/receive units (WTRUs). Examples of WTRUs
depicted i FIG. 1 include a smariphone (WTRU 1) and a laptop computer {(WTRU 2}, The
wireless network may include a network device. Examples of network devices are servers and
other networking resources.

{6018 MCC may face challenges such as mobility and unrehability in the wircless finks. The
design of MUCC may consider mobile device integration, quality of service, service level
requuirements of the mobile applications {e. g, latency, reliability, and/or power consumption),
efe. Cloud computing technigues (e.g., power techmigues such as application partitioning and
code offloading) may be built upon distributed computing. For example, application partitioming
may divide an application {e.g., software blocks of such an application) into one or more blocks
{e.g., serializable blocks}. The blocks may be denoted as tasks. The tasks may be serialized.
Code offloading may transmit the blocks (or tasks) from the local device(s) (e g, WIRU 1
and/or WTRU 2} to the remote network entity/device over the wireless mediunt,

10019] MCC design may include one or more of the cloud computing techniques (e.g., the
application partitioning and/or code offloading techniques deseribed herein). The design may
take the underlying system and/or wireless resources {e.g., CPU power, link capacity, and/or
reliability} info account.

(60286 MO solutions mayv take a systematic approach. Mobile computing offtoading (MCO)
may be an enabler of MCC. MCO may allow distributed and/or paraliel computation of
applications. A code offloading framework may be developed between a local device (e.g., a
mobile deviee) and network elements. An example framework may include one or more
modules {e. 2., combination of modules) configured to handle device virtualization, chent-server
communication, mobile agents, and/or other tasks. For example, device virtualization may
enable parallel and/or mdependent execution of the offloaded tasks. The virtual machines may

be used for task storage and/or task execution, for example. An example implementation may
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configure a guest operating svstem i a remote entity to process offloaded tasks. Chient-server
commmunication may be responsible for code offloading between a local device and remote
entitics. Mobile agents may be developed to execute and collate the tasks distributed in the
offloading framework.

(00621} FIG. 2 shows an example of local and remote task partitioning. Execution flow of an
application may be partitioned into mulktiple tasks. One or more of these tasks {e.g., Task 2 and
Task 3) may be exccuted locally {e.g., at the device). One or more of these tasks {e.g., Task 1
and Task 4} may be executed remotely from the perspective of the local device, for example, by
one or more remote entities.

0022} FIG. 3 shows an example task offloading architecture at a local device. The example
architecture may nclude one or more functions (which may be referred to herein as blocks) such
as a Code Partitioner, an Executioner, and (ffloading Block. The device may have one or more
apphcations {not depicted}. An application may require computational resources. For example,
an application may be a mobilc apphication residing on a WTRU (e.g, cell-phone, tablet, erc), a
deskiop application residing on a personal computer, a cloud application, and/or the like.

10023} The Code Partitioner may be context aware. The Code Partitioner may receive service
ievel requirements for an application. Examples of service lovel requirements include latency,
reliability, and/or power consumption. The Code Parfitioner may partition an application mto
one or more tasks. The Code Partiioner may forward tasks to the Executioner and/or the
Offloading Block. For example, the Executioner block may be activated for local processing.
The Code Partitioner may forward tasks to the Offloading Block. For example, the Oftloading
Block may be mvolved i remote execution of the task. The Offloading Block may identify the
svstem configuration and/or wireless transmission parameters {e.g., using the algorithms for
identifying the parameters as described herein). The Offloading Block may send the task to a
remote entity. The Offloading Block may receive an exccuted task from the remote entity. The
Offloading Block may forward the executed task to the Executioner. The exceate task and the
apphcation execution flow may be combined (e.g., by the Executioner}.

[0024] One or more of the following considerations may be taken into account in the design of
the offloading framework. Framework modules (e g., partitioning, cloning/virtualization, task
offloading, efe.) may collectively utilize computation and wireless resources {e.g., CPU, total
power such as battery power, transmission scheduling, transmission duration, modulation-coding
schemes, ere.). The utilization of the svstem resources may aim to increase the efficiency of the
utilization and/or to reduce conflicting rescurce assignments (e.g., high data rate officading in

low signal-to-noise ratio {SNR), high CPU allocation m erroneous code reception, efc. ). Server-
-
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client commumication procedures {e.g., mformation exchange between the local device and
remote entities) may ncorporate the dvnamics of wireless links among the network entities {e.g.,
during the offloading decision-making process). Code partitioning and offloading procedures
may be robust to errors in the wireless communication medium between the offloading (e.2., a
source or local device} and offloaded (e.g., a remote device) entities.

16025 Code partitioning at the local device and/or offloading of the corresponding tasks may
be realized by configuring computation and/or transmission parameters. The configuration may
be based on the system and/or commumication medium characteristics. An acknowledgement
procedure between the local device and the remote entity may adaptively update computation
and/or fransmission parameters.

[0026] The example architecture may include other functions, e.g., computation resource
profiling and/or wircless mediom information provisioning. The example architectore may be
used at a local device and/or at a remote entity. I used at a remote entity, the Code Partitioner
block mav be removed. One or more modules of the offloading framework {e.2., a controller, a
mobile agent, a partitioner, efc.) may partition an application (e.g., a video compression
application} into multiple tasks {e.g., scrializable tasks}. The tasks may be distributed among
various remote entities.

[006277  The local device {e.g., a WTRL) may determine whether and how to offload
computation for an application. For example, the local device may determine service-level
requirements for the application, where the service-level requirements comprise one or more of
latency, reliabilitv, and power consumpiion for processing.

[0028] The local device may determine wireless network conditions and/or local device
conditions. The wireless network conditions may include information relating to the wireless
medium, such as one or more of bandwidth, signal-to-noise ratio (SNR}, latency, channel state
intormation (CS1), packet error rate (PER), bit error rate (BER), interference profile of the
channel, efc | for example The local device conditions may nclude information relating to
computation resource information at the local device, such as the total and/or available
processing power, total and/or available battery life, wired/wireless connectivity, information
relating to other tasks/processes being performed by the local device, erc., for example.

[0028] The local device may determine to partition the apphication intg one or more tasks, and
compare a processing time of a task at the local device to a latency requirement of the task. For
example, the latency requirement of the task may be determined by the local device {e.g., one or
more of the functions described herein) and/or determined by the application. For example, the

local device may obtain the latency requirement from the application {e.g., service-level). The
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latency requirement of the task may include an amount of time incurred to upload the task to a
remote entity, an amount of time incurred to process the task at the remote entity, and/or an
amount of time incurred to download the executed task once processed by the remote entity.
[0038] I the local device deternunes that the processing time of the local device would exceed
the lateney requirement of the task, then the local device may determine to offload the task. For
example, the latency incurred once the local entity opts for offlcading may mehude the total
amount of time for the task upload, processing at the remote entity, and the time it takes to
download the result processed at the remote entity. I the local device determines that the
processing time of the local device would not exceed the latency requirement of the task, then
the local device may comparc a power consumed at the local device to offload the task to a
power consumed at the local device to execute the task, where 1t'the power consumed at the local
device to offload the task is less than the power consumed (e. g, while satisfying the latency and
reliability requirements of the task) at the local device to execute the task, then the local device
may determine to offload the task. And if the local device determines that the power consumed
at the local device to offload the task is greater than the power consumed (e. g, while satisfying
the latency and reliability requirements of the task) at the local device to execute the task, then
the local device may determine to execute the task locally.

[0031]  FIG. 4 shows an example flow chart for task offloading. Service, system, and wireless
medinm nformation may provide service-level requirements for an application, wireless network
conditions {e.g., wircless medivm nformation), and/or local device conditions {e.g., computation
resource information). The Code Partitioner may partition the application into one or more tasks,
The Code Partitioner may have knowledge of the application context {e. g, be context-aware),
which for example, may be used to determine how to partition the application into the one or
more tasks.

[0032]  The local device may use the wireless network conditions and/or local device
conditions to determine whether to offload the task, for example, as described herein. The
Offloading Block may determine to execute the task locally or offload the task. A task that is not
otfioaded may be sent to the Executioner for local processing (e.g., sent by the Code Partitioner).
[0033] The Offloading Block may recetve mputs from the computation resource and/or
wircless medium mformation blocks. The mformation blocks may be utidlized in an offloading
decision and/or system configuration. f the local device determines that remote execution is
selected for the execution of the task, the Offloading Block may identify the system
configuration and/or wireless transmission parameters {e.g., using the algorithms for identifyimg

the parameters, for example, as described herein). The task may be sent/offlcaded to a remote
-6 -
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entity. The Offlcading Block may receive the executed task from the remote entity. The output
may be conveyed to the Executioner. [n one or more examples, the task and the application
execution flow may be combined {(e.g., by the Executioner).

[0034] The local device may perform adaptive code oftloading and/or wireless medium error
handling. Errors in the wirgless mediim (e g, due to fading or interference) may result in
corrupted bit streams at the receiving end. In an offloading framework, erroneous reception of
the offloaded tasks {e.g., code partitions) may result in execution latency and/or the termination
of the application or tasks. The local device may emplov techniques to identify errors in the
recetved bits/packets corresponding to the officaded task. For example, the local device may
implement a form of robust transmussion in the wireless medium, which for example, may utilize
an acknowledgement procedure for error handling. The remote entity may perform adaptive
computation resource optimization.

{6035} The offloading framework may configure and/or utilize system parameters. An
example offloading, which may include retransnission, may be intiated by the local device,
where one or more of the following may be performed. An offloading block may receive a Task
i (T1) from the cutput of the code partitioner. The Task 1 may be 1n raw format. The Offloading
Block may convert the raw format into an offloading format. The conversion may nvolve
converting the task into packets, which may be composition of bits transouttable over the
wireless medium. The Offloading Block may configure the transmission parameters based on
system and/or medium related values.

[0036] The local device may consider the bit size of the task. bi may represent the number of
bits corresponding to Task 1 (T1) in the offloading block.

{3837} An offloading indicator may be provided: §i € (0,1}, which may be the indicator for
local {e.g., =0} or remote/offloaded {e.g., Ii=1} exccution of the task.

[0038] The local device may consider one or more wireless medium parameters. Examples of
wireless medium parameters include, but are not limited to, channel state information (hu),
packet error rate (PER), bit error rate {BER), and/or interference profile of the channel (hivt}.
[6039]  The local device may consider computing resource parameters, such as processing
cycle at the local device (fioci) and/or remote entity (fremi}.

[3846] 'The local device may consider reliability requirements of the task {e.g., the rehability of
transmission for Ti in the wireless medium (pireq}). The reliabibity requirements may be selected
from a pre-determined set such as pirg £ { Pimin, ..., Pimax}. Pimin and pimax May correspond o
mimmum and maximum reliabiity requirements, respectively. The total reliability may be a

function of uplink {(piw) and downlink wircless link reliabilitics {piat}.
-7 -
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0041} The local device may consider the power consumption at the local device (Pisei). Such
power consumption may nclude power consumed for uplink transmission {e.g., from device to
remote entity) (Puii), for downlink transmission {e.g., from remote entity to device) (Paui), for
focal processing (Pioccpui), and/or for remote processing (Premepui).

(0642} The local device may consider the latency requirements of the task Ti (Lirq). These
requirements may be associated with the latency imcurred i one or more of the following: the
uplink (Luti) transmission, the downlink transoussion (Lai), the time spent during the CPU
processing at the local device {Lepuioci), and/or the time spent during the CPU processing at the
remote entity {Lepurems}. The CPU processing times Leputoc and Lepuren,i may be related (e.g.,
directly related) to the CPU.

{0043} The offloading block may determine {(e.g., based on system and wireless medium
parameters} whether to process the task locally or to offload the task to the remote entity.
16044] FIG. 5 shows an example flow chart for task offlcading at an offloading block. The
otfloading block may check the latency requirement Lireq of the task Ti, and compare t with
local processing capabilitics. Based on the companison outcome, the actions performed by the
offloading block may vary, for example, as illustrated below.

0045  In cxample case 4, if the time required to execute the task locally is more than the
latency requirement of the task {e.2., Lopuioc > Lireq =2 Ti = 1), the offloading block may activate
{e.g., determine to offload the task}. The task may be offfcaded to the remote entity over the
wireless medium. The offlsading block may sclect a reliability requirement {e.g., a highest
reliability requircment t {pimax), which may be associated with a highest level of reliability in the
wireless medium). The offloading block may consider the uplink and downlink transmissions
when configuring the transmission parameters {e.g., to meet the reliability requirement i the
wireless transmission). The reliability constramt may be identified by the following adaptive
coding abstraction. Parameters such as signal-to-noise ratio (SNR) and/or uplink/downlink

channel state mformation (CSE mav be taken into account.

Piw = PriWlog(l+ hy, Pyl = B\Ly)
i = Pr(Wlog(l+ hdzpdz) b\Lg) Eq. (D)

Select (Lu!' Ldl; Lc‘pu,rem.- Pul} Eq (2)

suchthat Py = min Py Ly + Ly + Lepurem S Liveqs Piut Piai 2 Pimax The offlcading

block may determine one or more of the following: the uplink and/or downlink transmission
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duration of the task; the computation time at the remote entity for the execution of the task;
minimum uplink transmission power {e.g., so that the parameters jointly satisfy the latency
requirement {Lireq); and/or that the uplink and downlink transnussions are under a reliability
class (pimav)). The parameters in Eg. (2) may be determined by the offloading block {e.g., by
taking the constraints in Eqg. (1) and Eq. (2} into account). The rehiability of the offloading may
be a combination of the wireless medium transmission reliability {e.g.. as in Eq. (1)}, and/or the
service level rehiability of the task Ty, peii. The overall reliabifity requirerment in Hqg. (2) may be
a function of one or both of the aforementioned rehability requirements (e.g., 01 Pi =
max{f; max: Psr,i 3. The parameters in Eq. (2) may be identified and/or updated based on the set
of reliability constraints.

10046]  With respect to transmit configuration, the configuration set Hq. (2) determined by the
offloading block {e.gz.. Pu} may be mapped to a corresponding MCS scheme at the local device
uplink transmission. The MCS scheme may be denoted as MCSu. The bit stream of Ti may be
encoded with M{CSw. The bit stream may be transmitted over the wireless medium within a
duration Lw. The processed task Ti at the remote entity may be transmitted from the remote
entity to the local device in the downlink. The time allocated for such transmission may be
denoted as La. This information may be conveyed from the local device to the remots entity
{e.g., via an offload configuration message) along with other parameters.

00477 With respect to processing power configuration {e.g., CPU configuration), the
optimization of the parameters given in Eq. (2) may provide resource provisioning for the
processing power. For example, the resource provisioning mayv be performed as a function of
CPU power allocated for task Ti. The CPU power allocated at the remote entity, Lepuren, may be
the CPU time requested to be configured at the remote entity for Ti. The local device may send
this parameter to the remote entity within the offload config message, for example.

[0048] The remote entity may send information about the power {e.g., CPU power) it could
allocate for the task Ti to the local device, for example, in advance. The information may be sent
through a contiguration message {(e.2., the CPUwen remote_resource message). The local device
may use the information in identifying the corresponding system configuration parameters {e.g.,
as m Eq. {2}}. There may be an upper bound on the power {e.g., CPU power) that the remote
entity may allocate for task Ti. The configuration parameters of Eqg. (2) may be determined by
putting additional constraint on the remote entity power provision {e.g., CPU provision).

[004%] In example case B, the local processor may be able to execute the task within the

{atency requirement {e. g, Lepu, toc < Lireq = L= 0 or 1). The task may be executed locally or

-9.
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offloaded. The determination may be made upon considering the system and/or wireless
medium conditions. For example, offloading of the task may be selected if the total power
consumed at the local device 1s lower compared to executing the task locally at the device.
[0030]  The system and/or wireless parameter configuration m example case B may be similar
to that 1n example case 4. The optimization framework may inchude the option for local
execution. The optimization performed by the offloading block may be illustrated by the

following.
Select (1: Lo Lau Leputoo Lepurems P > Eq. (3
2 Uy Bl Bl C}/U.!OC’ cpu,reny wul . E

such that

min{{l - Ii)Ploc,cpu + IiPul}§ Ii (_Lul + Ldl + chu,’re?m_) + (1 - Ii)LCpu,loc; Piut Piat = pi,1‘eq~
The offloading block may make one or more determinations including, for example, whether to
offload the task (T3, the uplink and/or downlink transmission duration of the task, local and
remote computation time for the execution of the task, uplink transmission power, and/or
minimum total power at the local device corresponding to Ti. The constraings of the parameters
may jointly satisfy the latency and reliability requirements. The rehability of the offloading
procedure, pieg, may be set-up by the service level requuirement and/or the parameters {e.g.,
system and/or wircless medium parameters). 1f bit-crror-rate (BER) of the wireless link between
the local and remote devices is above a threshold {e.g., BERw), the offloading block may select a
high reliability requirement. i the BER is low, the offloading block may select a lower
reliability requirement. The lower reliability may result in Jower transmission time in wircless
transmissions. Corresponding CPU allocation times at the local and/or remote devices may also
be lower.

16851]  The transmit configuration and/or processing power {¢.g., CPU} configuration may
depend on the officading decision parameter Ii. For example, if the value of liis 1, ¢t may
indicate that the offloading mechanism is enabled for the task and that transmit and remote CPU
provisioning configurations may follow similar steps as discussed in the example case 4. If the
value of [ 15 0, it may indicate that local processing 1s enabled and that the task may be executed
focally with the CPU provisioning of the task deternuned by Piocepu, fOr example.

[0682] The offloading framework may enable a flexible assignment of reliability requirements,
The assignment may be on a per task basis. The reliability requirement may be determined

based on the service level requirement of'the task, the reliability requirement of the wircless
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medium, and/or a combination of both. Lower reliability constraint on the wireless transmission
may incur error in the uplink and/or downlink transmission. An acknowledgement and
retransmission procedure may be developed for the offloading framewaork.

(00531  The offloading framework may call tor remote exccution of the task Ti{e.g., i=1). An
error handling mechanism may be implemented. The following mechanism may be used to
trigger retransimission or local execution of the iask, e.g.. when an event or error is detected in
the wireless channel between the local device and remote entity. The remote entity may send
feedback to the local entity. The feedback may mclude wireless transmission parameters (e.g.,
updated latency requirements) and/or system parameters {e.g., power and/or CPU resources).
The local device may determine whether to retransmit the tasks for remote execution {e.g., with
updated CPU resource and/or wireless transmission parameter configuration) or to execute the
tasks locally. The determination may be based on the requirements of the tasks including, for
example, latency, reliability, and/or systom parameters {(e.g., wireless channel conditions such as
5, local and remote computation resources, efe. ). The local device may inform the remote
entity regarding apdated resource requests such as CPU allocation and/or transmission time. The
error scenario in the uplink channel {e.g ., the chanoel of transmission from the local device to
remote entity) may be considered. NACK feedback due to erroneous reception may be conveyed
m the downlink (e.g., from the remote entity to the local device).

[0084]  An example retransmission implementation may be provided. The local device
offioading block may transmit the task to the remote entity with one or more parameters
wncluding (f, L, Lai, Lepuioe, Lepurem, Pun. The parameters may be determined as described
heremn. [f the offloading block opts for remote execution and sends the task over the wireless
medium, the parameters may be selected as =1 and Leputoc=0. A timer corresponding to the task
{denoted as L} may be started at the output of the task partitioner or when the whole task is
transferred mto the offloading block. Lni may determine the time consumed since the beginning
of the task execution (ncluding the offloading procedurg). The time consumed may be within
the latency constraint of the task, Lieqi.

{0055  The remote entity may check the received stream to identify error(s) incurred during the
transmission. Reed-Solomon codes may be used to determine such errors. If the ervors cannot
be corrected in the decoding phase, the remote entity may send a NACK message to the local
device. The NACK message may indicate the errors. The NACK message may mchude
additional imformation about the computing resources at the remote device. The computer
resources may be utilized in the next retransmission for the task. The NACK message may

include one or more of the following: an NACK header/identifier, the CPU rescurces {e.g., in
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terms of the duration that the remote entity may allocate in the next retransmission Lrem i),
updated wireless channe! measurement results (e.g.. CS1, mterference level, BER, efc.}.
[0036] The local device may receive the NACK packet. The local device may check the
current timer, Li, of the task Ti to identify the time left for execution within the task latency
constraint {e.g., whether Ui < Lreqi o1 Lt Lreqs}. H Lrias less than Leq i, the local device may
iitiate re-computation of one or more of the parameters (£, Lu, La, Lopuioe, Lepurem, Puty with an
updated time constraint Ly; + Ly + Lepyrem = Liyeq — L1y The updated time constraint may
demonstrate the time for execution of the task that may satis{v the latency constraint. The

parameter configuration framework given m Hq. (3} may be updated and performed as follows.

Select (ii» Ly Ly, chu,lsc» chu.remr Pul) Eq' (4)

such that min{(i - Ii)Ploc.cpu + Iipul}; Ii (Lul + Ldl + Lapu,rem) + (1 - ]i}chu,loc = Li,req -
l-‘Ti; pi,u!- pi,d! = pi,max'

[0057] At aretransmission step (e.g., at cach retransmission step), the CPU allocation
provisioning at the remote entity for the new offloading step may change. The change may be
due to the time consumed during the previous uplink and downlink transmission. [f an
offtoading decision is made at the offloading biock after the NACK message reception, the local
device may mform the remote entity with the updated remote CPU allocation request Lepy rem.
The mformation may be part of the offloaded code. The mformation may be transmitied in a
separate transmission slot before the remote execution of the task. The offloading block may run
the configuration framework and determine the parameters.

[0058] FIG. 6 shows an example flow chait for task offlcading at an offloading block with
acknowledgment. A processing power (e.g., CPU) configuration/acknowledgment
implementation may be implemented for a retransmission. One or more of the following may
apply. Aun imitial configuration may be set as in Eg. (4). The local device may receive a NACK
message. The local device may check the task timer, Lri. ¥ offloading is enabled, the offloading
block may mform the remote entity with a CPU power provisioning request {e.2., via the updated
upload _config message). In an option, the remote entity may send a feedback message to
confirm or reject the request {e.g., via a CPU prov ACK message). The offloading block may
proceed with reconfiguring the transmission parameters based on the latest configuration
framework. The offloading block may adaptively select reliability requirement for a

retransmission {(e.g., each retransmission), piweg. 1he offfcading block may update system
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configuration parameters. The reliability requirement of a transnussion (e.g., each transmission)
may be determined adaptively based on the service level requirement and/or the reliability
request at the wireless medium given a set of configuration parameters {e.g., (5, Lu, La, Pul)).
[005%]  An example retransmission implementation for the downlink erroneous reception may
be provided. The local device may detect errors in the message that may not be correctable. The
local device may send a NACK to the remote entity. The remaote entity may retransmit the
executed task m the downlink with higher reliability in the downlink channel. fn an option, the
required reliability level for the downlink transmission may be provided to the remote entity by
the local device. The local device may identify this parameter by considering the remaining time
for the task execution: L.y — Ly;. The reliability level may be obtained by assuming adaptive

modulation in the downlink, which may be abstracted as follows.

piar = Pr(Wlog(l + AgPyd = b \Lyy) Eq. {4)

L*g may denote the updated downlink transmission time. The transmission time may be re-
calculated based on the remaining task execution time Ly ,pq — Lyy.

{0066 The offloading framework may identify the svsiem configuration and/or wireless
transmission parameters for the initial transmit opportunity and/or the retransmission
opportunitics. Optimization and configuration may be carried ouf as in Eq. (3). Retransmission
may be performed due to potential errors in the wireless link. The framework may identify the
parameters before an ervor event occurs in the wireless link. The offloading block may mform
the remote entity about offloading characteristics during the task execution {e. g, whether the
task will be offloaded or executed locally, the requested remote CPU resources, downlink and
uphnk transmit durations, efe.) in various transmit opportunitics. The parameters may be related
to the potential wireless link errors. An average statistics may be determined at the local device
and/or remote enfity.

0061}  With a resource provision request during a transmit opportunity {e.g., cach transmit
opporiunity), the remote entity may provision iis resources {e.g., CPU power) and/or fransmit the
configuration i advance for resource configuration. For example, the resource provision request

may be (I, Lu, Lai, Lopuioe, Lepurem, Puly for an oniginal transmission,

tx1 rixl tx] yix C e 1o q " ¥ /
(e e s et LT, PEEP) for retransmission opportunity 1, and/or
i et parbac ifanf fari grfari P . .
(et L, L T PRFEY) for retransmission opportunity /. The parameters for

the provisioning of resources in a retransmission opportunity {e. 2., cach retransmission
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opportunity) may be computed. FIG. 7 shows an example flow chart for task offlcadimg with
svstem configuration parameter provisioning.

[0062] With respect to transmit opportunity 1 {e.g.. an original transmission), (f;, L, L4,
Lepu o, Lepurem, Puly may be selected with the constramnt in Eq. (4). Local or remote execution
{e.g., Li=0or 1) may be identified. Feedback of the parameters Lepusem, Lat may be nchuded.
With regpect to transmission opportunity 2 {e.g, a first retransmission opportunity), the
retransmission may occur when offloading is performed in transmit opportunity 1 {e.g., Ii=1) and
an error occurs in the uplink of the transmission, pei {.g., pe1 may denote the probability of an
error event in the uplink transmission}. The error event may refer to packet error rate, a function
of bit error rate, or a combination of both. The system configuration and/or wireless parameters
may be determined by the offloading entity {e.g., assuming 1i = 1 and an uphnk error event

occurred} as the following,

eloct Firixl yrtxt txl grixl rtxl )1‘£X1
Ject (ITH02 L LT il Il PR Eq. (8
S TS NS : : rixi rixl rixi prixl -rtz(j. rexl 5 prixl rixi i
such that min{(1 — JJ¥N)PIEL 4 [P preety [reed (prtet ¢ it il )+

(1 ]T?‘:l)l:;‘!}lui_ + L; ACK = LL req LTaTl;pzm pl. {L’f‘ 2= p”eq

Enack may refer to the time spent in successful reception of the NACK message at the local
device. The NACK message may be sent by the remote entity. Lrom: may refer to the total time
spent in the first offloading transmit opportunity. The output of Eg. (6) may demonstrate
whether offloading will be performed {(e.g., =0 or 1}. The output of Eq. (6) may demonstrate
the resources that will be requested at the remote entity, (L7572, Lt vem), if an error event
occurs, for example.

[6063] The retransmission parameters (I, LY, L7550} and/or the probability of an error
event in the uplink transmission, pe1, may be ncluded in a configuration message (e.g., the
offload config message). The configuration message may contain the parameters inchided in the
original transmission {e.g., {fi, Lut, La, Lepuioe, Lopurem, Pudy. The message may be conveyed from
the local device to the remote entity before the task 1s transmitied in the uplink channel. The
remote entity may receive these parameters. The remote entity may provision its resources
accordingly pertaining to transmit opportunity 1 and transmit opportunity 2. System
configuration and/or wireless parameters may be obtained in an tierative fashion similar to the
procedure described in Eq. (6). The system configuration and/or wireless parameters may
include
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rixZ2 yrix2 prix2 yrix2 rix2 rix2 rtxk yrixk grixi yrixk TExk vixk .
([i St Bt Lf:;au,loc; chu.r‘em: SN (]i cag oLyt <cpu,loc chu.r‘em: Pl > for

the retransmussions 1ix2, ..., rixk, where rix2, . . ., rixk may correspond to the transmission
opportunitics 2,. .., k, respectively.

[0064] FIG. 8A 15 a diagram of an example communications system 100 in which one or
more disclosed embodiments may be implemented. The communications system 100 may be a
multiple access system that provides content, such as voice, data, video, messaging, broadcast,
eic., to multiple wireless users. The communications svstem 100 may enable multiple wireless
users to access such content through the sharing of system resources, mchuding wireless
bandwidth. For example. the communications systems 100 mav employ one or more channel
access methods, such as code division mulbtiple access (CDMA), time division multiple access
(TDMA), frequency division multiple access (FDMA), orthogonal FDMA (OFDMA), single-
carrier FDMA (SC-FDMA), and the like.

10065] As shown in FIG. 8A, the communications system 100 may include wireless
transmit/receive units (WTRLs) 102a, 102b, 102¢ and/or 102d {which generally or collectively
may be referred to as WTRU 102), a radio access network (RAN) 103/104/105, a core network
106/107/109, a public switched telephone network (PSTN} 108, the Intemnet 110, and other
networks 112, though it will be appreciated that the disclosed embodiments contemplate any
number of WTRUs, base stations, networks, and/or network elements. Each of the WTRUs 102a,
1026, 102¢, 102d may be any type of device configured io operate and/or commuunicate in a
wireless environment. By way of example, the WTRUs 102a, 102b, 102¢, 102d may be
configured to transmit and/or receive wircless signals and may melude user equipment (UE), a
mobile station, a fixed or mobile subscniber unit, a pager, a cellular telephone, a personal digital
assistant (PDA}, a smartphone, a laptop, a netbook, a personal computer, a wireless sensor,
consumer electronics, and the like. A DASH client may be ron on a WTRE.

[0066] The communications systems 100 may also mclude a base station 114a and a base
station 114b. Hach of the base stations 114a, 114b may be any tvpe of device configured to
wirelessly interface with at least one of the WTRUs 102a, 102b, 102¢, 102d to facilitate access to
one or more communication netwarks, such as the core network 106/107/109, the Internet 110,
and/or the networks 112, By way of example, the base stations 114a, 114b may be a base
transceiver station (BTS), a Node-B, an ¢Node B, a Home Node B, a Home eNode B, a site
controfler, an access point {AP), a wireless router, and the hike. While the base stations 114a,
114b arc cach depicied as a single clement, it will be appreciated that the base stations 114a,

114b may mclude any number of mterconnected base stations and/or network elements.
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{8067} The base station 114a may be part of the RAN 103/104/105, which may also include
other base stations and/or network clements (not shown), such as a base station controller (BSC),
a radio network controller (RNC), relay nodes, efe. The base station 114a and/or the base station
114b may be configured to transmit and/or receive wireless signals within a particular
geographic region, which may be referred to as a cell (not shown). The cell may further be
divided ato cell sectors. For example, the cell associated with the base station 114amay be
divided 1nto three sectors. Thus, in one embodiment, the base station 1 14a may mclude three
transeetvers, t.e., one for cach sector of the cell. In an embodiment, the base station 114a may
employ multiple-input multiple output (MIMO)} technology and, therefore, may utilize multiple
transcetvers for cach sector of the cell.

[0068] The base stations 1 [4a, 114b may communicate with one or more of the WTRUs
102a, 102h, 102¢, 102d over an air interface 115/116/117, which mav be any suitable wircless
communication link {e.g., radio frequency {RF}, microwave, infrared (IR}, ultraviolet (UV},
visible hight, efe.). The air interface 115/116/117 may be established using any suttable radio
aceess technology (RAT).

0069] More specifically, as noted above, the communications system 100 may be a multiple
access system and may emplov one or more channel access schemes, such as CDMA, TDMA,
FDMA, OFDMA, 5C-FDMA, and the hike. For example, the base station 114a in the RAN
103/104/105 and the WTRUs 102a, 102b, 102¢c may implement a radio technology sach as
Universal Mobile Telecommunications System {UMTS) Terrestrial Radio Access (UTRA),
which may establish the air interface 115/116/117 using wideband CDMA (WCDMA).
WOCDMA may include communication protocols such as High-Speed Packet Access (H5PA)
and/or Evolved HSPA (HSPA-+). HSPA may include High-Speed Downlink Packet Aceess
(HSDPA) and/or High-Speed Uplink Packet Access (HSUPA).

[0670] In an embodiment, the base station 114a and the WTRUs 102a, 102b, 102¢ may
mmplement a radio technology such as Evolved UMTS Terrestrial Radio Access (E-UTRA),
which may establish the air interface 115/116/117 using Long Term Evolution (LTE) and/or
LTE-Advanced (LTE-A).

(0071} In other embodiments, the base station 14a and the WTRUs 102a, 102b, 102¢ may
implement radio technologies such as IEEE 80216 (1.¢., Worldwide Interoperability for
Microwave Access (WiMAX)), CDMAZO00, CDMA2000 1X, CDMA2000 EV-DO, Interim
Standard 2000 (18-20003, Interun Standard 95 (15-93), Interim Standard 856 (§5-856), Global
System for Mobile communications (GSM), Enhanced Data rates for GSM Evolution (EDGE},

GS5M EBGE (GERAN), and the like.
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{8072} The base station 114b m FIG. 8A may be a wireless router, Home Node B, Home
eMode B, or access point, for example, and may utilize any suitable RAT for facilitating wircless
connectivity in a localized arca, such as a place of business, a home, a vehicle, a campus, and the
fike. In one embodiment, the base station 114b and the WTRUs 102¢, 102d may implement a
radio techunology such as IEEE 802.11 to establish a wireless local area network (WLAN}. Inan
ermbodiment, the bage station 114b and the WTRUs 102¢, 102d may implement a radio
technology such as IEEE 802.15 to ¢stablish a wircless personal area network (WPAN). In vet an
embodiment, the base station 114b and the WTRUs 102¢, 102d may otihize a cellular-based RAT
{e.g.. WUDMA, CDMAZ2000, GSM, L'TE, LTE-A} to establish a picocell or femtocell. As
shown n FIG. 8A, the base station 1 14b may have a direct connection to the Intemet 110, Thus,
the base station 1i4b may not be required to access the Internet 110 via the core network
106/107/109.

6073] The RAN 103/104/105 may be in communication with the core network 106/107/109,
which may be any type of network configured to provide voice, data, applications, and/or voice
over internet protocol (VoIP) services to one or more of the WTRUs 102a, 102b, 102¢, 102d. For
example, the core network 106/107/109 may provide call control, billing services, mobile
location-based services, pre~paid calling, Internet connectivity, video distribution, efc., and/or
perform high-level security functions, such as user authentication. Although not shown in FIG,
8A, it will be appreciated that the RAN 103/104/103 and/or the core network 106/107/109 may
be in direct or indirect communication with other RANs that employ the same RAT as the RAN
103/104/105 or a different RAT. For cxample, in addition fo being connected to the RAN
103/104/103, which may be utilizing an E-UTRA radio technology, the core network
106/107/109 may also be in communication with another RAN {not shown) emploving a GEM
radio technology.

[0674] The core network 106/107/109 may also serve as a gateway for the WTRUs 102a,
102b, 102¢, 1024 to access the PSTN 108, the Internet 110, and/or other networks 112. The
PSTN 108 may include circuit-switched telephone networks that provide plain old telephone
service (POTS). The Internet 110 may include a global system of interconnected computer
networks and devices that use common communication protocols, such as the transmission
control protocol (TCP}, user datagram protocol (UDP) and the intemet protocol (IP) in the
TCP/IP internet protocol suite. The networks 112 may include wired or wireless communications
networks owned and/or operated by other service providers. For example, the networks 112 may
mclude another core network connected to one or more RANs, which may employ the same

RAT as the RAN 103/104/105 or a different RAT.
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{8075] Some or all of the WTRUs 102a, 102b, 102¢, 102d i the communications system
160 may include multi-mode capabilities, 1., the WTRUs 1023, 102b, 102¢, 102d may include
multiple transceivers for communicating with ditferent wireless networks over difterent wircless
hinks. For example, the WTRU 102¢ shown in FIG. 8A may be configured to communicate with
the base station 114a, which may emplov a cellular-based radio technology, and with the base
station 114b, which may employ an IEEE 802 radic technology.

18876} FIG. 8B 1s a system diagram of an exarmple WTRYU 102, As shown in FIG. 8B, the
WTRU 102 may melude a processor 118, a transceiver 120, a transmit/receive clement 122, a
speaker/microphone 124, a keypad 126, a displav/touchpad 128, non-removable memory 130,
removable memory 132, a power source 134, a global positioning system (GPS} chipset 136, and
other peripherals 138, It will be appreciated that the WTRU 102 may mchude any sub-
combination of the foregoing elements while remaining consistent with an embodiment. Also,
embodiments conteraplate that the base stations 114a and 114b, and/or the nodes that base
stations 1 14a and 114b may represent, such as but not limited to transceiver station (BT8), a
Node-B, a site controller, an access point (AP}, a home node-B, an evolved home node-B
{eMNodeB), a home evolved node-B (HeNB or HeNodeB), a home evolved node-B gateway, and
proxy nodes, among others, may include some or all of the clements depicted m FIG. 8B and
deseribed herem.

{6077} The processor 118 may be a general purpose processor, a special purpose processor, a
conventional processor, a digital signal processor (DSP), a plurality of microprocessors, one or
MOre MICrOProcessors in association with a DSP core, a controller, a microcontroller,
Application Specitic Integrated Circuits {ASICs), Field Programmable Gate Array (FPGAs)
circuits, any other type of integrated circuit (1), a state maching, and the like. The processor 118
may perform signal coding, data processing, power control, input/output processing, and/or any
other functionality that enables the WTRU 102 to operate in a wireless environment. The
processor 118 may be coupled to the transceiver 120, which may be coupled to the
transmit/receive clement 122. While FIG. 8B depicts the processor 118 and the transceiver 120
as separate components, it will be appreciated that the processor 118 and the transceiver 120 may
be mtegrated together n an electronic package or chip.

0078] The transmit/receive element 122 may be configured to transmit signals to, or receive
signals from, a base station {e.g., base station 114a) over the air mnterface 115/116/117. For
example, in one embodiment, the transmit/receive element 122 may be an anterma configured to
transmit and/or receive RE signals. In another embodiment, the transmit/receive clement 122

may be an emitter/detector configured to transmit and/or receive IR, UV, or visible light signals,
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for example. In yet another embodiment, the transmit/receive clement 122 may be configured to
transmit and receive both RY and light signals. It will be appreciated that the transout/receive
clement 122 may be configured to transmit and/or receive any combination of wireless signals.
[0679] In addition, although the transnut/receive element 122 1s depicted in FIG. 8B as a
single clement, the WTRU 102 may include any mumber of transmit/receive elements 122. More
specifically, the WTRU 102 may cmploy MIMO technslogy. Thus, in one embodiment, the
WTRU 102 may include two or more transmit/receive clements 122 {e.g., multiple antennas) for
transmitting and receiving wireless signals over the air interface 115/116/117.

{6080] The transcetver 120 may be configured o modulate the signals that are to be
transmitted by the transmit/receive clement 122 and to demodulate the signals that are received
by the transmit/receive element 122, As noted above, the WTRU 102 may have multi-mode
capabilitics. Thus, the transcetver 120 may mclude multiple transceivers for enabling the WTRU
102 to communicate via muftiple RA'Ts, such as UTRA and IEEE 802 .11, for example.

0081 The processor 118 of the WTRU 102 may be coupled to, and may receive user input
data from, the speaker/microphone 124, the kevpad 126, and/or the display/icuchpad 128 (e.g., a
tiquid crystal display (LCD) display unit or organic light-emitting dicde (OLED) display unit).
The processor 118 may also output user data to the speaker/microphone 124, the keypad 126,
and/or the display/touchpad 128, In addition, the processor 118 may access information from,
and store data i, any type of suitable memory, such as the non-removable memory 130 and/or
the removable memory 132, The non-removable memory 130 may include random-access
memoty (RAM), read-only memory (ROM), a hard disk, or any other type of memory storage
device. The removable memory 132 may include a subscriber identity module (SIM) card, 2
memory stick, a secure digital (8D} memory card, and the like. In other embodiments, the
processor 118 may access information from, and store data in, memory that is not physically
focated on the WTRU 102, such as on a server or a home computer {not shown}.

[0082] The processor 118 may receive power from the power source 134, and may be
configured to distribute and/or control the power to the other components i the WTRU 102, The
power sowree 134 may be any suitable device for powering the WTRU 102. For example, the
power source 134 may include one or more dry cell batteries {e.g., nickel-cadmium (NiCd),
nickel-zine (NiZn), nickel metal hvdride (NiMH), lithium-ion (Li~ion), efc)), solar cells, fuel
cells, and the like.

[0083] The processor 118 may also be coupled to the GPS chipset 136, which may be
configured to provide location information (e.g., longitude and latitede) regarding the current

location of the WTRU 102, [o addition to, or in licu of, the information from the GPS chipset
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136, the WTRU 102 may receive location information over the air interface 115/116/117 from a
base station {e.g.. base stations 114a, 114b} and/or determine its location based on the timing of
the signals being received from two or more nearby base stations.  will be approciated that the
WTRU 102 may acquire location information by way of any suitable location-determination
implementation while remaining consistent with an embodiment.

6084] The processor 118 may further be coupled to other peripherals 138, which may
include one or more software and/or hardware modules that provide additional features,
functionality and/or wired or wireless connectivity. For example, the peripherals 138 may
include an accelerometer, an e-compass, a sateliite transceiver, a digital camera {for photographs
or video), a universal serial bus (USB) port, a vibration device, a television transceiver, a hands
free headset, a Bluetooth® module, a frequency modulated (FM) radio unit, a digital music
player, a media player, a video game player module, an Internet browser, and the like.

j6085] FIG. 8C 15 a system diagram of the RAN 103 and the core network 106 according to
an embodiment. The RAN 103 may employ a UTRA radio technology to comunumicate with the
WTRUs 102a, 102b, 102¢ over the air mterface 115 The RAN 103 may also be in
commmunication with the core network 106, As shown in FIG. 8C, the RAN 103 may include
Node-Bs 140a, 140b, 140c¢, which may cach include one or more transceivers for communicating
with the WTRUs 102a, 1025, 182¢ over the air interface 115, The Node-Bs 1404, 140b, 140¢
may cach be associated with a particular cell (not shown} within the RAN 103. The RAN 103
may also include RNCs 142a, 142, It will be appreciated that the RAN 103 may include any
number of Node-Bs and RNCs while remaining consistent with an embodiment.

{08086] Ag shown in FIG. 8C, the Node-Bs 140a, 140b may be in communication with the
RNC 142a. Additionally, the Node-B 140c may be in communication with the RNC142b. The
Node~Bs 140a, 140b, 140c may communicate with the respective RNCs 142a, 147b via an lub
miertace. The RNCs 142a, 142b may be in communication with one another via an Tur interface.
Each of the RNCs 142a, 142b may be configured to control the respective Node-Bs 140a, 140b,
140¢ to which # is connected. In addition, each of the RNCs 142a, 142b may be configured to
carry out or support other functionality, such as outer loop power control, load control,
admission control, packet scheduling, handover control, macrodiversity, security functions, data
encryption, and the like.

{6087) The core network 106 shown in FIG. 8C may include a media gateway (MGW) 144,
a mobile switching center (MSC) 146, a serving GPRS support node (SGSN) 148, and/or a
gateway GPRS support node {GGSNY 150, While each of the foregoing clements are depicted as

part of the core network 106, it will be appreciated that any ong of these elements may be owaed
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and/or operated by an entity other than the core network operator.

6088] The RNC 142a in the RAN 103 may be connected to the MSC 146 in the core
network 106 via an InCS interface. The MSC 146 may be connected to the MGW 144, The MSC
146 and the MGW 144 may provide the WTRUs 102a, 102b, 102¢ with access to circuit-
switched networks, such as the PSTN 108, to facilitate communications between the WTRUs
102a, 102b, 102¢ and traditional land-line communications devices.

{0089 The RNC 142a in the RAN 103 may also be connected to the SGSN 148 in the core
network 106 via an luPS interface. The SGSN 148 may be connected to the GGSN 150. The
SGSN 148 and the GGSN 150 may provide the WTRUs 102a, 102b, 102¢ with access to packet-
switched networks, such as the Internet 110, to facilitate communications between and the
WTRUs 102a, 102b, 102¢ and [P-cnabled devices.

[0698] As noted above, the core network 106 may also be connected to the networks 112,
which may include other wired or wireless networks that are owned and/or operated by other
service providers.

0091} FIG. 8D is a system diagram of the RAN 104 and the core network 107 according to
an embodiment. As noted above, the RAN 104 may employ an E-UTRA radio technology to
communicate with the WTRUs 102a, 102b, 102¢ over the air interface 116, The RAN 104 may
also be i communication with the core network 107,

[0692] The RAN 104 may include eNode-Bs 160a, 160b, 160c¢, though it will be appreciated
that the RAN 104 may inchude any number of eNode-Bs while remaining consistent with an
ermbodiment. The eNode-Bs 160a, 160b, 160c may cach include one or more transceivers for
commuunicating with the WTRUs 102a, 102h, 102¢ over the air mterface 116. In one
embodiment, the eNode-Bs 160a, 160b, 160¢ may implement MIMO technology. Thus, the
cNode-8 160a, for exaraple, may use multiple antennas to transmit wireless signals to, and
receive wireless signals from, the WTRU 102a.

[0693] Each of the eNode-Bs 160a, 160b, 160c may be associated with a particular cell (not
shown} and may be configured to handle radic resource management decisions, handover
decisions, scheduling of users m the uplink and/or downlink, and the like. As shown m FiG. 8D,
the eNode-Bs 160a, 160b, 160c may commumicate with one another over an X2 interface.

{0094} The core network 107 shown in FIG. 8D may imnclude a mobility management
gateway {MME)} 162, a serving gateway 164, and a packet data network (PDN) gateway 166,
While each of the foregoing elements are depicted as part of the core network 107, it will be
appreciated that any one of these elements may be owned and/or operated by an entity other than

the core network operator.
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8095] The MME 162 may be connected to cach of the eNode-Bs 1603, 160b, 160c¢ in the
RAN 104 via an ST mnterface and may serve as a control node. For example, the MME 162 may
be responsible for authenticating users of the WTRUs 102a, 102h, 102¢, bearer
activation/deactivation, selecting a parficular serving gateway during an nifial attach of the
WTRUs 102a, 102b, 102¢, and the like. The MME 162 may also provide a control plane fimction
for switching between the RAN 104 and cther RANg (not shown) that employ other radio
technologics, such as GSM or WCDMA.

[036%¢6] The serving gateway 164 may be connected to each of the eNode-Bs 160a, 160b,
160c in the RAN 104 via the S1 interface. The serving gateway 164 may generally route and
forward user data packets to/from the WTRUs 102a, 102b, 102¢. The serving gateway 164 may
also perform other functions, such as anchoring user planes during inter-eNode B handovers,
triggering paging when downlink data is available for the WTRUs 102a, 102b, 102¢, managing
and storing contexts of the WTRUs 102a, 102b, 102¢, and the like.

{00971 The serving gateway 164 may also be connected to the PDN gateway 166, which may
provide the WTRUs 102a, 102b, 102¢ with access to packet-switched networks, such as the
Internet 110, to facilitate communications between the WTRUs 102a, 102b, 102¢ and IP-enabled
devices.

[0098] The core network 107 may facilitate communications with other networks, For
example, the core network 107 may provide the WTRUs 102a, 102b, 102¢ with access to circuit-
switched networks, such as the PSTN 108, to facilitate communications between the WTRUsg
102a, 102b, 102¢ and traditional land-line communications devices. For example, the core
network 107 may include, or may communicate with, an IP gateway {e.g., an IP multimedia
subsystem (IMS) server} that serves as an interface between the core network 107 and the PSTN
108. In addition, the core network 107 may provide the WTRUs 102a, 102b, 102¢ with access to
the networks 112, which may mclude other wired or wireless networks that are owned and/or
operated by other service providers.

j6099] FIG. 8E is a system diagram of the RAN 105 and the core network 109 according to
an embodiment. The RAN 105 may be an access service network (ASN) that employs {EEE
802.16 radio technology to commuunicate with the WTRUs 102a, 102b, 102¢ over the air
mterface 117, As will be further discussed below, the communication inks between the different
functional entitics of the WTRUs 1023, 102b, 102¢, the RAN 103, and the core network 109 may
be defined as reference points,

[0108] As shown in FIG. 8E, the RAN 105 may mchude base stations 180a, 180b, 180c¢, and

an ASN gateway 182, though it will be appreciated that the RAN 105 may mclode any number
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of base stations and ASN gateways while remaining consistent with an embodiment. The base
stations 180a, 180b, 180c may each be associated with a particular cell {(not shown) in the RAN
105 and may cach include one or more transceivers for communicating with the WTRUs 102a,
102b, 102¢ over the air interface 117, In one embodiment, the base stations 180a, 180b, 180¢
may implement MIMO technology. Thus, the base station 180z, for example, may use multiple
antennas o transmit wireless signals to, and receive wireless signals from, the WTRU 102a. The
base stations 180a, 180b, 180¢ may also provide mobility management functions, such as
handof? triggering, tinmel establishment, radio resource management, traffie classification,
quality of service (Qo8) policy enforcement, and the like. The ASN gateway 182 may serve asa
traffic aggregation point and may be responsible for paging, caching of subscriber profiles,
routing to the core network 109, and the hike.

0161} The air interface 117 between the WTRUs 102a, 102b, 102¢ and the RAN 105 may
cach of the WTRUs 102a, 102b, 102¢ may establish a logical mterface (not shown) with the core
network 109, The logical interface between the WTRUs 102a, 102b, 102¢ and the core network
169 may be defined as an R2 reference point, which may be used for authentication,
authorization, IP host configuration management, and/or mobility management.

{6192} The communication link between each of the base stations 180a, 180b, 180c may be
defined as an R& reference pomt that includes protocols for facilitating WTRU handovers and the
transfer of data between base stations. The communication link between the base stations 180a,
180h, 180c and the ASN gateway 182 may be detined as an K6 reference point. The R6
reference point may inclade protocols for facilitating mobility management based on mobility
events associated with cach of the WTRUs 1023, 102b, 102¢.

[6103] As shown in FIG. 8E, the RAN 105 may be connected to the core network 109, The
communication link between the RAN 105 and the core network 109 may defined as an R3
reference point that includes protocols for facilitating data transter and mobdity management
capabilitics, for example. The core network 109 may mehude a mobile IP home agent {(MIP-HA)
184, an authentication, authorization, accounting (AAA) server 186, and a gateway 188, While
each of the foregomg elements are depicted as part of the core network 109, 1t will be
appreciated that any one of these elements may be owned and/or operated by an entity other than
the core network operator.

[0104] The MIP-HA may be responsible for IP address management, and may enabie the
WTRUs 1024, 102b, 102¢ to roam between different ASNs and/or different core networks. The

MIP-HA 134 mayv provide the WTRUs 102a, 102b, 102¢ with access to packet-switched
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networks, such as the Internet 110, to faciiitate commumications bebween the WIRUs 162a,
102b, 102¢ and [P-enabled devices. The AAA server 186 may be responsible for user
authentication and for supporting user services. The gateway 188 may facilitate mterworking
with other networks. For example, the gateway 188 may provide the WTRUs 102a, 102b, 102¢
with acoess to cirouit-switched networks, such as the PSTN 108, to facilitate communications
between the WTRUs 102a, 102b, 102¢ and traditional land-line communications devices. In
addition, the gateway 188 may provide the WTRUs 102a, 102b, 102¢ with access to the
networks 112, which may include other wired or wireless networks that are owned and/or
operated by other service providers.

[6165] Although not shown in FiG. 8E, it will be appreciated that the RAN 105 may be
connected to other ASNs and the core network 109 may be connected to other core networks,
The communication link between the RAN 105 the other ASNs may be defined as an R4
reference point, which may include protocols for coordinating the mobility of the WTRUs 102a.
102b, 102¢ between the RAN 105 and the other ASNs. The communication link between the
core network 109 and the other core networks may be defined as an RS reference, which may
inclade protocols for facilitating interworking between home core networks and visited core
networks,

6106} The processes described above may be implemented in a computer program,
software, and/or firmware incorporated in a computer-readable medium for execution by a
computer and/or processor. Examples of computer-readable media mclade, but are not hinted to,
electronic signals (transmitted over wired and/or wireless connections) and/or computer-readable
storage media. Examples of computer-readable storage media include, but are not limited to, a
read only memory (ROM), a random access memory (RAM), a register, cache memory,
semiconductor memory devices, magnetic media such as, but not linited to, mnternal hard disks
and removable disks, magneto-optical media, and/or optical media such as CD-ROM disks,
and/or digital versatile disks (BVDs). A processor in association with software may be used to
tmplement a radic frequency transceiver for use ina WTRU, UE, torminal, bage station, RNC,

and/or any host computer.
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CLAIMS
I. A method of offfoading computation for an application on a local device 1 a wireless
network, comprising’
determining service-level requirernents for the application, wherein the service-level
requirements comprise one or more of latency, reliability, and power consumption for
processing;
determining wireless network conditions;
determining local device conditions;
partitioning the application intc one or more tasks;
comparing a processing time of a task at the local device to a latency requirement of the
task, and:
if the processing time of the local device would exceed the latency requivement of
the task, determining to officad the task; and
it the processing time of the local device would not exceed the iatency
requirernent of the task, comparing a power consumed at the local device to offload the
task to a power consumed at the local device to execute the task, wherein if the power
consumed at the local device to offload the task is less than the power consumed at the

local device to execute the task, determiming to offload the task.

2. The method of claim 1, further comprising provisioning procassing power to execute the
task.
3. The method of ¢lainy 1, wherein a latency incurred with offloading the task comprises an

amount of time incurred to upload the task to a remote entity, an amount of time incurred to
process the task at the remote entity, and an amount of time incurred to download the executed

task once processed by the remote entity.

4 The method of claim 2, wherein the task s executed locally, further comprising

allocating a portion of the local device’s central processing unit {CPU) power for the task.

5. The method of ¢clain 2, wherein the task is offlcaded, further comprising allocating a

portion of a remote entity’s CPU power for the task.
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6. The method of claim 5, further comprising informmg the remote entity regarding the

CPU power allocation.

7. The method of claim 1, further comprising configuring wireless transmission parameters

for offlcading the task.

g The method of claim 7, further compnsing informing the remote entity regarding the

wireless transmission parameters.

9. The method of claim 1, further comprising converting the task into packets io be

transmitted over the wireless medium for offloading the task.

10 The method of claim 1, further comprising selecting a reliability requurement for

otfloading based upon wircless network conditions.

1. The method of claim 10, further comprising configuring the CPU power and wircless
transmission parameters at the local device and the remote entity based on the selected rehiability

requirements.

12, 'The method of claim 1 or 10, further comprising selecting a reliability requirement for

otfloading based upon service-level requirements for the apphication.

13, Fhe method of claim 12, further comprising configuring the CPU power and wircless
transmission parameters at the local device and the remote entity based on the selected reliability

requirements.

14, The method of claim 1, wherein the task is offloaded, firther comprising transmitting the
task to a remote entity, and receiving from the remote entity a NACK message n the event that

potential errors are curred during the transmission.

15, 'Fhe method of claim 14, whergin the focal device re-configures CPU power allocation,
wireless transmission, and rehability requirements parameters at the local device and remote

entity upon receipt of 8 NACK message for the task.
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I6. The method of claim 15, wherein the local device informs the remote entity regarding the
updated re-configuration parameters.

I The method of claim 1, wherein the task 1s offioaded, further comprising receiving an

executed task from the remote entity and collating the executed task with one or more other

~J

executed tasks of the application.

18 A WTRU in a wireless network, comprising:
a memory for stoning an application; and
a processor configured to:
determine service-level requirements for the application, wherein the service-level
requirements comprise one or more of latency, reliability, and power consumption for
Processing;
determine wircless network conditions;
deternune WITRU conditions;
partition the application into ong or more tasks;
compare a processing time of a task at the WTRU to a latency requirement of the
task, and:
if the processing time of the WTRU would exceed the latency requirement
of the task, determining to offload the task; and
if the processing time of the WTRU would not exceed the latency
requirement of the task, comparing a power consumed at the WTRU to offload
the task to a power consumed at the WTRU to execute the task, wherein if the
power consumced at the WTRU to offload the task is less than the power

consumed at the WTRU to execute the task, determiming to offload the task.

19, The WTRU of claim 18, wherein the processor is further configured to provision

processing power to execute the task,

20.  The WTRU of claim 1&, wherein a latency incurred with offloading the task compnses an
amount of time incurred o upload the task to a remote entity, an amount of fime incurred to
process the task at the remote entity, and an amount of time incurred to download the executed

task once processed by the remote entity.
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2. The WTRU of claim 19, wherein the task is executed locally, wherein the processor is
further configured to allocate a portion of the WTRU s central processing unit {CPU) power for

the task.

22. The WTRU of claim 19, wherein the task is offlcaded, wherein the processor s further
configured to allocate a portion of a remote entity’s CPU power for the task.
23, The WTRU of claim 22, wherein the processor is further configured to inform the remote

entity regarding the CPU power allocation.

24, The WTRU of claim 18, wherein the processor is further configured to configure wireless

transmission parameters for offloading the task.

25 The WTRU of claim 24, whercin the processor is further configured to inform the remote

entity regarding the wireless transmission parameters.

26.  The WTRU of claim 18, whercin the processor 1s further configured to convert the task

mio packets to be transmitted over the wireless mediuvm for offloading the task.

27 The WTRU of claim 18, wherein the processor is further configured to select a reliability
requirement for offloading based upon wircless network conditions.

2% The WTRU of claim 27, wherein the processor is further configured to configure the
CPU power and wireless transmission paramcters at the WTRU and the remote entity based on

the selected reliability requirements.

29 The WTRU of claim 18 or 28, wherein the processor is further configured to select a

reliability requirement for offloading based upon service-level requirements for the application.
30.  The WTRU of claim 29, wherein the processor is further configured to configure the

CPU power and wireless transmission parameters at the WTRY and the remote entity based on

the selected reliability requirements.
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31, FThe WTRU of claim 18, wherein the task s offloaded, wherein the processor i1s further
configured to transmit the task to a remote entity, and receive from the remote entity a NALCK

message in the event that potential errors are incurred during the transmission.

32, FThe WTRU of claim 31, wherein the processor is further configured to re-configure CPU
power allocation, wireless transmission, and rehiability requurements parameters at the WTRU

and remote entity upon receipt of a NACK message for the task.

33, The WTRU of claim 32, wherein the processor is further configured to inform the remote

entity regarding the updated re~configuration parameters.

34, The WTRU of claim 18, wherein the task is offloaded, wherein the processor is further
configured to receive an exccuted task from the remote entity and collate the executed task with

one or mote other executed tasks of the application.
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