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TASK MAPPING FOR HETEROGENEOUS 
PLATFORMS 

TECHNICAL FIELD 
[ 0001 ] Embodiments disclosed herein relate generally to 
the field of parallel processing , and more particularly to 
managing task concurrency on computer platforms . 

BACKGROUND 
[ 0002 ] Each year , computer platforms offer an increas 
ingly - richer set of computing resources for use by software 
applications . The concurrent execution of multiple instruc 
tion threads is known as " parallel processing , " which allows 
software applications to simultaneously use sets of comput 
ing resources ( such as multiple processors , memories , and 
software components ) to perform various tasks . Managing 
and optimizing concurrent tasks to take advantage of avail 
able computing resources is sometimes referred to as “ tun 
ing . " 

BRIEF DESCRIPTION OF THE DRAWINGS 
[ 0003 ] In the drawings , which are not necessarily drawn to 
scale , like numerals may describe similar components in 
different views . Like numerals having different letter suf 
fixes may represent different instances of similar compo 
nents . Some embodiments are illustrated by way of example , 
and not limitation , in the figures of the accompanying 
drawings in which : 
[ 0004 ] FIG . 1 is a block diagram of a task scheduling 
system according to various examples . 
10005 ) FIG . 2 is a block diagram of an exemplary system 
which may perform ( in whole or in part ) any one or more of 
the methodologies discussed herein . 
[ 0006 ] FIG . 3 is a flow diagram of a method according to 
various examples . 
[ 0007 ] FIG . 4 illustrates an exemplary function with a 
corresponding task graph . 
[ 0008 ] FIG . 5 provides a close - up view of the task graph 
in FIG . 4 . 
[ 0009 ] FIG . 6 shows a modified version of the function of 
FIG . 4 according to various examples . 
[ 0010 ] FIG . 7 illustrates tasks being mapped to computing 
resources according to various examples ; 
[ 0011 ] FIG . 8 depicts a detailed block diagram of an 
exemplary tuner component from FIG . 1 according to vari 
ous examples . 
[ 0012 ] FIG . 9 is a flow diagram of a process according to 
various examples . 
[ 0013 ] FIG . 10 illustrates the instantiation of buffers in 
selected logical domains according to various examples . 
[ 0014 ] FIG . 11 illustrates an example of a hierarchy of 
tuning components . 
[ 0015 ] FIG . 12 depicts an exemplary operand property 
manager component according to various examples . 
[ 0016 ] FIG . 13 is a flow diagram of a process according to 
various examples . 
[ 0017 ] FIG . 14 illustrates the mapping of memory buffers 
within logical domains according to various examples . 
[ 0018 ] FIG . 15 depicts an exemplary data collection com 
ponent according to various examples . 
[ 0019 ] FIG . 16 is a flow diagram of a process according to 
various examples . 

DETAILED DESCRIPTION 
[ 0020 ] The following description and the drawings suffi 
ciently illustrate specific embodiments to enable those 
skilled in the art to practice them . Other embodiments may 
incorporate structural , logical , electrical , process , and other 
changes . Portions and features of some embodiments may 
be included in , or substituted for , those of other embodi 
ments . Embodiments set forth in the claims encompass all 
available equivalents of those claims . 
[ 0021 ] Among other things , examples in the present dis 
closure aid in mapping a plurality of concurrent tasks onto 
a heterogeneous platform of computing resources , namely 
platforms having a mixture of computing node types , mul 
tiple processor cores , and multiple memory devices . The 
examples of the present disclosure can help even small tasks 
to utilize large numbers of cores efficiently , can provide 
in - order semantics in a simple , intuitive and debuggable 
interface , and can provide tuners and other users with a high 
level of transparency and control over the distribution of 
tasks and data among computing resources . 
[ 0022 ] In some examples , examples described herein may 
provide a runtime process that can fully or partially auto 
mate the distribution of data and binding of tasks to com 
puting resources , to help manage the movement of data and 
synchronization . In some examples , the resources that are 
used to enqueue tasks may be separable from the resources 
that execute the tasks . Additionally , some examples may 
provide dynamic scheduling ( where tasks may be enqueued 
before they are data ready ) and provide a runtime system 
that provides optimized scheduling decisions . Examples in 
the present disclosure may also provide a dependence sys 
tem for managing task concurrency that can be integrated 
into , and operate with , various other concurrency - manage 
ment systems . 
[ 0023 ] FIG . 1 is a block diagram showing an overview of 
an exemplary task - scheduling system according to various 
aspects of the present disclosure . In this example , a discov 
erer component 110 receives a sequence of function calls 
and operands and generates a set of actions and represen 
tations of dependencies among such actions , which are in 
turn passed to a tuner component 120 . The tuner component 
120 processes the actions and dependencies , based on a 
provided hierarchy of computing resources , to bind and 
order the actions among the computing resources . The 
ordered set of actions is executed by an executor component 
130 . 
[ 0024 ] FIG . 2 is a block diagram illustrating an exemplary 
system 200 upon which the functionality of any of the 
processes and methodologies discussed herein may be per 
formed , whether in whole , in part , or in combination with 
each other . The system 200 may operate as a standalone 
device or may be connected ( e . g . , networked ) to other 
machines . In a networked deployment , the system 200 may 
operate in the capacity of either a server or a client machine 
in server - client network environments , or it may act as a peer 
machine in peer - to - peer ( or distributed ) network environ 
ments . The system 200 may be ( or include a personal 
computer ( PC ) , a tablet PC , a set - top box ( STB ) , a Personal 
Digital Assistant ( PDA ) , a mobile telephone , a web appli 
ance , a network router , a switch , a bridge , and / or any 
machine capable of executing instructions ( sequential or 
otherwise ) that specify actions to be taken by that machine . 
Further , while only a single machine is illustrated , the term 
“ machine " or " system ” shall also be taken to include any 
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collection of machines or and / or systems that individually or 
jointly execute a set ( or multiple sets ) of instructions to 
perform any one or more of the methodologies discussed 
herein . 
[ 0025 ] In the example depicted in FIG . 2 , computer sys 
tem 200 includes a processor 202 ( e . g . , a central processing 
unit ( CPU ) , a graphics processing unit ( GPU ) or both ) , a 
main memory 201 and a static memory 206 , which com 
municate with each other via a bus 208 . The computer 
system 200 may further include a display unit 210 , an 
alphanumeric input device 217 ( e . g . , a keyboard ) , and a user 
interface ( UI ) navigation device 211 ( e . g . , a mouse ) . In one 
embodiment , the display unit 210 , input device 217 and UI 
navigation device 211 are a touch screen display . The 
computer system 200 may additionally include a storage 
device ( e . g . , drive unit ) 216 , a signal generation device 218 
( e . g . , a speaker ) , a network interface device 220 , and one or 
more sensors 221 , such as a global positioning system ( GPS ) 
sensor , compass , accelerometer , or other sensor . 
10026 ] The storage device 216 includes a machine - read 
able medium 222 on which is stored one or more sets of data 
structures and instructions 223 ( e . g . , software ) embodying 
or utilized by any one or more of the methodologies or 
functions described herein . The instructions 223 may also 
reside , completely or at least partially , within the main 
memory 201 and / or within the processor 202 during execu 
tion thereof by the computer system 200 , with the main 
memory 201 and the processor 202 also constituting 
machine - readable media . 
[ 0027 ] While the machine - readable medium 222 is illus 
trated in an example embodiment to be a single medium , the 
term “ machine - readable medium ” may include a single 
medium or multiple media ( e . g . , a centralized or distributed 
database , and / or associated caches and servers ) that store the 
one or more instructions 223 . The term “ machine - readable 
medium ” shall also be taken to include any tangible medium 
that is capable of storing , encoding or carrying instructions 
for execution by the machine and that cause the machine to 
perform any one or more of the methodologies of the present 
disclosure or that is capable of storing , encoding or carrying 
data structures utilized by or associated with such instruc 
tions . The term “ machine - readable medium ” shall accord 
ingly be taken to include , but not be limited to , solid - state 
memories , and optical and magnetic media . Specific 
examples of machine - readable media include non - volatile 
memory , including , by way of example , semiconductor 
memory devices ( e . g . , Electrically Programmable Read 
Only Memory ( EPROM ) , Electrically Erasable Program 
mable Read - Only Memory ( EEPROM ) ) and flash memory 
devices ; magnetic disks such as internal hard disks and 
removable disks ; magneto - optical disks ; and CD - ROM and 
DVD - ROM disks . 
[ 0028 ] The instructions 223 may further be transmitted or 
received over a communications network 226 using a trans 
mission medium via the network interface device 220 uti 
lizing any one of a number of well - known transfer protocols 
( e . g . , HTTP ) . Examples of communication networks include 
a local area network ( LAN ) , a wide area network ( WAN ) , 
the Internet , mobile telephone networks , Plain Old Tele 
phone ( POTS ) networks , and wireless data networks ( e . g . , 
Wi - Fi® and WiMax® networks ) . The term " transmission 
medium ” shall be taken to include any intangible medium 
that is capable of storing , encoding or carrying instructions 
for execution by the machine , and includes digital or analog 

communications signals or other intangible medium to 
facilitate communication of such software . 
10029 ] FIG . 3 is a flow diagram of an exemplary method 
300 according to various aspects of the present disclosure . 
The exemplary method in FIG . 3 includes : receiving a 
function call including a plurality of operands ( 310 ) , iden 
tifying a plurality of actions associated with the function call 
and operands ( 320 ) , determining a set of dependencies 
among the actions for executing the actions on a set of 
computing resources ( 330 ) , and presenting the set of actions 
and determined set of dependencies ( 340 ) . The steps of 
method 300 may be performed in any suitable order , in 
whole or in part , and by any combination of hardware and 
software components , such as by the discoverer software 
component 110 in FIG . 1 operating on system 200 depicted 
in FIG . 2 . 
( 0030 ) Among other things , the method 300 shown in FIG . 
3 helps to provide a single , uniform , consistent interface for 
mapping a plurality of concurrent , tasks onto a heteroge 
neous platform . This interface may be referred to herein as 
a “ heterogeneous stream , " or an " hStream . ” In one exem 
plary embodiment , an hStream is represented as a queue 
with a first - in - first - out ( FIFO ) semantic . The plurality of 
actions identified from the function call and operands may in 
turn include one or more tasks , including computing tasks , 
data transfer tasks , and / or synchronization tasks . The 
" source ” enqueues all three types of tasks ( compute , data 
transfer , synchronize ) into the stream . The “ sink ” of the 
stream is bound to a set of computing resources which 
execute those actions . The actions appear to happen in order , 
subject to dependences among the operands of the actions , 
but they may actually execute concurrently and complete out 
of order . These streams can be bound to individual subsets 
of resources . There may be many streams in each node , 
varying from one per hardware thread to a single stream per 
node . As used herein , the term “ resources ” or “ computing 
resources ” may refer to a hardware resource , a software 
resource , or combinations thereof . 
[ 0031 ] The mapping of actions to streams can be done 
manually by tuning experts , automatically by the task sched 
uling system , or a combination of the two . In some embodi 
ments , programmers may submit actions to a single , high 
level interface ( which may be referred to herein as “ MetaQ ” ) 
that maps the work to the whole system using a runtime , 
potentially under user guidance . Among other things , this 
offers users of the system full flexibility in binding of tasks 
to underlying subsets of computer resources , data distribu 
tion and movement , and synchronization . 
[ 0032 ] FIG . 4 illustrates an exemplary function ( a 
“ Cholesky factorization ” function ) with a corresponding 
task graph to the right . FIG . 5 provides a close - up view of 
the task graph in FIG . 4 . FIG . 6 shows the Cholesky 
factorization function of FIG . 4 modified with “ hstreams _ 
enqueue ” functions that describe operands and are received 
( 310 ) , by ( for example ) the discoverer component 110 in 
FIG . 1 . 
[ 0033 ] Each operand referenced by a function comprises a 
set of data elements . Dependences may be determined ( 330 ) 
for each operand that are referenced , at its finest granularity 
of data elements . For example , a data collection comprising 
a two - by - two matrix ( matrix A ” ) includes four data ele 
ments , A . O , A . 1 , A . 2 , and A . 3 . Matrix A may be referenced 
in its entirety , or it may be referenced by its constituent 
groupings of data elements , which may be referred to herein 

ex 
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as “ tiles . ” Data structures and algorithms for managing data 
collections are discussed in more detail below . 
[ 0034 ] Embodiments of the present disclosure may utilize 
vectors that have an element per finest - grained operand for 
tracking dependences . Dependences may be updated for 
various actions ( compute , data transfer , synchronize ) in the 
order in which they are presented via library calls , and this 
constitutes a valid execution order . The dependences 
induced constrain the order of the actions , but any order that 
maintains those dependence will be valid , thereby enabling 
out of order execution . In the example shown in FIGS . 4 - 7 , 
The original math kernel library ( MKL ) calls in FIG . 4 , like 
DPOTRF , are turned into hStreams _ enqueue library appli 
cation program interface ( API ) calls ( as shown in FIG . 6 ) 
that specify the name of the function , its parameters , and an 
optional description of its operands . 
[ 0035 ] As depicted in FIG . 7 , the library calls become 
visible to the runtime in the right to left order shown on the 
left 710 ( POTRF thru GEMM ) , and are scheduled onto 
streams 720 shown in the middle , which are in turn bound 
to subsets of resources in one or more domains 730 , shown 
at the right . 
[ 0036 ] Determining the set of dependencies may include 
identifying an operand from the plurality of operands 
included in a function that is associated with a first action 
from the plurality of actions and includes a common data 
element with a second operand from the plurality of oper 
ands that is associated with a second action from the 
plurality of actions . As another example , consider the fol 
lowing sequence of actions : 
[ 0037 ] 1 . Transfer data for A : X , y ; 
[ 0038 ] 2 . Compute A : z = f ( x , y ) ; 
[ 0039 ] 3 . Transfer data for B : u ; and 
[ 0040 ] 4 . Compute B : w . 0 = f ( u . 0 , x . 0 ) , w . 1 = f ( u . 1 , x . 1 ) . 
[ 0041 ] In this example , the data transfer for B can be done 
early , during Compute A , which is an out of order execution . 
Additionally , x is a read - only input for both Compute A and 
Compute B , and therefore Compute A and Compute B could 
execute concurrently . If , however , Compute A were to 
modify x , then Compute B would depend on Compute A , 
and they could not be executed concurrently . 
[ 0042 ] Determining and managing dependences may be 
performed based on a variety of different criteria using a 
variety of different steps . For example , the set of dependen 
cies among the plurality of actions may be determined based 
on a variable having a global scope within a software 
application containing the function . 
[ 0043 ] Determination of dependencies may utilize vectors 
of data elements . For example , consider vectors with ele 
ments for each of u , x , y , z . One such vector can track the 
completion event of the last producer of that operand , 
another such vector can track the completion event of the 
last accessor . If only the accessor vector is maintained , the 
opportunity to overlap actions that only read the operands is 
lost . So as each action is enqueued , operands are identified , 
the action is made dependent on the completion events for 
the last producer or accessor for each operand , and then the 
vectors are updated with the producers and accessors of that 
action . In some embodiments ( discussed in more detail 
below ) , the mapping from operand to vector index can be 
performed very quickly , thereby increasing the efficiency of 
the exemplary systems in this disclosure in comparison to 
conventional systems . Accordingly , presentation of the 
actions and dependencies ( 340 ) may include presenting a 

dependence vector that includes an action from the plurality 
of actions that produces one or more of the data elements for 
an operand from the plurality of operands . 
0044 ] In another example , consider the case where Com 
pute B is performed in a tiled fashion , where variables u , W , X 
are tiled into parts 0 and 1 , that are operated on indepen 
dently . Upon the first reference to u . 0 and u . 1 instead of the 
whole of u , elements in the dependence vectors need to be 
split . The last producer and accessor for u is copied into the 
corresponding vector entries for each of u . 0 and u . 1 . Sub 
sequently , an action which updates one portion but not 
another , e . g . w . O but not w . 1 , will have its completion event 
entered into just w . O ' s element of the vector , but not the 
element associated with w . 1 . 
[ 0045 ] Examples disclosed herein provide a variety of 
advantageous features compared to conventional systems . 
For example , some embodiments may allow remote invo 
cation where actions are enqueued at the source , and appear 
to execute at the sink , but there is significant flexibility in 
where the actions actually occur . In one specific example , 
computes may occur on sink - side computation resources , 
but data transfers could be initiated on direct memory access 
( DMA ) resources owned by either the sink or the source , and 
any marshalling needed for data transfers could happen at 
either the source of sink . 
[ 0046 ] Another advantage of the examples disclosed 
herein is dynamic scheduling at the source or sink . A 
distinction can be made between actions that are data ready , 
i . e . , they can execute immediately , and those that are not . A 
ready queue and a wait queue are common abstractions for 
these cases . Waiting to move actions from the wait queue to 
the ready queue may enable a simpler and more - efficient 
FIFO implementation of the ready queue , and multiple ready 
queues may be used to implement priorities . 
[ 0047 ] In a specific example of dynamic scheduling , con 
sider the case of a stencil , where tasks to compute cells in the 
middle of the subdomain are always data ready , but tasks to 
compute cells in the halo may depend on communication 
with some remote message passing interface ( MPI ) rank 
which may be referred to for purposes of this example as 
“ input cells . ” Furthermore , a subset of the halo cells may 
produce data needed for other ranks , which may be referred 
to for purposes of this example as " output cells . ” 
[ 0048 ] Tasks for cells that are not input cells may be 
immediately placed on the data ready queue , while tasks for 
input cells go on the wait queue , and get moved to the ready 
queue as their input data becomes ready . Tasks for cells in 
the ready queue which are for output cells are higher priority , 
since they may be on the critical path for the time step . For 
stencil problems , users may provide a function that differ 
entiates between cells that are input , output , or neither , 
thereby allowing the system to place tasks for cells into the 
wait queue , high - priority ready queue , or low - priority ready 
queue . Tasks are then chosen from the high - priority ready 
queue if they are available . 
00491 . The assessment of data readiness could be made at 
either the source , ( e . g . before putting the work in a FIFO 
ready queue ) , or at the sink , in a reorderable queue . Such 
assessment may be made based a variety of criteria . For 
example , if the management of the completion of events is 
all at the source , then the former approach may be selected . 
If , however , the management of the completion of events is 
distributed , and can happen at any one of several sinks , then 
a more distributed system may be more efficient . For 
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example , if both the dependence predecessor and the depen 
dence successor are at the sink , then the communication 
about the completion of the predecessor need not incur the 
round - trip delay from the sink back to the source . 
[ 0050 ] Some exemplary implementations may have mul 
tiple queues , some of which use source - side scheduling and 
others which use sink - side scheduling , based on where 
results are produced from dependence predecessors . Fur 
thermore , the dependence management system can be aug 
mented to track producer - consumer relationships , by , for 
example , maintaining a list of consumers for each dynamic 
instance of a completion event . In such cases , when an event 
completes , it can look up who its consumers are , and 
ultimately where its consumers are , and can use point - to 
point communication to minimize latency and bandwidth 
overhead for synchronization . Among other things , these 
features help embodiments of the present disclosure provide 
efficient system scalability . Trade - offs can then be made 
about whether to track producers and consumers , whether to 
use point - to - point communication for event completion , and 
whether to perform the dynamic scheduling at the source or 
sink . Furthermore , the produce / consumer information may 
be used by a scheduler that selects where to perform work 
so as to minimize completion time , based on model of 
communication costs . 
10051 ] As described previously , embodiments of the pres 
ent disclosure may utilize an interface ( such as the “ MetaQ ” 
referenced above ) that maps the work to the whole system 
using a runtime . Embodiments of the present disclosure may 
perform a variety of operations on actions that are pending 
in the MetaQ . For example , consider the difference between 
the time that actions are enqueued and when they are 
executed as “ the event horizon . ” If the event horizon is large , 
there may be many actions that are pending , but not yet 
executing , and there may be more opportunity for optimi 
zation . 
[ 0052 ] One possible optimization includes decomposition , 
where a large task may be decomposed into smaller tasks to 
increase concurrency . Decomposition may be most appro 
priate for operations like matrix multiply , Cholesky factor 
ization , and lower - upper ( LU ) decomposition . Another pos 
sible optimization is aggregation , where a plurality of tasks 
may be aggregated into a “ meta - task ” to reduce invocation 
overheads , reduce data transfer overheads by aggregating 
data , and / or by pre - sorting for efficiency . Another optimi 
zation is specialization , where a sample application of 
presorting would be to group likesized tasks ( e . g . all those 
that operate on 512x512 vectors ) into one chunk , and 
invoking code that was specialized to operate on that size . 
For example , the MetaQ could recognize that the matrix size 
is small , and use a matrix multiplication mechanism to 
invoke matrix multiply code that ’ s customized for that size . 
[ 0053 ] Another possible optimization includes prework , 
such as error checking , address translation for operands of 
tasks that are to be executed in a different address space , and 
other operations that can be performed before the input 
dependences are satisfied . Prework may occur while the 
actions are sitting in the MetaQ waiting for execution . 
00541 Embodiments of the present disclosure may be 
integrated with input - output ( TO ) communication layers . 
Today , conventional systems for communication ( e . g . MPI 
send / recv ) and IO ( e . g . HDF5 ) tend to operate independently 
from task scheduling frameworks . The result is that even if 
an asynchronous MPI recv is used , the user writes code that 

eventually blocks all progress in the thread at a wait . In 
exemplary embodiments of the present disclosure , by con 
trast , dependence predecessors can be identified and 
instructed to trigger a completion event when their depen 
dence successors can proceed . If MPI or other 10 and 
comms interfaces are augmented with a mechanism that lets 
them cause the triggering of the completion event them 
selves , and the completion event is used by dependence 
successors within the general framework of the dependence 
management system , then the blocking waits need to limit 
concurrency . Instead , the dependence predecessors can com 
plete asynchronously , dependence successors can asynchro 
nously begin their execution as soon as possible , and other 
tasks not involved in those dependences can proceed inde 
pendently . In some exemplary embodiments , callbacks pro 
vide an implementation mechanism for this . 
[ 0055 ] In some embodiments , determining the set of 
dependencies includes identifying an asynchronous comple 
tion event associated with a respective action from the 
plurality of actions , and completion of the respective action 
triggers the completion event . The asynchronous completion 
event may be associated with a respective action from the 
plurality of actions that accesses an operand . Triggering the 
completion event associated with the action accessing the 
operand may be performed via a callback function initiated 
by a storage system in communication with the system that 
performs accesses to storage . Any suitable type of storage 
device may be utilized in conjunction with the embodiments 
of the present disclosure , including a magnetic storage 
device , an optical storage device , and / or a solid state storage 
device for performing an asynchronous prefetch to random 
access memory . 
[ 0056 ] In some embodiments , the asynchronous comple 
tion event is associated with a respective action from the 
plurality of actions that produces an operand . Triggering the 
completion event associated with the action producing the 
operand may be performed via a callback function initiated 
by a write to memory by the action producing the operand . 
Triggering the completion event associated with the action 
producing the operand may also be performed via a callback 
function initiated by a software component that is perform 
ing a busy - wait operation on a computing resource , and / or 
a callback function initiated by an interrupt handler . 
[ 0057 ] The callback function could also be initiated by a 
message passage system in communication with the system 
via a communications link , in which case the callback 
function initiated by the message passage system may 
include information from a packet received via the commu 
nications link that identifies a type of the packet . In such 
cases , a communication link may receive a packet that 
contains information that is used to identify its type , and that 
type information is passed as an argument to the callback . 
The callback function initiated by the message passing 
system may be selected based on a type of a packet received 
via the communications link , and the type of the packet is 
identified from information within the packet . The message 
passing system may be integrated with other systems and 
components , such as one of : a processor , a package on which 
a processor resides , or a chassis in which a processor resides . 
[ 0058 ] The set of actions and determined set of dependen 
cies may be presented ( 340 ) to any desired system , device , 
and software component . For example , as depicted in FIG . 
1 , the actions and dependencies may be presented from the 
discoverer software component 110 to the tuner software 
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component 120 . In some examples , presenting the deter 
mined set of dependencies includes updating an entry in the 
dependence vector in response to completion of an action , 
such as means replacing one entry with one or more other 
entries . 
[ 0059 ] As introduced above , one or more dependence 
vectors may be used in presenting the actions and depen 
dencies . In some embodiments , presenting the determined 
set of dependencies includes presenting a first dependence 
vector that includes an action that produces one or more of 
the data elements for a respective operand from the plurality 
of operands , and a second dependence vector that includes 
an action that accesses one or more of the data elements for 
the respective operand from the plurality of operands . The 
second dependence vector may include a first action that 
accesses a first operand from the plurality of operands and 
a second action that accesses the first operand , wherein the 
dependencies for the first action and the second action allow 
the first action and the second action to be executed con 
currently . 
[ 0060 ] Additionally , a set of consumers associated with a 
respective producer of a data element in the first dependence 
vector may be updated in response to a new action in the first 
dependence vector . In such cases , presenting the determined 
set of dependencies may include presenting consumer 
actions for the set of consumers associated with the respec 
tive producer in response to a query received from the 
respective producer . Furthermore , a data movement soft 
ware component may monitor triggering of a completion 
event by the respective producer , and in response to the 
triggering of the completion event by the respective pro 
ducer , push data from the respective producer to the set of 
consumers . Among other things , this helps enable software 
components , operating in distributed subsystems , to com 
municate directly with one another in a decentralized way 
without the need for centralized coordination around track 
ing the availability of data from producers and which 
consumers the data needs to be shipped to . Software com 
ponents managing the scheduling of actions at the producer 
can react to data being pushed to them that is tagged with an 
identification of the producer , without having to busy - wait 
poll for the availability of data from the producer . 
[ 0061 ] FIG . 8 depicts a detailed block diagram of an 
exemplary tuner component 120 from FIG . 1 according to 
various aspects of the present disclosure , while FIG . 9 is a 
flow diagram of an exemplary process 900 that may , for 
example be performed ( in whole or in part ) by the tuner 
component 120 and / or by other systems and components in 
accordance with the present disclosure . In these examples , 
tasks are exposed as an imperative sequence of actions 
( compute , data transfer , synchronize — as described above ) , 
each with a set of operands and relationships between such 
task may be inferred from that sequence ( e . g . , as represented 
in the task graph shown in FIG . 5 . 
[ 0062 ] There are many operations that happen within the 
tuner . Each one may have a pluggable interface , so it can be 
replaced with a user - provided version . A tuning expert 
and / or runtime process discovers the available concurrency , 
and maps actions to parallel computing resources : to achieve 
load balance , to tune trade - offs between the degree of tiling 
and number of streams , to tune the trade - offs between the 
number of MPI ranks and the number of threads per rank , 
and to tune thread affinity . Among other things , embodi 
ments of the present disclosure provide for the flexible 

management of tasks among computing resources . Actions 
can be bound to streams , as introduced previously , and the 
binding of streams to underlying resources may be per 
formed separately from the mapping of actions to streams . 
The tuner can map actions to any set of target resources , in 
any order , as long as that mapping observes dependences 
and compute capability restrictions . 
[ 0063 ] This helps provide users with a uniform interface 
that can be used to map tasks onto heterogeneous computing 
resources ( e . g . , Peripheral Component Interconnect Express 
( PCIe ) devices , nodes over fabric , the localhost , field 
programmable gate arrays ( FPGAs ) , and / or systems on a 
chip ( SOC ) ) . Embodiments of the present disclosure help to 
select computing resources to map work to , to qualify the 
paths to those computing resources by fabric type and by 
subsets of computing resources within those nodes , to asso 
ciate computing resources that enhance portability for load 
balancing and tuning , to manage memory at granularities 
that map to underlying physical structures , and to associate 
the controls over thread affinity for ease of use . 
[ 0064 ] In the example shown in FIG . 9 , method 900 
includes receiving a set of actions , an identification of a set 
of computing resources to associate with the set of actions , 
and a set of dependencies among the set of actions ( 910 ) , and 
receiving a description of a hierarchy of the computing 
resources ( 920 ) . Method 900 further includes receiving 
identification of a function ( 930 ) , associating the set of 
actions and data elements related to the set of actions with 
the set of computing resources ( 940 ) , ordering the set of 
actions for execution ( 950 ) , presenting the ordered set of 
actions ( 960 ) , and executing the ordered set of actions ( 970 ) . 
[ 0065 ] The actions , computing resources , and dependen 
cies may be received ( 910 ) from any suitable system , device 
and / or component , such as from the discoverer software 
component 110 depicted in FIG . 1 . The identification of the 
hierarchy for the computing resources may likewise be 
received ( 920 ) from any desired source and the association 
of actions and data elements with the computing resources 
( 940 ) , as well as the ordering of actions ( 950 ) may be 
performed based on the hierarchy . 
[ 0066 ] For example , the description of the hierarchy of the 
computing resources may be received from one or more of : 
a discovery of the computing resources in the system , a 
specification in a file , a specification in environment vari 
ables , and a specification using APIs . The identification of 
the set of computing resources may include an identifier for 
each computing resource , with the identifier including one 
or more of : an internet protocol address , a node name , a 
qualifier describing a communications fabric used to 
resource a particular set of computing resources , a qualifier 
that specifies a subset of computing resources to use within 
a node , and a qualifier that species a mode in which a subset 
of computing resources should operate . 
100671 Furthermore , a subset of the computing resources 
may be identified with logical numbers , where the logical 
numbers define an ordered subsequence of the computing 
resources . Among other things , the ordered sequence can be 
referred to , variously by the tuner component and by a 
programmer , thereby creating a separation of concerns 
between the user of the resources and the specifier of the 
resources . The programmer may refer to resources by their 
logical number , and a tuner may in turn control which actual 
resources , or portion of a resource , that that logical number 
refers to . 

Page 21 of 57



US 2017 / 0262319 A1 Sep . 14 , 2017 

[ 0068 ] The identifiers of the computing resources may 
include one or more : a memory type , an amount of a 
memory type that is used , and configuration information for 
a memory resource . The identifier of the computing 
resources may also include an amount of a memory type to 
be allocated based on an amount of memory that has been 
previously consumed . The identification of the set of com 
puting resources may also include a number of memory 
buffers that are available for temporary use to be shared 
among computing tasks , wherein allocation of the temporary 
buffers is one or more of : explicitly specified by the set of 
actions , and dynamically allocated by a runtime software 
component . Accordingly , associating the set of actions and 
the data elements with the set of computing resources ( 940 ) 
may include selecting a hardware computing resource based 
on an identifier of the hardware computing resource received 
by the software component via one or more of : a file , an 
environment variable , an application programming inter 
face , and a node identifier . 
[ 0069 ] In some embodiments , associating the set of 
actions and the data elements with the set of computing 
resources ( 940 ) includes mapping a plurality of logical 
devices to hardware computing resources based on an order 
of occurrence of the hardware computing devices in the set 
of computing resources received by the software compo 
nent . 
0070 ] In some embodiments , associating the set of 
actions and the data elements with the set of computing 
resources ( 940 ) includes selecting a memory computing 
resource from the set of computing resources , wherein the 
memory computing resource is selected based on one more 
of : a type of the memory computing resource , a size of 
memory to be used within the memory computing resource , 
and a current utilization of the memory computing resource . 
[ 0071 ] Association of the set of actions and data elements 
with the computing resources ( 940 ) may also include asso 
ciating an action with a memory component from the set of 
computing resources , based on the hierarchy of the comput 
ing resources , to minimize a latency associated with access 
ing the memory component . 
[ 0072 ] The hierarchy of computing resources may arrange 
resources across physical and logical domains . For example , 
the description of the hierarchy of the computing resources 
may include an arrangement of computing resources that 
includes one or more of : a group of central processing units , 
a plurality of groups of central processing units arranged as 
a stream , and groups of streams that share a memory 
domain . The description of the hierarchy of the computing 
resources may also include an arrangement of memory 
resources , the arrangement including one or more of : an 
amount of memory for a type of memory resource , a 
partitioning of memory into variables , and tiles of variables . 
[ 0073 ] The hierarchy may identify the largest - possible set 
of resources across which a single memory coherence 
domain can be shared . Specific examples of this include a 
cluster node with coherent XEON sockets , a XEON PHI 
card or socket , and an FPGA with private memory . The 
hierarchy may also identify resources across a logical 
domain that is a disjoint subset of a single physical domain . 
Resources in a logical domain may , for example , have an 
association with a physical domain , a CPU mask that 
indicates which subset of computing resources that they use , 
and optionally , an indication of which subset of memory 
they use . Specific examples include a sub - non - uniform 

memory access ( sub - NUMA ) cluster , the portion of 
resources used by a given programming model , and the 
portion of resources that use high - bandwidth memory rather 
than DDR . 
[ 0074 ] Accordingly , association of the set of actions and 
data elements with the computing resources ( 940 ) may 
include mapping , based on the hierarchy of the computing 
resources , a set of logical memory domains across a plurality 
of physical memory components from the set of computing 
resources . Among other things , this allows the tuner com 
ponent 120 to easily remap the set of actions and data 
elements onto different systems , ranging from small , simple 
systems , to large , scaled systems with a variety of hardware 
components , without changing the inputs from the discov 
erer system 110 . Association of the set of actions and data 
elements with the computing resources may also include 
localizing actions , based on the hierarchy of the computing 
resources , among a subset of the set of computing resources . 
10075 ] The computing resources of the hierarchy may be 
arranged according to any desired criteria . For example , the 
computing resources may be divided based on one or more 
of : an even distribution of computing resources among 
partitions of the hierarchy , and a distribution that balances 
capabilities of computing resources within partitions of the 
hierarchy . Among other things , this allows a greater number 
of slower resources to be added to a partition compensate for 
one or more relatively faster resources in another partition . 
[ 0076 ] Ordering the actions in the plurality of actions 
( 950 ) may include ordering the actions among a plurality of 
subsets of computing resources identified by the hierarchy of 
the computing resources , wherein each subset of computing 
resources may be managed with a respective instance of the 
software component . The plurality of respective instances of 
the software component may also be recursively and hier 
archically instantiated . 
[ 0077 ] Furthermore , ordering actions among the plurality 
of subsets of computing resources ( 950 ) may be performed 
in response to one or more of : an action completing , a 
plurality of actions completing , and a determination by the 
software component that the number of actions to be 
executed is below a predetermined threshold . In some cases , 
at least a portion of the actions associated with a subset of 
computing resources may be unordered . In other cases , the 
actions are statically associated and ordered for execution 
based on instructions received by a software component 
( such as the tuner component 120 ) implementing features of 
the present disclosure . In still other examples , the actions 
may be dynamically associated and ordered based on 
instructions received by the software component that 
describe one or more of : computing resource availability , 
computing resource proximity , costs of moving data oper 
ands from producers on which an action depends , a capa 
bility of a computing resource , and prioritizations in the 
instructions . In this context , such “ capabilities ” may include 
computing performance as well as power and energy effi 
ciency related to a particular action . 
10078 ] In some examples , actions may be dynamically 
associated ( 940 ) and ordered ( 950 ) according to a policy for 
distributing available actions on the computing resources in 
the hierarchy , wherein the policy describes one or more of : 
an exhaustive ordering of actions on the computing 
resources , a partial ordering of actions on the computing 
resources based on actions that have already been distributed 
to the computing resources but are still pending execution , 
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logical domains and streams can be created all at once , 
through ( for example ) APIs that specify how resources are 
to be divided between them . In yet other examples , streams 
and logical domains can be added selectively and incremen 
tally . 
[ 0083 ] Embodiments of the present disclosure may oper 
ate in conjunction with a variety of different hardware and 
software computing resources , such as a host computing 
resource , a target computing resource , a central processing 
unit , a graphics processing unit , a field - programmable gate 
array , and a system - on - a - chip . 
100841 Embodiments of the present disclosure may pro 
vide APIs with varying levels of flexibility and control . One 
example of such an API includes a “ STREAMSET ” object 
that represents a collection of streams described in more 
detail below . This object can be used as a synchronization 
object and can be optionally supplied to , and filled in by , the 
API that creates streams . The object can also be used for 
synchronization . 
[ 0085 ] The STREAMSET ' s streams may be limited to a 
single logical domain , or across multiple logical domains . In 
one exemplary embodiment , when app _ init _ leagues fills in 
a STREAMSET , it is always limited to a single logical 
domain . An exemplary data structure definition of the 
STREAMSET is shown below : 

typedef struct HSTR _ STREAMSET { 
uint32 _ t num _ streams ; 
HSTR _ LOG _ STR * log _ stream _ ID ; / / array of logical stream IDs , 

one per stream 
} HSTR _ STREAMSET ; 

se 

and a partial ordering of actions based on actions left to be 
distributed . Dynamic association and ordering of actions 
may also include : classifying pending actions according to a 
priority scheme that includes one or more of : user - specified 
priorities for specific actions , user - specified priorities for 
specific classes of actions , user - specified priorities ; grouping 
the pending actions into a respective queue associated with 
each respective classification ; and ordering the pending 
actions in each respective queue according to the respective 
classification for the respective queue . In some cases , the 
" user - specified priorities ” identifies a user - specified func 
tion that is evaluated over properties of the actions and 
current system conditions . 
[ 0079 ] Streams , as introduced above , may be a disjoint 
subset of resources in a logical domain . In some exemplary 
embodiments , streams may be specified as either a propor 
tional fraction of a logical domain , or as a specific CPU 
mask . Multiple streams may be used to enhance efficiency , 
since small tasks may execute with less overhead on fewer 
resources , or to enable greater concurrency among tasks on 
different streams . This layering , particularly of logical on 
physical domains , and of proportional sub partitioning of 
resources into streams provides embodiments with a variety 
of advantages over conventional systems , including 
increases in efficiency and ease of use for users . 
[ 0080 ] The physical domains which a tasking framework 
is permitted to use may be specified in a variety of ways , 
including a list of node names and / or Internet protocol ( IP ) 
addresses , as an environment variable ( e . g . set by a runtime 
resource manager ) , as read from a file , as looked up from a 
service , or as specified through a programmatic API . Since 
some nodes may be reached by various paths , each with their 
own interconnect type , embodiments of the present disclo 
sure may provide an optional qualifier on nodes that lists the 
interconnect by which they are reached . The sequence of 
entries in , for example , the lists noted above , may be used 
to establish an enumerated order of logical device identifi 
ers . Furthermore , there may be cases where a runtime 
resource manager wants to specify the entire set of resources 
that a set of cooperating processes use ( e . g . all of the MPI 
ranks in a job ) , but then wants to further qualify the subset 
of those to be used by a specific process ( e . g . 1 MPI rank ) . 
This may be accomplished by specifying a subset of logical 
IDs , according to the enumeration order above , that the 
specific processes requested physical domains will be 
modulo - mapped to . 
[ 0081 ] In addition to specifying the node , the resources 
within a node may be partitioned , and assigned to one 
process or agent and not others . For example , four MPI 
ranks running on a host may each be assigned 1 / 4 of a 
modular interface card ( MIC ) for their exclusive use . The 
qualification of the subset of resources within a node that are 
to be used could be specified as part of the node list , or as 
part of the list of logical identifiers . 
[ 0082 ] Embodiments of the present disclosure may also 
map logical domains onto physical domains , and map 
streams onto logical domains . Logical domains and streams 
are programmatic objects that may be created with user 
level APIs . Logical domains may have a many - to - one map 
ping to physical domains , and streams may have a many 
to - one mapping to logical domains . Logical domains and 
streams can be created individually , by specifying their 
association ( physical domain for logical domains , and logi 
cal domain for streams ) and CPU mask . Alternatively , 

[ 0086 ] The preceding collection of streams is distinct from 
the threading properties that streams have when they are 
created , so an exemplary data structure for defining such 
streams is shown below : 

typedef struct HSTR _ THREAD _ PROP { 
uint32 _ t * starting thread ; / / array of starting thread IDs , one per 

stream 
uint32 _ t * num _ threads ; / / array of number of threads , one per 
stream 
KMP _ AFFINITY kmp _ affinity ; / / KMP _ AFFINITY setting at the 

time of league creation 
} HSTR _ THREAD _ PROP ; 

[ 0087 ] In the API that follows , arrays of values are sup 
plied , where the size of the array corresponds , in some cases 
to the number of logical domains to be added , in some cases 
to the number of physical domains to have logical domains 
added , as indicated in the comments on parameters below : 

HSTR _ RESULT 
hStreams _ app _ init _ leagues 
uint32 _ t in _ NumLogDomains , 
int32 _ t in _ NumPhysDomains , 
uint32 _ t * in _ pLogDomainsPerPhysDomain , 1 / perphysical 
domain array 
uint32 _ t * in _ pStreamsPerLogDomain , / / perlogical 
domain array 
float * * in _ ppFractionOfThreads ; 1 / perlogical 
domain * stream array : % threads in ea 
stream 

Page 23 of 57



US 2017 / 0262319 A1 Sep . 14 , 2017 

- continued 
uint32 _ t in _ LogStreamOversubscription , 
HSTR _ STREAMSET * out _ pStreamSets , 
HSTR _ THREAD _ PROP * out _ pThreadProps ) ; 

[ 0088 ] Embodiments of the present disclosure may pro 
vide a variety of features to support portability and tuning . 
For example , algorithms may be expressed in a tiled , data 
decomposed form . Once this has been done , trade - offs can 
be made in the number of tiles with a simple tiling param 
eter , the number of streams to be used can be specified using 
APIs like those above , and tiles can be easily modulo 
mapped to streams : 

[ 0089 ] for ( i = 0 , tile _ num - 1 ) { map tile i to i % 
nstreams 

10090 ) Embodiments of the present disclosure may also 
allow loads to be balanced across physical domains that 
have different performance in a variety of ways , such as by 
changing the number of logical domains per physical 
domain , or by changing the number of streams per a logical 
domain . Accordingly , associating the set of actions and the 
data elements with the set of computing resources ( 940 ) may 
include balancing loads across a plurality of memory com 
puting sources by dynamically changing one or more of : a 
number of logical memory domains mapped to a physical 
memory domain , and a number of streams associated with a 
logical memory domain . 
[ 0091 ] As noted above , resources within a given node can 
be subdivided among processes ( e . g . , MPI ranks ) . A logical 
domain can be assigned to each such rank , and the resources 
within that logical domain can be used by hStreams or 
OPENMP tasks and threads . Additionally , when users allo 
cate memory , they can wrap that memory in buffers , as 
described in more detail below . Buffers may be instantiated 
in selected logical domains , as shown in FIG . 10 . In this 
example , buffer A is instantiated only on the source CPU 
( host ) , buffer B is instantiated only on the sink CPU , and 
buffer C is instantiated in both . For this particular example , 
the sink CPU is booted in sub - NUMA cluster ( SNC ) mode . 
[ 0092 ] Because there may be a double - digit performance 
implication for the SNC a buffer is allocated and used in , it 
may be desirable to control such allocation and use . In one 
exemplary embodiment , each SNC may be made a different 
logical domain . Then the instantiation of buffers can be 
controlled at a granularity ( logical domains ) which can be 
mapped to relevant physical structures ( SNCs ) . 
[ 0093 ] In some applications , performance may be better 
for using just one or two threads per core than all four , but 
this varies by application characteristic ( e . g . the degree of 
constructive interference , and degree of available instruc 
tion - level parallelism ) . The policy of how many threads per 
core should be used is a controllable , abstracted tuning 
parameter . 
[ 0094 ] Embodiments of the present disclosure may 
receive the identification of a variety of different functions 
( 930 ) callable by , for example , the tuner component 120 ( or 
other component implementing the functionality of the 
present disclosure ) . Such functions may server a variety of 
purposes , such as for performing one or more of : modeling 
costs for computation , modeling costs for data communica 
tion , modeling costs for synchronization , modeling costs for 
resource re - configuration , distributing data , distributing 
actions , ordering actions , redistributing unscheduled actions 

onto alternate subsystems for execution , redistributing failed 
actions onto alternate subsystems for execution , transform 
ing sets of actions that are pending distribution for execu 
tion , dynamic allocation of memory , dynamic selection of 
storage from a pool of pre - determined memory resources , 
selection of memory structures to use based on properties of 
a computation , data movement , data synchronization , and 
managing completion of actions that have been scheduled . 
[ 0095 ] In one example , a function callable by the software 
component is for modeling costs based on one or more of the 
following characteristics : a number of elements in memory 
operands , a shape of memory operands , a layout of memory 
operands , capabilities of computing resources used to 
execute an action , characteristics of computing resources 
used to execute an action , a type of an interconnect used to 
transmit data from a producer to its consumer , and a per 
formance characteristic of an interconnect used to transmit 
data from a producer to its consumer . In this example , the 
characteristics for the function callable by the software 
component may be provided by one or more : a fixed table 
that is part of the software component , a user - supplied table , 
a table populated with profiling data collected from current 
and past executions , a fixed routine which evaluates a metric 
based on inputs and dynamic conditions , and a user - supplied 
routine which evaluates a metric based on inputs and 
dynamic conditions . 
[ 0096 ] In another example , the function callable by the 
software component is for transforming sets of actions by 
performing one or more of : decomposition of an original 
action into a set of actions of finer granularity which cover 
functionality equivalent to the original action , aggregation 
of a set of actions into a single action of coarser granularity , 
conversion of an action from one implementation to another 
implementation of equivalent functionality , specialization of 
a set of actions into a simpler set of actions , and pre - work 
for a set of actions . In a further example , the function 
callable by the software component is for transforming sets 
of actions via aggregation based on one or more of : suit 
ability and efficiency of aggregation for a particular com 
puting target , similarity of computation among actions , size 
and shape of data , and locality of data . 
[ 0097 ] In another example , the function callable by the 
software component is for pre - work for a set of actions , 
wherein the pre - work includes one or more of : error check 
ing , selection of a particular implementation , pre - processing 
of a subset of available operands , preconditioning and 
reformatting of data , preparation for transmission of input 
operands , and preparation for transmission of output oper 
ands . 
[ 0098 ] In another example , the function callable by the 
software component is for the specialization of a set of 
actions into a simpler set of actions , wherein the specializa 
tion is performed based on one or more of : operands of the 
set of actions , conditions of the set of computing resources , 
a type of an action to be performed , characteristics of a 
computing resource on which an action is to be performed . 
[ 0099 ] In another example , the function callable by the 
software component is for moving data from a source 
storage area to a destination storage area , and wherein the 
moved data is not contiguous . In some cases , the non 
contiguous data may be marshalled into a contiguous chunk 
of data at the source . In other cases , a contiguous superset of 
the data is sent to the destination and a subset of data is 
extracted at the destination . 

Page 24 of 57



US 2017 / 0262319 A1 Sep . 14 , 2017 

[ 0100 ] In another example , the function callable by the 
software component is for moving data from a source 
storage area to a destination storage area , wherein the moved 
data is not contiguous , and non - contiguous data is mar 
shalled using one or more of : a function provided by the 
tuner runtime , a function for optimizing performance and 
efficiency , a user - provided function for performing marshal 
ing at the source , and a user - provided function for perform 
ing marshaling at the destination . The non - contiguous data 
may be marshalled using a function for optimizing perfor 
mance and efficiency based on one or more of : data layout , 
data size and shape , a characteristic of a computing resource 
that is sending the data , and a characteristic of a computing 
resource that is receiving the data . 
[ 0101 ] In another example , the data is moved from one 
source storage area to another destination storage area in 
response to one or more of : operands being generated by a 
producing action , on demand to a request by a consuming 
action for data , and optimization criteria being met , and 
wherein the optimization criteria includes one or more of : 
any communication link being available , a preferred com 
munication link being available , a communication link being 
available that will minimize consumption of time , a com 
munication link being available that will minimize con 
sumption of energy , and buffering resources being available 
at a receiving end of a communications link . 
[ 0102 ] Embodiments of the present disclosure may pres 
ent the ordered set of actions ( 960 ) and execute the ordered 
set of actions ( 970 ) in a variety of ways . For example , 
presenting the ordered set of actions ( 960 ) may be per 
formed via one or more of : a computer program , an ordered 
sequence of application program interface calls , a set of 
comments for an executor software component , and a 
graphical display 
[ 0103 ] Additionally , executing the ordered set of actions 
( 970 ) may include : receiving a query from a consumer of an 
operand regarding availability of data from a producer of the 
operand ; and transferring the data from the producer to the 
consumer in response to the produced data being available , 
wherein the query is received by one or more of : computing 
resources on which the producer actions execute , a software 
component running on computing resources on which the 
producer actions execute , and a centralized software com 
ponent that tracks when actions have completed . 
[ 0104 ] In another example , executing the ordered set of 
actions ( 970 ) includes tracking , via an action that produces 
an operand , a consumer action that uses the produced 
operand , and transferring the data from the producer to the 
consumer in response to the produced data being available . 
[ 0105 ] In yet another example , executing the ordered set 
of actions ( 970 ) includes : attempting to execute , by the 
software component , an action from the ordered set of 
actions on a first subset of the computing resources ; iden 
tifying , by the software component , a failure of the action to 
execute on the first subset of computing resources ; and in 
response to identifying the failure , executing the action on a 
second subset of computing resources , wherein the first 
subset of computing resources and candidates for the second 
subset of computing resources are identified in a hierarchy 
of the computing resources received by the software com 
ponent . In this example , the candidates for the second subset 
of computing resources may be selected based on one or 
more of : a predetermined computing resource identified by 
input received by the software component a prioritized list 

of computing resources identified by input received by the 
software component , a proximate resource identified from a 
description of a hierarchy of the computing resources , an 
available computing resource , a computing resource whose 
capabilities enable the action to be completed sooner than 
another computing resource . Candidates may be selected 
based on any different combination of the above criteria ( and 
others ) , and such selection may take into account the avail 
ability , capabilities , communication costs , priorities and 
policies provided as inputs to the tuner component 120 . 
[ 0106 ] FIG . 11 illustrates an example of a hierarchy of 
tuning components according to various aspects of the 
disclosure . The tuning may be applied at the whole - cluster 
level to map work onto sub - clusters , then again at the 
sub - cluster level to map work onto sub - subclusters , and so 
on , down to specific , lowest - level computing resources . 
f0107 ] In a further example , executing the ordered set of 
actions ( 970 ) may include dynamically allocating and deal 
locating computing resources from the set of computing 
resources based on a demand for computing resources from 
the executed actions . 
[ 0108 ] Each year , with new memory types to choose from 
( including high bandwidth and non - volatile memory ) , plat 
form complexity and heterogeneity is increasing , with dif 
ferent node types , different amounts , and different kinds of 
memory per node . Furthermore , some platforms have 
memory hierarchies where some computing resources have 
lower latencies and higher bandwidth to some memory 
components than other computing resources . On such plat 
forms , appropriately affinitizing tasks and their data can 
have a double - digit performance impact , e . g . in sub - NUMA 
clustering on KNL . Embodiments of the present disclosure 
may be used to help take optimal advantage of these memory 
resources by managing where memory is allocated and how 
it is affinitized . 
[ 0109 ] Additionally , runtime systems are growing in their 
ability to apply metadata about objects in memory to achieve 
performance gains . Tracking that a buffer is already pinned 
can improve DMA performance by 5 % or more . Applying 
knowledge that a buffer is read - only in a program phase 
creates an opportunity for concurrency among tasks that 
only read that buffer , without needing to have operands 
annotated as read - only at every call site . And tracking which 
buffers and which portions of a buffer have been modified 
can reduce the cost of dirty writebacks and flushing in FPGA 
systems with non - coherent memory . 
[ 0110 ] Among other things , embodiments of the present 
disclosure help allow memory buffers be created with cer 
tain properties , or have those and other properties modified , 
in response to various requests and instructions . The 
embodiments of the present disclosure provide various 
advantages over conventional systems , including offering a 
declarative interface that lets the runtime system provide the 
best - available method for implementing the declared prop 
erty as opposed to imperatively specifying a method of data 
allocation . 
[ 0111 ] Embodiments of the present disclosure also provide 
properties not offered by other conventional systems , such as 
affinitization , pinning , access type , and coherence state . 
Some of those properties may be mutable by the embodi 
ments described herein , whereas conventional systems may 
only specify immutable properties at allocation time , but 
don ' t provide interfaces to modify buffer metadata across 
different phases , e . g . transitioning a buffer to read only once 
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it has been initially populated . Additionally the property 
declarations that some conventional systems provide are 
associated with caller operands , rather than with the buffers 
to which the operands refer , thereby requiring that every call 
site needs to be modified , rather than just the stored objects 
themselves . 
[ 0112 ] Memory objects such as variables , or multi - dimen 
sional tiles of larger arrays , may be represented as memory 
buffers . These buffers may have properties associated with 
them . Some properties are mutable , some are not . Such 
buffer properties may include , for example : whether that 
buffer is instantiated in a given domain ( as introduced 
above ) ; whether the buffer memory is pinned ( e . g . , to 
facilitate DMAS ) ; whether the buffer is allocated from a 
given type of memory , ( e . g . , high - bandwidth memory , non 
volatile memory , memory hidden from the OS , scratchpad 
memory , etc . ) ; the policy for allocating that memory ( e . g . , it 
must be of the specified type or the allocation fails , or 
whether the specified type is a preference ) ; whether extra 
steps should be taken to affinitize the memory with a given 
set of computing resources ; size , shape and layout of the 
memory ; coherence properties , such as read - only , writable , 
modified , write - with - reduction , incoherent , invalid , not ini 
tialized , etc . ; and whether multiple instances within the same 
physical coherence domain are allowed to alias , to save 
memory and to optimize away unnecessary copies . 
[ 0113 ] In exemplary embodiments of the present disclo 
sure , properties such as those listed above can be specified 
or requested in a declarative manner . A runtime component 
may provide the implementation that carries out the speci 
fied requests . Embodiments of the present disclosure may 
thus provide a declarative interface for getting memory 
allocated where it will be affinitized to a designated set of 
compute resources using various allocators for a variety of 
different memory types . Embodiments of the present dis 
closure also allow allocation of the specified memory type to 
be either required or opportunistic , and provide control over 
default allocation for different kinds of memory ( heap , 
static , stack , etc . ) . Furthermore , exemplary embodiments 
may keep track of : which data is modified vs . clean or in 
other states , at the granularity of buffers or operands ; which 
of many instances of a buffer has the latest copy ( others may 
be shared copies or invalid ) ; and whether memory is ini 
tialized or not . 
[ 0114 ] As used herein , the term a “ buffer ” or “ memory 
buffer ” may be used to denote a logical entity that refers to 
a given block of memory . There may be multiple instances 
of such buffers . Referring again to FIG . 10 , the buffer may 
have started in one device , like the host source in FIG . 10 , 
and gotten copied elsewhere , such as to a card . The buffer 
may be a read - only buffer that gets replicated and shared . A 
buffer may be instantiated in any subset of places — all or a 
few . 
0115 ] In the example shown in FIG . 10 , Buffer A is 
instantiated only at the source , in DDR . Buffer B is instan 
tiated only in one of the sub - NUMA domains at the sink , and 
Buffer C is instantiated in DDR for both the source and sink . 
Selective instantiation may be used to save memory by only 
using memory that is needed . Each instance of the buffer can 
be allocated by either the user or the runtime . Many “ real 
codes ” can allow memory they ' ve allocated to be wrapper as 
a buffer but can ' t cede control over allocation . When a 
function can run on any one of several devices , its operands 
are referred by an address which indicates which abstract 

buffer that operand lives in , and the runtime maps that 
abstract “ proxy address ” to the real address in the appropri 
ate instances . Having one name for multiple instantiations of 
a buffer offers a big reduction in programming complexity . 
Furthermore , using that proxy address can allow the runtime 
to find the nearest - available shared copy , or last - written 
instance , without the user having to micromanage that if 
they don ' t wish to . 
[ 0116 ] Direct Memory Access ( DMA ) transfers require 
that memory be pinned . But if too much physical memory is 
pinned , the whole system , not just the process , can become 
unstable . Embodiments allow memory to be selectively 
pinned and unpinned at the buffer granularity to help avoid 
this problem . 
[ 0117 ] Embodiments of the present disclosure allow a 
variety of memory types to be specified , such as high 
bandwidth memory , non - volatile memory , and other types . 
This feature goes beyond many programming languages ' 
capabilities ( such as C ' s static qualifier for read - only 
memory , and FAST FORWARD ' s _ attribute _ ( ( section 
( “ 11scratchpad ” ' ) ) . The request can be made with a " must " 
( error if not fulfilled ) or “ may ” ( best effort ) policy . 
[ 0118 ] FIG . 12 depicts an exemplary operand property 
manager component 1200 according various aspects of the 
present disclosure . FIG . 13 is a flow diagram of an exem 
plary process that may be performed by , or in conjunction 
with , the operand property manager 1200 . In these 
examples , method 1300 includes the operand property man 
ager : receiving instructions regarding a callee function 
( 1305 ) , creating a persistent representation of the callee 
function ( 1310 ) , receiving instructions describing properties 
for a data collection ( 1315 ) , creating a persistent represen 
tation of the data collection ( 1320 ) , receiving an updated 
property for the data collection ( 1325 ) , updating the callee 
function representation ( 1330 ) , updating the data collection 
representation ( 1335 ) , determining the writeability of the 
data collection ( 1340 ) , determine an optimization for the 
data collection ( 1345 ) , receiving a query regarding a prop 
erty of the data collection ( 1350 ) , transmitting the queried 
property of the data collection ( 1355 ) , receiving a query 
regarding an operand ( 1360 ) , transmitting information 
regarding the queried operand ( 1365 ) , and deriving infor 
mation regarding the data collection ( 1370 ) . 
[ 0119 ] The data collection may include , and / or be associ 
ated with , a variety of types of memory buffers . In one 
exemplary embodiment , the data collection is an operand of 
an action that includes one or more of : a computing task , a 
data transfer task , and a synchronization task . The data 
collection may include any type of memory construct , 
including one or more of : a variable , a buffer , and an array . 
f0120 ] The operand property manager component 1200 
depicted in FIG . 12 may receive and transmit information in 
any suitable manner , such as via APIs . Accordingly , in some 
exemplary embodiments , the component 1200 receives , via 
an application programming interface , instructions from a 
source describing a set of properties for a data collection , as 
well as instructions regarding a callee function that include 
a description of properties associated with arguments for the 
callee function . The queries ( 1350 ) , ( 1360 ) and responses 
thereto ( 1355 ) , ( 1365 ) may also utilize an API . 
[ 0121 ] In sub - NUMA cluster mode , which physical 
memory controller is used by a given core / HW thread can 
have > 10 % impact . Getting onto the right thread from which 
to perform the first touch can be complex - beyond the reach 
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of many programmers . Embodiments of the present disclo - 
sure , by contrast , help make such thread selection easy and 
declarative . 
[ 0122 ] Embodiments of the present disclosure may allow 
the layout of storage to be specified ( e . g . Array of Structures , 
Structure of Arrays , Hilbert Curve , strided , etc . ) . The speci 
fication of such layouts is described in more detail below . 
This can affect the addressing scheme , and hence the order 
of traversal for memory accesses to data structures . The data 
in the same buffer can also be manipulated in place . A call 
to a function with an operand that falls within a buffer can 
use the buffer ' s specified data layout to decide how to 
traverse the data . This can allow the data layout to be 
independent of the caller , which is a powerful abstraction . 
How the data is expected to be accessed ( random , sequen 
tial , use once , etc . ) can also be provided as a hint that can 
help manage the selection of the memory type ( banked , 
cached , SW - managed , etc . ) and even best SW version to use 
to access that data . The data layout can be modified by a 
tuner as a property of the storage itself rather than at all of 
its references , and runtime code can adapt to that new layout 
in all the places that storage is referenced . 
0123 ] Embodiments of the present disclosure allow a 
variety of different properties of the data collection ( referred 
to as a memory buffer in FIG . 12 ) , such as one or more of : 
a memory buffer that subsumes the data collection and that 
persists the properties of that data collection , a caller of the 
callee function , and a callee of the callee function . 
[ 0124 ] The description of the properties associated with 
arguments for the callee function may be received from any 
suitable source , such as from an interface that is one or more 
of : part of a declaration of the callee function , a wrapper 
function around the callee function that adds descriptive 
parameters , and a function that registers properties of the 
callee function and the callee function ' s arguments . The 
description of the properties associated with arguments for 
the callee function may include one or more of : descriptions 
that are applied to the callee function as a whole , and 
descriptions that are applied to individual parameters that 
serve as operands to the callee function . For example , the 
properties from a callee of the callee function may include 
a description of the function to be called , and the arguments 
of that function . 
[ 0125 ] The set of properties for the data collection may 
also be based on one or more of : the persistent representation 
of the data collection , the persistent representation of the 
callee function , and a data collection associated with an 
operand of a caller function 
[ 0126 ] In the exemplary method 1300 depicted in FIG . 13 , 
the operand property manager component 1200 determines 
whether the data collection is writeable ( 1340 ) , and based on 
the determination whether the data collection is writeable , 
determines an optimization . A variety of different optimiza 
tions may be determined , including one or more of : execut 
ing a first action that refers to the data collection concur 
rently with a second action that only reads the data 
collection , and marking the data collection as modified to 
indicate the data collection is in need of being written back 
to memory and transferred to consumers of data from the 
data collection . In some exemplary embodiments , operands 
associated with the data collection are inferred to be read 
only in response to a declaration that the data collection is 
never writeable by one or more of : the description of 
properties associated with arguments for the callee function , 

the set of properties for the data collection , and properties 
specified by a caller function for an operand that corre 
sponds to the data collection . 
10127 ] . Updated properties for the data collection may be 
received ( 1325 ) and , in response to receiving the updated 
property for the data collection , the operand property man 
ager component 1200 : updates the persistent representation 
of the callee function by associating the persistent represen 
tation of the callee function with the updated property of the 
data collection ; and updates the persistent representation of 
the data collection by associating the persistent representa 
tion the data collection with the updated property of the data 
collection . 
01281 Updating the properties of the data collection may 
be performed in a variety of ways . For example , updating the 
properties of the data collection may include enforcing the 
properties of the data collection for a single use of the data 
collection . Updating the properties of the data collection 
may also be performed in response to a referencing of an 
operand associated with an action . Updating the properties 
of the data collection may also include tracking a series of 
updates to the data collection . Updating the properties of the 
data collection may also be performed in response to a 
request to modify the properties of the data collection 
received via the application programming interface , wherein 
properties classified as mutable are permitted to be updated , 
and properties classified as immutable , will produce an error , 
by the component 1200 , in response to an attempt to update 
the immutable properties . 
10129 Method 1300 further includes receiving , by the 
operand property manager component 1200 via the appli 
cation programming interface , a query regarding the prop 
erties of the data collection ( 1350 ) and , in response to the 
query , transmitting the properties of the data collection via 
the application programming interface ( 1355 ) . The method 
1300 additionally includes receiving , by the operand prop 
erty manager component 1200 via the application program 
ming interface , a query regarding an operand associated with 
an action ( 1360 ) and , in response to the query , transmit 
information pertaining to the operand via the application 
programming interface ( 1365 ) . 
[ 0130 ] In some embodiments , the operand may be asso 
ciated with a computing task , and the information pertaining 
to the operand includes a total number of data collections 
associated with the computing task . In some embodiments , 
the operand is associated with a computing task , and the 
information pertaining to the operand provides data layout 
information that includes the number of dimensions , size , 
shape , arrangement , stride , regularity and sparsity of data 
collections specified by the operand . 
[ 0131 ] The state of memory may be tracked , and used for 
various optimizations . For example , some FPGA memory 
may not be fully cache - coherent , and tracking whether a 
buffer has been modified can be used to know whether to 
flush its contents . In an alternate usage , the timestamp of the 
last write to a buffer may be maintained to help figure out 
which instance has the freshest version of data . Whether the 
buffer has ever been written since it was invalidated can be 
tracked to know whether the data is valid . 
[ 0132 ] As introduced above , a buffer according to various 
embodiments of the disclosure may comprise a data object 
which collects a set of meta - data for a describable chunk of 
memory and having a member for each buffer property . 
Buffer properties may have a default value , which can be 
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overridden upon buffer creation . A subset of properties may 
be mutable , that is , they may be updated after buffer cre 
ation . For example , a buffer may be pinned while it is being 
used for a DMA , and later unpinned so that different 
memory can be pinned . Some properties may be immutable , 
such as the kind of memory ( HBM vs . non - volatile ) used to 
hold a given instance of the buffer . 
[ 0133 ] APIs may be provided by the runtime that enable 
buffer creation , and modification of mutable properties . 
Those APIs may also manage consistency checking , as 
appropriate . 
[ 0134 ] The " granularity ” of a buffer instance is a logical 
domain , as discussed above . Logical domains may have a 
many - to - one relationship with physical domains , and the 
logical to physical buffer mapping may be changed . For 
example , in one mapping , logical domains A and B each 
have its own physical domain , e . g . for a XEON and a KNC , 
and those two logical domains may be remapped to the same 
physical domain when that code is ported to a KNL . 
10135 ] Referring now to FIG . 14 , the first mapping , at the 
left , buffer instances for domains A and B are distinct . In the 
second mapping at the right , buffer instances could alias 
( i . e . , they could really be the same memory ) . In some 
embodiments , aliasing is only permissible if the user indi 
cates it , thereby promising that data in different instances at 
corresponding locations within the buffer can never have 
different values . In such cases , aliasing may be one of the 
user - specified buffer properties , whose default value is una 
liased . A benefit of buffer aliasing is that any copies that 
might have needed to occur in the case on the left can be 
optimized away when instances are aliased , e . g . , for the 
configuration on the right . The runtime would still maintain 
transitive dependences implied by the copies . This offers 
powerful optimizations in an implementation via a straight 
forward and intuitive API . 
[ 0136 ] The code used to implement the establishment of 
given properties may be complex and even distributed . For 
example , if the affinitized buffer property is set , the runtime 
has to find or create a thread running on resources that 
affinity is to be set to , and code running in such a thread 
would need to perform the first touch of the allocated 
memory . Such inter - thread communication may be beyond 
the capability of many programmers , but is a mechanical 
implementation task to a coder of the runtime who has the 
appropriate expertise . 
[ 0137 ] . Within a given logical domain , such as ( for 
example ) a subset of KNL cores that primarily use a 
sub - NUMA cluster of MCDRAM , embodiments of the 
present disclosure may be used to control allocation policies . 
Those policies could extend beyond heap memory that ' s 
wrapped in buffers . They may also specify the allocation 
parameters that should be used for the program stack , for 
statics and globals . These allocation parameters may refer to 
the type of memory , e . g . MCDRAM or non - volatile memory 
or regular DDR , or to the type of page , e . g . 4 KB vs . 2 MB , 
or other such properties . These properties could be con 
trolled using libhugetlbfs , for example , and applied to the 
dynamic library ( . so ) that ' s loaded to execute as a process on 
that particular subset of resources . 
[ 0138 ] Referring again to FIG . 13 , method 1300 includes 
deriving information regarding the data collection ( 1370 ) . 
Any information regarding the data collection may be 
derived in any suitable manner . In one exemplary embodi - 
ment , deriving information regarding the data collection 

includes generating a description for a plurality of data 
collections within the data collection . Information may also 
be derived for any number of different data collections . For 
example , information may be derived for a first data collec 
tion and a second data collection , wherein the information 
derived for the first data collection and the second data 
collection includes one of : a determination that the first and 
second data collections do not overlap , a determination that 
the first and second data collections match exactly , a deter 
mination that the first data collection subsumes the second 
data collection , and a determination that the first and second 
data collections partially overlap . 
[ 0139 ] The data collection may include any number and 
type of properties , such as one or more of : writeability of the 
data collection , whether local storage needs to be updated on 
a write , whether a partial result needs to be combined with 
other distributed operations , whether access is atomic , 
whether access requires strict ordering , a reference pattern , 
a hardware characteristic , a type of memory associated with 
the data collection , a memory allocation policy , a size of the 
data collection , and a state of the data collection . In some 
embodiments , the properties may include information on a 
type of memory ( which may include one or more of volatile 
or persistent memory , large or small capacity , high - or 
low - bandwidth memory , streamed or random - accessed , 
cached memory , HW - coherent or software - managed 
memory , special structures for gather / scatter , and structures 
customized to particular access patterns ) . 
10140 ] The set of properties for the data collection may 
also include a list of logical domains in which the data 
collection is instantiated . The properties may also describe 
the set of all possible logical domains , and any subset that 
the tuner selects , as logical domains the data collection could 
be instantiated in . The set of properties for the data collec 
tion may also : describe a plurality of logical instances for the 
data collection mapped to a single physical memory space , 
identify a logical instance from a plurality of logical 
instances for the data collection that contains a last - written 
version of data , indicate whether a new instance of the data 
collection should be added in response to a logical domain 
being added , and / or identify a software routine for handling 
non - contiguous data in the data collection . 
[ 0141 ] In some exemplary embodiments , creating the data 
collection ( 1320 ) includes pre - pinning a portion of memory 
in the data collection based on the instructions . In some 
embodiments , updating the properties of the data collection 
( 1335 ) includes dynamically pinning a portion of memory in 
the data collection based on the instructions describing the 
set of properties for the data collection . 
[ 0142 ] Among other things , the ability of various embodi 
ments to associate properties with storage instead of oper 
ands makes code modification less invasive than conven 
tional systems , and the ability to revise mutable properties 
long after allocation is fundamentally different than past 
approaches . These provide for runtimes that can perform 
more powerful and ( semi - automatic optimization by lever 
aging insights and controls provided by a tuner , while 
minimizing the coding and tuning effort required . Those 
tuner - provided insights can pertain to each phase ' s access 
patterns and other characteristics for which performance can 
be tuned , not just the allocation - based controls that are 
offered by existing frameworks . 
01431 Embodiments of the present disclosure may be 
used to infer dependencies among tasks and take into 
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account a wide variety of factors affecting such dependen - 
cies , such as : task operands may have different sizes and 
shapes ; their data collections may be multi - dimensional , 
strided , blocked ; they may be sparse , rather than dense ; 
operands may partially overlap ; and operand granularity 
may vary from one use to another . Many conventional 
systems are incapable of addressing these factors . 

[ 0144 ] As introduced above , each operand is some subset 
of a variable or memory buffer that may be represented , for 
example , as a forest of trees . In such examples , there is a tree 
for each buffer , where a buffer has meaning in the context of 
user code , e . g . a single allocation , or a variable . The ele 
ments in each tree may be partitioned into layers of subtrees , 
such that the leaves represent disjoint subsets that cover all 
elements . Subtrees get partitioned whenever necessary , such 
that operands to tasks ( sets of elements ) correspond exactly 
to sets of these leaves . Subsets in those leaves remain as 
large as possible , thereby minimizing the number of leaves . 
[ 0145 ] Among other things , embodiments of the present 
disclosure provide : a hierarchical representation of [ sub ] sets 
of data elements ; a generality of support for different kinds 
of regular structures : ( i . e . , regular , irregular or sparse ) ; 
efficient operations to look up what corresponds to an 
operand ( i . e . , an enclosing buffer , or set of leaves that define 
the granularity at which dependences are tracked ) ; efficient 
operations to incrementally update that hierarchical repre 
sentation when subsets of elements are referenced at a new 
granularity , or in different overlapping patterns ; support for 
partially - overlapping operands ; support for operands of 
varying granularity ; use of leaves of the tree as the granu 
larity at which inter - task dependences are maintained ; asso 
ciating properties with subtrees of this representation ; and 
support for optimized marshalling and unmarshalling . 
[ 0146 ] FIG . 15 depicts an exemplary data collection com 
ponent 1500 according to various aspects of the present 
disclosure . FIG . 16 is a flow diagram depicting an exem 
plary process that may be performed by , or in conjunction 
with , the data collection component 1500 . The exemplary 
method 1600 of FIG . 16 includes : receiving a description of 
a first set of data elements referenced in a first operand 
( 1605 ) , receiving a description of a second set of data 
elements referenced in a second operand ( 1610 ) , and select 
ing a set of subsets of data elements that are included in both 
the first set of data elements and the second set of data 
elements , wherein selecting the set of subsets of data ele 
ments includes optimizing a size of the set of subsets of data 
elements ( 1615 ) . Method 1600 further includes providing , 
by the data collection component 1500 via an application 
programming interface , the set of subsets of data elements 
( 1620 ) , and in response to a reference by the second operand 
that modifies the set of subsets of data elements , provide , by 
the data collection component 1500 via the application 
programming interface , a respective mapping from each 
previous subset in the set of subsets to a respective new 
collection of subsets in the set of subsets ( 1625 ) . Method 
1600 also includes identifying a property associated with the 
set of subsets of data elements ( 1630 ) , and providing infor 
mation regarding the set of subsets of data elements in 
response to a query ( 1635 ) . Method 1600 also includes 
receiving an input operand ( 1640 ) , generating a set of 
subsets of data elements associated with the operand ( 1645 ) , 
and enforcing dependences on the set of subsets that com - 
prise the operand , wherein the dependencies are enforced 

based on partially - overlapping operands in an action and 
operands of different granularity in an action ( 1650 ) . 
10147 ] For example , consider a set of 12 data elements 
arranged into array A with 3 rows and 4 columns : 
10148 ] 0 , 1 , 2 , 3 , 
10149 ] 4 , 5 , 6 , 7 , 
[ 0150 ] 8 , 9 , 10 , 11 } . 
[ 0151 ] In this example : any task operand that refers to 
array A is referring to all 12 elements ; any task operand that 
refers to sub - array A [ 0 , * ] is referring to { 0 , 1 , 2 , 3 } ; and any 
task operand that refers to sub - array A [ * , 1 ] is referring to 
{ 1 , 5 , 9 } . 
[ 0152 ] Consider an example of partially - overlapping oper 
ands : if operand X consists of elements { 0 , 1 , 2 } and operand 
Y consists of elements { 1 , 2 , 3 } , then the overlapping subset 
of elements of X and Y is { 1 , 2 } . So a hierarchical repre 
sentation that includes the following subsets can be suffi 
cient : { 0 } , { 1 , 2 } , { 3 } . In a second example , only the 
elements near the edge , or halo , might be referenced sepa 
rately , e . g . { 0 , 4 , 8 } , { 1 , 5 , 9 , 2 , 6 , 10 } , { 3 , 7 , 11 ) , where the 
leftmost elements , { 0 , 4 , 8 } might be a halo of elements 
shared with the left neighbor , and the rightmost elements , 
{ 3 , 7 , 11 } , might be a halo of elements shared with the right 
neighbor . This is common for stencil applications . 
[ 0153 ] Inter - task dependences are induced by overlapping 
operands , i . e . , a subset of conflicting elements . In embodi 
ments of the present disclosure , dependences may be 
expressed in terms of a set of leaves ( which subsets of 
elements in a variable or buffer ) , where the union of the set 
of subsets completely covers the elements of interest , and 
the intersection of each pair of subsets is null ( i . e . the subsets 
represented by each leaf are disjoint ) . Following up on the 
first partially - overlapping example above , task W may ini 
tialize { 0 , 1 , 2 , 3 } , then task X may produce { 0 } and { 1 , 2 } , 
and then task Y may consume { 1 , 2 } , { 3 } . So task Y depends 
on W for { 3 } and task Y depends on X for { 1 , 2 } . Leaves in 
the tree are { 0 } , { 1 , 2 } , { 3 } , and these work for dependences . 
[ 0154 ] Embodiments of the present disclosure may also 
handle operands of varying granularity . For example , one 
task may refer to array A in its entirety , and another task may 
refer to only a tile of A . Thus array A could be represented 
as { 0 , 4 , 8 } , { 1 , 5 , 9 } , { 2 , 3 , 6 , 7 , 10 , 11 } . A formulation of a tiled 
matrix multiply might move all of input matrices A and B at 
the start , and then operate only on columns of A and rows of 
B to compute result C . So the first granularity , i . e . , the whole 
matrix , is larger than the second , i . e . , just a row or column . 
Dependences may have been initially maintained for ele 
ments { 0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 } as a whole , but then that 
whole set can be subsequently broken up into smaller 
subsets , like columns { 0 , 4 , 8 } , { 1 , 5 , 9 } , { 2 , 6 , 10 } , { 3 , 7 , 11 } , 
or some other tile shape . In this manner , the system may 
provide a respective mapping ( 1625 ) from each previous 
subset in the set of subsets ( i . e . , initially the entire matrix in 
the example above ) to a respective new collection of subsets 
in the set of subsets ( i . e . , { 0 , 4 , 8 } , { 1 , 5 , 9 } , { 2 , 3 , 6 , 7 , 10 , 11 } in 
the first iteration and then { 0 , 4 , 8 } , { 1 , 5 , 9 } , { 2 , 6 , 10 } , { 3 , 7 , 
11 } in the next iteration ) . 
[ 0155 ] Referring again to FIG . 16 , method 1600 includes 
receiving an input operand ( 1640 ) , generating a set of 
subsets of data elements associated with the operand ( 1645 ) , 
and enforcing dependences ( 1650 ) on the set of subsets that 
comprise the operand , wherein the dependencies are 
enforced based on partially - overlapping operands in an 
action and operands of different granularity in an action . 
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mentations may be provided by a runtime to perform mar 
shalling and unmarshalling of regular data structures . Addi 
tionally , users may provide their own optimized versions , by 
providing pointers to those functions that get associated with 
data collections . For example , a generalized version may be 
prepared to deal with strides , blocks , and ranks of arbitrary 
size . Specialized versions may avoid the specialized pro 
cessing needed for that generality . 

Additionally , a set of mappings may be provided from each 
previous subset in the set of subsets to each respective new 
subset in the set of subsets in response to a change in the set 
of subsets of data elements for the input operand , and a 
representation of the dependencies may be updated to reflect 
the new set of subsets . 
[ 0156 ] Data collections associated with each operand may 
be represented as an optimized - small set of subsets of data 
elements , and dependences among actions may be repre 
sented with respect to those subsets of data elements . Among 
other things , this allows the dependence relationships to be 
evaluated efficiently , and in a minimized - small amount of 
space to represent those dependence relationships . 
[ 0157 ] In one exemplary embodiment , the first operand 
comprises a first data collection of data elements , and the 
second operand comprises a second data collection of data 
elements which is a proper subset of the first data collection . 
The data collections ( including the first and second data 
collection referenced in method 1600 ) used in conjunction 
with embodiments of the present disclosure may be , or 
include , any desired memory construct , such as one or more 
of : a variable , an array , and a memory buffer . 
[ 0158 ] Additionally , one or more of the first data collec 
tion and the second data collection may include one or more 
of the following characteristics : multiple dimensions , strided 
data ( elements occur at fixed intervals ) , blocked data ( at 
each fixed interval , there are one or more contiguous ele 
ments ) , sparse data that is block - dense ( subsets of data are 
contiguous , but gaps occur among those subsets , with inter 
vals that vary ) , sparse data that is regular and describable 
with linear functions , and irregular matrices . 
[ 0159 ] In some exemplary embodiments , the first operand 
comprises a first data collection of data elements , and the 
second operand comprises a second data collection of 
memory elements , and an intersection of the first and second 
data collections is neither empty , nor equal to , both the first 
and second data collection . 
[ 0160 ] Various properties may be maintained for subsets 
of data elements . Among these properties could be the 
location where a result was last computed . Buffer properties 
and buffer instances are discussed above , where such 
instances may be associated with different subsets of com 
puting resources , e . g . different nodes in a cluster or different 
MIC cards . So one tile of a matrix ( e . g . { 0 , 4 , 8 ) could have 
been last updated in one instance ( say card X ) , and another 
tile ( e . g . { 1 , 5 , 9 } ) could have been last updated in another 
instance ( say card Y ) . So this last - producer meta - data could 
be maintained in either the main hierarchical representation 
of these subsets , or in a separate data structure that is 
indexed by the smallest subsets ( leaves of the tree ) . Another 
potential properties that could be tracked include whether 
data is dirty or read - only . Only when these properties may 
be efficiently looked up , represented in an easily - traversed 
hierarchy , do operations like " find the last producer of this 
particular subset of data ” or “ flush dirty data on device X ” . 
become possible . In some exemplary embodiments , the 
property may identify data that is modified and / or data that 
is read - only . 
[ 0161 ] When the data to be transferred is contiguous , a 
single , simple , linear memcpy or direct memory access 
( DMA ) may be sufficient . But if the data is not contiguous , 
some code needs to be executed to extract and re - layout the 
data . This is performed by marshalling and unmarshalling 
functions . In embodiments of the present disclosure , imple 

Additional Examples and Notes 
[ 0162 ] Example A . 1 includes subject matter ( such as a 
device , apparatus , or machine ) comprising : a processor ; and 
memory coupled to the processor and storing instructions 
that , when executed by the processor , cause the system to : 
receive , by a first software component operating on the 
system , a function call including a plurality of operands , 
each operand in the plurality of operands comprising a set of 
data elements ; identify , by the first software component , a 
plurality of actions associated with the function call and the 
plurality of operands ; determine , by the first software com 
ponent , a set of dependencies among the plurality of actions 
for executing the actions using a set of computing resources , 
wherein the determined set of dependencies includes iden 
tifying an operand from the plurality of operands that is 
associated with a first action from the plurality of actions and 
includes a common data element with a second operand 
from the plurality of operands that is associated with a 
second action from the plurality of actions ; and present , by 
the first software component to a second software compo 
nent , the set of actions and the determined set of dependen 
cies , wherein presenting the determined set of dependencies 
includes presenting a dependence vector that includes an 
action from the plurality of actions that produces one or 
more of the data elements for an operand from the plurality 
of operands 
0163 ] In Example A . 2 , the subject matter of Example A . 1 
may include , wherein the plurality of actions include one or 
more of : a computing task , a data transfer task , and a 
synchronization task . 
[ 0164 ] In Example A . 3 , the subject matter of any one of 
Examples A . 1 to A . 2 may include , wherein the set of 
dependencies among the plurality of actions are determined 
based on a variable having a global scope within a software 
application containing the function . 
[ 0165 ] In Example A . 4 , the subject matter of any one of 
Examples A . 1 to A . 3 may include , wherein determining the 
set of dependencies includes identifying an asynchronous 
completion event associated with a respective action from 
the plurality of actions , and wherein completion of the 
respective action triggers the completion event . 
[ 0166 ] In Example A . 5 , the subject matter of any one of 
Examples A . 1 to A . 4 may include , wherein the asynchro 
nous completion event is associated with a respective action 
from the plurality of actions that accesses an operand . 
[ 0167 ] In Example A . 6 , the subject matter of any one of 
Examples A . 1 to A . 5 may include , wherein triggering the 
completion event associated with the action accessing the 
operand is performed via a callback function initiated by a 
storage system in communication with the system that 
performs accesses to storage . 
f0168 ] In Example A . 7 , the subject matter of any one of 
Examples A . 1 to A . 6 may include , wherein the storage 
includes one or more of a magnetic storage device and an 
optical storage device . 
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[ 0169 ] In Example A . 9 , the subject matter of any one of 
Examples A . 1 to A . 8 may include , wherein the asynchro 
nous completion event is associated with a respective action 
from the plurality of actions that produces an operand . 
[ 0170 ] In Example A . 10 , the subject matter of any one of 
Examples A . 1 to A . 9 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
write to memory by the action producing the operand . 
[ 0171 ] In Example A . 11 , the subject matter of any one of 
Examples A . 1 to A . 10 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
software component that is performing a busy - wait opera 
tion on a computing resource . 
[ 0172 ] In Example A . 12 , the subject matter of any one of 
Examples A . 1 to A . 11 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by an 
interrupt handler . 
[ 0173 ] In Example A . 13 , the subject matter of any one of 
Examples A . 1 to A . 12 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
message passage system in communication with the system 
via a communications link . 
[ 0174 ] In Example A . 14 , the subject matter of any one of 
Examples A . 1 to A . 13 may include , wherein the callback 
function initiated by the message passage system includes 
information from a packet received via the communications 
link that identifies a type of the packet . 
[ 0175 ] In Example A . 15 , the subject matter of any one of 
Examples A . 1 to A . 14 may include , wherein the callback 
function initiated by the message passing system is selected 
based on a type of a packet received via the communications 
link , and wherein the type of the packet is identified from 
information within the packet . 
[ 0176 ] In Example A . 16 , the subject matter of any one of 
Examples A . 1 to A . 15 may include , wherein the message 
passing system is integrated into one of : a processor , a 
package on which a processor resides , or a chassis in which 
a processor resides . 
[ 0177 ] In Example A . 17 , the subject matter of any one of 
Examples A . 1 to A . 16 may include , wherein presenting the 
determined set of dependencies includes presenting : a first 
dependence vector that includes an action that produces one 
or more of the data elements for a respective operand from 
the plurality of operands ; and a second dependence vector 
that includes an action that accesses one or more of the data 
elements for the respective operand from the plurality of 
operands . 
[ 0178 ] In Example A . 18 , the subject matter of any one of 
Examples A . 1 to A . 17 may include , wherein the second 
dependence vector includes a first action that accesses a first 
operand from the plurality of operands and a second action 
that accesses the first operand , and wherein the dependencies 
for the first action and the second action allow the first action 
and the second action to be executed concurrently . 
[ 0179 ] In Example A . 19 , the subject matter of any one of 
Examples A . 1 to A . 18 may include , wherein a set of con - 
sumers associated with a respective producer of a data 
element in the first dependence vector is updated in response 
to a new action in the first dependence vector . 

[ 0180 ] In Example A . 20 , the subject matter of any one of 
Examples A . 1 to A . 19 may include , wherein presenting the 
determined set of dependencies includes presenting con 
sumer actions for the set of consumers associated with the 
respective producer in response to a query received from the 
respective producer . 
[ 0181 ] In Example A . 21 , the subject matter of any one of 
Examples A . 1 to A . 20 may include , wherein a data move 
ment software component : monitors triggering of a comple 
tion event by the respective producer , and in response to the 
triggering of the completion event by the respective pro 
ducer , pushes data from the respective producer to the set of 
consumers . 
[ 0182 ] In Example A . 22 , the subject matter of any one of 
Examples A . 1 to A . 21 may include , wherein presenting the 
determined set of dependencies includes updating an entry 
in the dependence vector in response to completion of an 
action . 
[ 0183 ] In Example A . 23 , the subject matter of any one of 
Examples A . 1 to A . 22 may include , wherein the computing 
resource is one or more of : a hardware resource and a 
software resource . 
[ 0184 ] Example A . 24 includes subject matter ( such as a 
method , means for performing acts , machine readable 
medium including instructions that when performed by a 
machine cause the machine to performs acts , or an apparatus 
to perform ) comprising : receiving , by a first software com 
ponent operating on a computer system , a function call 
including a plurality of operands , each operand in the 
plurality of operands comprising a set of data elements ; 
identifying , by the first software component , a plurality of 
actions associated with the function call and the plurality of 
operands ; determining , by the first software component , a 
set of dependencies among the plurality of actions for 
executing the actions using a set of computing resources , 
wherein the determined set of dependencies includes iden 
tifying an operand from the plurality of operands that is 
associated with a first action from the plurality of actions and 
includes a common data element with a second operand 
from the plurality of operands that is associated with a 
second action from the plurality of actions ; and presenting , 
by the first software component to a second software com 
ponent , the set of actions and the determined set of depen 
dencies , wherein presenting the determined set of depen 
dencies includes presenting a dependence vector that 
includes an action from the plurality of actions that produces 
one or more of the data elements for an operand from the 
plurality of operands . 
[ 0185 ] In Example A . 25 , the subject matter of Example 
A . 24 may include , wherein the plurality of actions include 
one or more of : a computing task , a data transfer task , and 
a synchronization task . 
[ 0186 ] In Example A . 26 , the subject matter of any one of 
Examples A . 24 to A . 25 may include , wherein the set of 
dependencies among the plurality of actions are determined 
based on a variable having a global scope within a software 
application containing the function . 
[ 0187 ] In Example A . 27 , the subject matter of any one of 
Examples A . 24 to A . 26 may include , wherein determining 
the set of dependencies includes identifying an asynchro 
nous completion event associated with a respective action 
from the plurality of actions , and wherein completion of the 
respective action triggers the completion event . 
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[ 0188 ] In Example A . 28 , the subject matter of any one of 
Examples A . 24 to A . 27 may include , wherein the asynchro - 
nous completion event is associated with a respective action 
from the plurality of actions that accesses an operand . 
[ 0189 ] In Example A . 29 , the subject matter of any one of 
Examples A . 24 to A . 28 may include , wherein triggering the 
completion event associated with the action accessing the 
operand is performed via a callback function initiated by a 
storage system in communication with the computer system 
that performs accesses to storage . 
[ 0190 ] In Example A . 30 , the subject matter of any one of 
Examples A . 24 to A . 29 may include , wherein the storage 
includes one or more of a magnetic storage device and an 
optical storage device . 
[ 0191 ] In Example A . 32 , the subject matter of any one of 
Examples A . 24 to A . 31 may include , wherein the asynchro 
nous completion event is associated with a respective action 
from the plurality of actions that produces an operand . 
[ 0192 ] In Example A . 33 , the subject matter of any one of 
Examples A . 24 to A . 32 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
write to memory by the action producing the operand . 
[ 0193 ] In Example A . 34 , the subject matter of any one of 
Examples A . 24 to A . 33 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
software component that is performing a busy - wait opera 
tion on a computing resource . 
[ 0194 ] In Example A . 35 , the subject matter of any one of 
Examples A . 24 to A . 34 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by an 
interrupt handler . 
[ 0195 ] In Example A . 36 , the subject matter of any one of 
Examples A . 24 to A . 35 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
message passage system in communication with the com 
puter system via a communications link . 
[ 0196 ] In Example A . 37 , the subject matter of any one of 
Examples A . 24 to A . 36 may include , wherein the callback 
function initiated by the message passage system includes 
information from a packet received via the communications 
link that identifies a type of the packet . 
[ 0197 ] In Example A . 38 , the subject matter of any one of 
Examples A . 24 to A . 37 may include , wherein the callback 
function initiated by the message passing system is selected 
based on a type of a packet received via the communications 
link , and wherein the type of the packet is identified from 
information within the packet . 
[ 0198 ] In Example A . 39 , the subject matter of any one of 
Examples A . 24 to A . 38 may include , wherein the message 
passing system is integrated into one of : a processor , a 
package on which a processor resides , or a chassis in which 
a processor resides . 
[ 0199 ] In Example A . 40 , the subject matter of any one of 
Examples A . 24 to A . 39 may include , wherein presenting the 
determined set of dependencies includes presenting : a first 
dependence vector that includes an action that produces one 
or more of the data elements for a respective operand from 
the plurality of operands ; and a second dependence vector 

that includes an action that accesses one or more of the data 
elements for the respective operand from the plurality of 
operands . 
[ 0200 ) In Example A . 41 , the subject matter of any one of 
Examples A . 24 to A . 40 may include , wherein the second 
dependence vector includes a first action that accesses a first 
operand from the plurality of operands and a second action 
that accesses the first operand , and wherein the dependencies 
for the first action and the second action allow the first action 
and the second action to be executed concurrently . 
[ 0201 ] In Example A . 42 , the subject matter of any one of 
Examples A . 24 to A . 41 may include , wherein a set of 
consumers associated with a respective producer of a data 
element in the first dependence vector is updated in response 
to a new action in the first dependence vector . 
[ 0202 ] In Example A . 43 , the subject matter of any one of 
Examples A . 24 to A . 42 may include , wherein presenting the 
determined set of dependencies includes presenting con 
sumer actions for the set of consumers associated with the 
respective producer in response to a query received from the 
respective producer . 
[ 0203 ] In Example A . 44 , the subject matter of any one of 
Examples A . 24 to A . 43 may include , wherein a data move 
ment software component : monitors triggering of a comple 
tion event by the respective producer , and in response to the 
triggering of the completion event by the respective pro 
ducer , pushes data from the respective producer to the set of 
consumers . 
[ 0204 ] In Example A . 45 , the subject matter of any one of 
Examples A . 24 to A . 44 may include , wherein presenting the 
determined set of dependencies includes updating an entry 
in the dependence vector in response to completion of an 
action . 
[ 0205 ] In Example A . 46 , the subject matter of any one of 
Examples A . 24 to A . 45 may include , wherein the computing 
resource is one or more of : a hardware resource and a 
software resource . 
[ 0206 ] Example A . 47 includes subject matter including a 
computer - readable medium storing instructions that , when 
executed by a computer system , cause the computer system 
to : receive , by a first software component operating on the 
computer system , a function call including a plurality of 
operands , each operand in the plurality of operands com 
prising a set of data elements ; identify , by the first software 
component , a plurality of actions associated with the func 
tion call and the plurality of operands ; determine , by the first 
software component , a set of dependencies among the 
plurality of actions for executing the actions using a set of 
computing resources , wherein the determined set of depen 
dencies includes identifying an operand from the plurality of 
operands that is associated with a first action from the 
plurality of actions and includes a common data element 
with a second operand from the plurality of operands that is 
associated with a second action from the plurality of actions ; 
and present , by the first software component to a second 
software component , the set of actions and the determined 
set of dependencies , wherein presenting the determined set 
of dependencies includes presenting a dependence vector 
that includes an action from the plurality of actions that 
produces one or more of the data elements for an operand 
from the plurality of operands . 
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[ 0207 ] In Example A . 48 , the subject matter of Example 
A . 47 may include , wherein the plurality of actions include 
one or more of : a computing task , a data transfer task , and 
a synchronization task . 
[ 0208 ] In Example A . 49 , the subject matter of any one of 
Examples A . 47 to A . 48 may include , wherein the set of 
dependencies among the plurality of actions are determined 
based on a variable having a global scope within a software 
application containing the function . 
[ 0209 ] In Example A . 50 , the subject matter of any one of 
Examples A . 47 to A . 49 may include , wherein determining 
the set of dependencies includes identifying an asynchro 
nous completion event associated with a respective action 
from the plurality of actions , and wherein completion of the 
respective action triggers the completion event . 
[ 0210 ] In Example A . 51 , the subject matter of any one of 
Examples A . 47 to A . 50 may include , wherein the asynchro 
nous completion event is associated with a respective action 
from the plurality of actions that accesses an operand . 
[ 0211 ] In Example A . 52 , the subject matter of any one of 
Examples A . 47 to A . 51 may include , wherein triggering the 
completion event associated with the action accessing the 
operand is performed via a callback function initiated by a 
storage system in communication with the computer system 
that performs accesses to storage . 
[ 0212 ] In Example A . 53 , the subject matter of any one of 
Examples A . 47 to A . 52 may include , wherein the storage 
includes one or more of a magnetic storage device and an 
optical storage device . 
[ 0213 ] In Example A . 55 , the subject matter of any one of 
Examples A . 47 to A . 54 may include , wherein the asynchro 
nous completion event is associated with a respective action 
from the plurality of actions that produces an operand . 
[ 0214 ] In Example A . 56 , the subject matter of any one of 
Examples A . 47 to A . 55 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
write to memory by the action producing the operand . 
[ 0215 ] In Example A . 57 , the subject matter of any one of 
Examples A . 47 to A . 56 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
software component that is performing a busy - wait opera 
tion on a computing resource . 
[ 0216 ] In Example A . 58 , the subject matter of any one of 
Examples A . 47 to 1 . 57 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by an 
interrupt handler . 
[ 0217 ] In Example A . 59 , the subject matter of any one of 
Examples A . 47 to A . 58 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
message passage system in communication with the system 
via a communications link . 
[ 0218 ] In Example A . 60 , the subject matter of any one of 
Examples A . 47 to A . 59 may include , wherein the callback 
function initiated by the message passage system includes 
information from a packet received via the communications 
link that identifies a type of the packet . 
[ 0219 ] In Example A . 61 , the subject matter of any one of 
Examples A . 47 to A . 60 may include , wherein the callback 
function initiated by the message passing system is selected 
based on a type of a packet received via the communications 

link , and wherein the type of the packet is identified from 
information within the packet . 
f0220 ] In Example A . 62 , the subject matter of any one of 
Examples A . 47 to 1 . 61 may include , wherein the message 
passing system is integrated into one of : a processor , a 
package on which a processor resides , or a chassis in which 
a processor resides . 
[ 0221 ] In Example A . 63 , the subject matter of any one of 
Examples A . 47 to A . 62 may include , wherein presenting the 
determined set of dependencies includes presenting : a first 
dependence vector that includes an action that produces one 
or more of the data elements for a respective operand from 
the plurality of operands ; and a second dependence vector 
that includes an action that accesses one or more of the data 
elements for the respective operand from the plurality of 
operands . 
[ 0222 ] In Example A . 64 , the subject matter of any one of 
Examples A . 47 to A . 63 may include , wherein the second 
dependence vector includes a first action that accesses a first 
operand from the plurality of operands and a second action 
that accesses the first operand , and wherein the dependencies 
for the first action and the second action allow the first action 
and the second action to be executed concurrently . 
0223 ] . In Example A . 65 , the subject matter of any one of 
Examples A . 47 to A . 64 may include , wherein a set of 
consumers associated with a respective producer of a data 
element in the first dependence vector is updated in response 
to a new action in the first dependence vector . 
[ 0224 ] In Example A . 66 , the subject matter of any one of 
Examples A . 47 to A . 65 may include , wherein presenting the 
determined set of dependencies includes presenting con 
sumer actions for the set of consumers associated with the 
respective producer in response to a query received from the 
respective producer . 
[ 0225 ] In Example A . 67 , the subject matter of any one of 
Examples A . 47 to A . 66 may include , wherein a data move 
ment software component : monitors triggering of a comple 
tion event by the respective producer , and in response to the 
triggering of the completion event by the respective pro 
ducer , pushes data from the respective producer to the set of 
consumers . 
[ 0226 ] In Example A . 68 , the subject matter of any one of 
Examples A . 47 to A . 67 may include , wherein presenting the 
determined set of dependencies includes updating an entry 
in the dependence vector in response to completion of an 
action . 
[ 0227 ] In Example A . 69 , the subject matter of any one of 
Examples A . 47 to A . 68 may include , wherein the computing 
resource is one or more of : a hardware resource and a 
software resource . 
[ 0228 ] Example A . 70 includes subject matter ( such as a 
device , apparatus , or machine ) comprising : means for 
receiving a function call including a plurality of operands , 
each operand in the plurality of operands comprising a set of 
data elements , means for identifying a plurality of actions 
associated with the function call and the plurality of oper 
ands ; means for determining a set of dependencies among 
the plurality of actions for executing the actions using a set 
of computing resources , wherein the determined set of 
dependencies includes identifying an operand from the 
plurality of operands that is associated with a first action 
from the plurality of actions and includes a common data 
element with a second operand from the plurality of oper 
ands that is associated with a second action from the 
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plurality of actions ; and means for presenting the set of 
actions and the determined set of dependencies , wherein 
presenting the determined set of dependencies includes 
presenting a dependence vector that includes an action from 
the plurality of actions that produces one or more of the data 
elements for an operand from the plurality of operands . 
[ 0229 ] In Example A . 71 , the subject matter of Example 
A . 70 may include , wherein the plurality of actions include 
one or more of : a computing task , a data transfer task , and 
a synchronization task . 
[ 0230 ] In Example A . 72 , the subject matter of any one of 
Examples A . 70 to A . 71 may include , wherein the set of 
dependencies among the plurality of actions are determined 
based on a variable having a global scope within a software 
application containing the function . 
[ 0231 ] In Example A . 73 , the subject matter of any one of 
Examples A . 70 to A . 72 may include , wherein determining 
the set of dependencies includes identifying an asynchro 
nous completion event associated with a respective action 
from the plurality of actions , and wherein completion of the 
respective action triggers the completion event . 
[ 0232 ] In Example A . 74 , the subject matter of any one of 
Examples A . 70 to A . 73 may include , wherein the asynchro 
nous completion event is associated with a respective action 
from the plurality of actions that accesses an operand . 
[ 0233 ] In Example A . 75 , the subject matter of any one of 
Examples A . 70 to A . 74 may include , wherein triggering the 
completion event associated with the action accessing the 
operand is performed via a callback function initiated by a 
storage system in communication with the system that 
performs accesses to storage . 
[ 0234 ] In Example A . 76 , the subject matter of any one of 
Examples A . 70 to A . 75 may include , wherein the storage 
includes one or more of a magnetic storage device and an 
optical storage device . 
[ 0235 ] In Example A . 78 , the subject matter of any one of 
Examples A . 70 to A . 77 may include , wherein the asynchro 
nous completion event is associated with a respective action 
from the plurality of actions that produces an operand . 
[ 0236 ] In Example A . 79 , the subject matter of any one of 
Examples A . 70 to A . 78 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
write to memory by the action producing the operand . 
[ 0237 ] In Example A . 80 , the subject matter of any one of 
Examples A . 70 to A . 79 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
software component that is performing a busy - wait opera 
tion on a computing resource . 
[ 0238 ] In Example A . 81 , the subject matter of any one of 
Examples A . 70 to A . 80 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by an 
interrupt handler . 
[ 0239 ] In Example A . 82 , the subject matter of any one of 
Examples A . 70 to A . 81 may include , wherein triggering the 
completion event associated with the action producing the 
operand is performed via a callback function initiated by a 
message passage system in communication with the system 
via a communications link . 
[ 0240 ] In Example A . 83 , the subject matter of any one of 
Examples A . 70 to A . 82 may include , wherein the callback 
function initiated by the message passage system includes 

information from a packet received via the communications 
link that identifies a type of the packet . 
[ 0241 ] In Example A . 84 , the subject matter of any one of 
Examples A . 70 to A . 83 may include , wherein the callback 
function initiated by the message passing system is selected 
based on a type of a packet received via the communications 
link , and wherein the type of the packet is identified from 
information within the packet . 
[ 0242 ] In Example A . 85 , the subject matter of any one of 
Examples A . 70 to A . 84 may include , wherein the message 
passing system is integrated into one of : a processor , a 
package on which a processor resides , or a chassis in which 
a processor resides . 
[ 0243 ] In Example A . 86 , the subject matter of any one of 
Examples A . 70 to A . 85 may include , wherein presenting the 
determined set of dependencies includes presenting : a first 
dependence vector that includes an action that produces one 
or more of the data elements for a respective operand from 
the plurality of operands ; and a second dependence vector 
that includes an action that accesses one or more of the data 
elements for the respective operand from the plurality of 
operands . 
[ 0244 ] In Example A . 87 , the subject matter of any one of 
Examples A . 70 to A . 86 may include , wherein the second 
dependence vector includes a first action that accesses a first 
operand from the plurality of operands and a second action 
that accesses the first operand , and wherein the dependencies 
for the first action and the second action allow the first action 
and the second action to be executed concurrently . 
10245 ] In Example A . 88 , the subject matter of any one of 
Examples A . 70 to A . 87 may include , wherein a set of 
consumers associated with a respective producer of a data 
element in the first dependence vector is updated in response 
to a new action in the first dependence vector . 
( 0246 ) In Example A . 89 , the subject matter of any one of 
Examples A . 70 to A . 88 may include , wherein presenting the 
determined set of dependencies includes presenting con 
sumer actions for the set of consumers associated with the 
respective producer in response to a query received from the 
respective producer . 
[ 0247 ] In Example A . 90 , the subject matter of any one of 
Examples A . 70 to A . 89 may include , means for : monitoring 
triggering of a completion event by the respective producer , 
and in response to the triggering of the completion event by 
the respective producer , pushing data from the respective 
producer to the set of consumers . 
[ 0248 ] In Example A . 91 , the subject matter of any one of 
Examples A . 70 to A . 90 may include , wherein presenting the 
determined set of dependencies includes updating an entry 
in the dependence vector in response to completion of an 
action . 
[ 0249 ] In Example A . 92 , the subject matter of any one of 
Examples A . 70 to A . 91 may include , wherein the computing 
resource is one or more of : a hardware resource and a 
software resource . 
[ 0250 Example A . 93 includes at least one computer 
readable medium storing instructions for causing a computer 
system to perform the method of any of the Examples 
A . 24 - A . 46 . 
[ 0251 ] Example A . 94 includes a system comprising means 
for performing the method of any of the Examples A . 24 - A . 
46 . 
[ 0252 ] Example B . 1 includes subject matter ( such as a 
device , apparatus , or machine ) comprising : a processor ; and 
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memory coupled to the processor and storing instructions 
that , when executed by the processor , cause the system to : 
receive , by a software component operating on the system : 
a set of actions , an identification of a set of computing 
resources to associate with the set of actions , and a set of 
dependencies among the plurality of actions for executing 
the actions using the computing resources , associate the set 
of actions and data elements related to the set of actions , by 
the software component , with the set of computing 
resources ; and order , by the software component , each 
respective action in the set of actions for execution on the 
computing resources . 
[ 0253 ] In Example B . 2 , the subject matter of Example B . 1 
may include , wherein the plurality of actions include one or 
more of : a computing task , a data transfer task , and a 
synchronization task . 
[ 0254 ] In Example B . 3 , the subject matter of any one of 
Examples B . 1 to B . 2 may include , wherein the memory 
further stores instructions for causing the system to receive , 
by the software component , a description of a hierarchy of 
the computing resources , and wherein the association of the 
set of actions and data elements with the computing 
resources and the ordering of the actions for execution on the 
computing resources are performed based on the hierarchy 
of computing resources . 
[ 0255 ] In Example B . 4 , the subject matter of any one of 
Examples B . 1 to B . 3 may include , wherein association of the 
set of actions and data elements with the computing 
resources includes associating an action with a memory 
component from the set of computing resources , based on 
the hierarchy of the computing resources , to minimize a 
latency associated with accessing the memory component . 
[ 0256 ] In Example B . 5 , the subject matter of any one of 
Examples B . 1 to B . 4 may include , wherein association of the 
set of actions and data elements with the computing 
resources includes mapping , based on the hierarchy of the 
computing resources , a set of logical memory domains 
across a plurality of physical memory components from the 
set of computing resources . 
[ 0257 ] In Example B . 6 , the subject matter of any one of 
Examples B . 1 to B . 5 may include , wherein association of the 
set of actions and data elements with the computing 
resources includes localizing actions , based on the hierarchy 
of the computing resources , among a subset of the set of 
computing resources . 
[ 0258 ] In Example B . 7 , the subject matter of any one of 
Examples B . 1 to B . 6 may include , wherein the description 
of the hierarchy of the computing resources includes an 
arrangement of computing resources , the arrangement one 
or more of : a group of central processing units , a plurality of 
groups of central processing units arranged as a stream , and 
groups of streams that share a memory domain . 
[ 0259 ] In Example B . 8 , the subject matter of any one of 
Examples B . 1 to B . 7 may include , wherein the description 
of the hierarchy of the computing resources includes an 
arrangement of memory resources , the arrangement one or 
more of : an amount of memory for a type of memory 
resource , a partitioning of memory into variables , and tiles 
of variables . 
[ 0260 ] In Example B . 9 , the subject matter of any one of 
Examples B . 1 to B . 8 may include , wherein the description 
of the hierarchy of the computing resources is received from 
one or more of : a discovery of the computing resources in 

the system , a specification in a file , a specification in 
environment variables , and a specification using APIs . 
0261 ] In Example B . 10 , the subject matter of any one of 
Examples B . 1 to B . 9 may include , wherein the identification 
of the set of computing resources includes an identifier for 
each computing resource , the identifier one or more of : an 
internet protocol address , a node name , a qualifier describing 
a communications fabric used to resource a particular set of 
computing resources , a qualifier that specifies a subset of 
computing resources to use within a node , and a qualifier 
that species a mode in which a subset of computing 
resources should operate . 
[ 0262 ] In Example B . 11 , the subject matter of any one of 
Examples B . 1 to B . 10 may include , wherein a subset of the 
computing resources are identified with logical numbers , 
and the logical numbers define an ordered subsequence of 
the computing resources . 
10263 ] In Example B . 12 , the subject matter of any one of 
Examples B . 1 to B . 11 may include , wherein the identifiers 
of the computing resources include one or more : a memory 
type , an amount of a memory type that is used , and con 
figuration information for a memory resource . 
[ 0264 ] In Example B . 13 , the subject matter of any one of 
Examples B . 1 to B . 12 may include , wherein the identifier of 
the computing resources includes an amount of a memory 
type to be allocated based on an amount of memory that has 
been previously consumed . 
[ 0265 ] In Example B . 14 , the subject matter of any one of 
Examples B . 1 to B . 13 may include , wherein the computing 
resources of the hierarchy are divided based on one or more 
of : an even distribution of computing resources among 
partitions of the hierarchy , and a distribution that balances 
capabilities of computing resources within partitions of the 
hierarchy . 
[ 026 ] In Example B . 15 , the subject matter of any one of 
Examples B . 1 to B . 14 may include , wherein the identifica 
tion of the set of computing resources includes a number of 
memory buffers that are available for temporary use to be 
shared among computing tasks , and wherein allocation of 
the temporary buffers is one or more of : explicitly specified 
by the set of actions , and dynamically allocated by a runtime 
software component . 
102671 In Example B . 16 , the subject matter of any one of 
Examples B . 1 to B . 15 may include , wherein ordering the 
actions in the plurality of actions includes ordering the 
actions among a plurality of subsets of computing resources 
identified by the hierarchy of the computing resources , 
wherein each subset of computing resources is managed 
with a respective instance of the software component . 
[ 0268 ] In Example B . 17 , the subject matter of any one of 
Examples B . 1 to B . 16 may include , wherein the plurality of 
respective instances of the software component are recur 
sively and hierarchically instantiated . 
10269 ] In Example B . 18 , the subject matter of any one of 
Examples B . 1 to B . 17 may include , wherein ordering 
actions among the plurality of subsets of computing 
resources is performed in response to one or more of : an 
action completing , a plurality of actions completing , and a 
determination by the software component that the number 
actions to be executed is below a predetermined threshold . 
[ 0270 ] In Example B . 19 , the subject matter of any one of 
Examples B . 1 to B . 18 may include , wherein at least a 
portion of the actions associated with a subset of computing 
resources are unordered . 
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[ 0271 ] In Example B . 20 , the subject matter of any one of 
Examples B . 1 to B . 19 may include , wherein the actions are 
statically associated and ordered for execution based on 
instructions received by the software component . 
[ 0272 ] In Example B . 21 , the subject matter of any one of 
Examples B . 1 to B . 20 may include , wherein the actions are 
dynamically associated and ordered based on instructions 
received by the software component that describe one or 
more of : computing resource availability , computing 
resource proximity , costs of moving data operands from 
producers on which an action depends , a capability of a 
computing resource , and prioritizations in the instructions . 
[ 0273 ] In Example B . 22 , the subject matter of any one of 
Examples B . 1 to B . 21 may include , where actions are 
dynamically associated and ordered according to a policy for 
distributing available actions on the computing resources in 
the hierarchy , wherein the policy describes one or more of : 
an exhaustive ordering of actions on the computing 
resources , a partial ordering of actions on the computing 
resources based on actions that have already been distributed 
to the computing resources but are still pending execution , 
and a partial ordering of actions based on actions left to be 
distributed . 
[ 0274 ] In Example B . 23 , the subject matter of any one of 
Examples B . 1 to B . 22 may include , wherein dynamic asso 
ciation and ordering of actions includes : classifying pending 
actions according to a priority scheme that includes one or 
more of : user - specified priorities for specific actions , user 
specified priorities for specific classes of actions , user 
specified priorities ; grouping the pending actions into a 
respective queue associated with each respective classifica 
tion ; and ordering the pending actions in each respective 
queue according to the respective classification for the 
respective queue . 
[ 0275 ] In Example B . 24 , the subject matter of any one of 
Examples B . 1 to B . 23 may include , wherein the memory 
further stores instructions for causing the system to execute , 
by the software component , the ordered set of actions . 
[ 0276 ] In Example B . 25 , the subject matter of any one of 
Examples B . 1 to B . 24 may include , wherein executing the 
ordered set of actions includes : receiving a query from a 
consumer of an operand regarding availability of data from 
a producer of the operand ; transferring the data from the 
producer to the consumer in response to the produced data 
being available , wherein the query is received by one or 
more of : computing resources on which the producer actions 
execute , a software component running on computing 
resources on which the producer actions execute , and a 
centralized software component that tracks when actions 
have completed . 
[ 0277 ] In Example B . 26 , the subject matter of any one of 
Examples B . 1 to B . 25 may include , wherein executing the 
ordered set of actions includes tracking , via an action that 
produces an operand , a consumer action that uses the 
produced operand , and transferring the data from the pro 
ducer to the consumer in response to the produced data being 
available . 
[ 0278 ] In Example B . 27 , the subject matter of any one of 
Examples B . 1 to B . 26 may include , wherein executing the 
ordered set of actions includes : attempting to execute , by the 
software component , an action from the ordered set of 
actions on a first subset of the computing resources ; iden - 
tifying , by the software component , a failure of the action to 
execute on the first subset of computing resources ; and in 

response to identifying the failure , executing the action on a 
second subset of computing resources , wherein the first 
subset of computing resources and candidates for the second 
subset of computing resources are identified in a hierarchy 
of the computing resources received by the software com 
ponent , and wherein the candidates for the second subset of 
computing resources are selected based on one or more of : 
a predetermined computing resource identified by input 
received by the software component a prioritized list of 
computing resources identified by input received by the 
software component , a proximate resource identified from a 
description of a hierarchy of the computing resources , an 
available computing resource , a computing resource whose 
capabilities enable the action to be completed sooner than 
another computing resource . 
[ 0279 ] In Example B . 28 , the subject matter of any one of 
Examples B . 1 to B . 27 may include , wherein executing the 
ordered set of actions includes dynamically allocating and 
deallocating computing resources from the set of computing 
resources based on a demand for computing resources from 
the executed actions . 
[ 0280 ] In Example B . 29 , the subject matter of any one of 
Examples B . 1 to B . 28 may include , wherein the memory 
further stores instructions for causing the system to present 
the ordered set of actions via one or more of a computer 
program , an ordered sequence of application program inter 
face calls , a set of comments for an executor software 
component , and a graphical display . 
[ 0281 ] In Example B . 30 , the subject matter of any one of 
Examples B . 1 to B . 29 may include , wherein the plurality of 
computing resources includes one or more of : a host com 
puting resource , a target computing resource , a central 
processing unit , a graphics processing unit , a field - program 
mable gate array , and a system - on - a - chip . 
[ 0282 ] In Example B . 31 , the subject matter of any one of 
Examples B . 1 to B . 30 may include , wherein associating the 
set of actions and the data elements with the set of comput 
ing resources includes balancing loads across a plurality of 
memory computing sources by dynamically changing one or 
more of : a number of logical memory domains mapped to a 
physical memory domain , and a number of streams associ 
ated with a logical memory domain . 
[ 0283 ] In Example B . 32 , the subject matter of any one of 
Examples B . 1 to B . 31 may include , wherein the memory 
further stores instructions for causing the system to receive , 
by the software component , identification of a function 
callable by the software component for performing one or 
more of : modeling costs for computation , modeling costs for 
data communication , modeling costs for synchronization , 
modeling costs for resource re - configuration , distributing 
data , distributing actions , ordering actions , redistributing 
unscheduled actions onto alternate subsystems for execu 
tion , redistributing failed actions onto alternate subsystems 
for execution , transforming sets of actions that are pending 
distribution for execution , dynamic allocation of memory , 
dynamic selection of storage from a pool of pre - determined 
memory resources , selection of memory structures to use 
based on properties of a computation , data movement , data 
synchronization , and managing completion of actions that 
have been scheduled . 
[ 0284 ] In Example B . 33 , the subject matter of any one of 
Examples B . 1 to B . 32 may include , wherein the function 
callable by the software component is for modeling costs 
based on one or more of the following characteristics : a 
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number of elements in memory operands , a shape of 
memory operands , a layout of memory operands , capabili - 
ties of computing resources used to execute an action , 
characteristics of computing resources used to execute an 
action , a type of an interconnect used transmit data from a 
producer to its consumer , and a performance characteristic 
of an interconnect used transmit data from a producer to its 
consumer . 
[ 0285 ] In Example B . 34 , the subject matter of any one of 
Examples B . 1 to B . 33 may include , wherein the character 
istics for the function callable by the software component 
are provided by one or more : a fixed table that is part of the 
software component , a user - supplied table , a table populated 
with profiling data collected from current and past execu 
tions , a fixed routine which evaluates a metric based on 
inputs and dynamic conditions , and a user - supplied routine 
which evaluates a metric based on inputs and dynamic 
conditions . 
[ 0286 ] In Example B . 35 , the subject matter of any one of 
Examples B . 1 to B . 34 may include , wherein the function 
callable by the software component is for transforming sets 
of actions by performing one or more of : decomposition of 
an original action into a set of actions of finer granularity 
which cover functionality equivalent to the original action , 
aggregation of a set of actions into a single action of coarser 
granularity , conversion of an action from one implementa 
tion to another implementation of equivalent functionality , 
specialization of a set of actions into a simpler set of actions , 
and pre - work for a set of actions . 
[ 0287 ] In Example B . 36 , the subject matter of any one of 
Examples B . 1 to B . 35 may include , wherein the function 
callable by the software component is for transforming sets 
of actions via aggregation based on one or more of : suit 
ability and efficiency of aggregation for a particular com 
puting target , similarity of computation among actions , size 
and shape of data , and locality of data . 
[ 0288 ] In Example B . 37 , the subject matter of any one of 
Examples B . 1 to B . 36 may include , wherein function call 
able by the software component is for pre - work for a set of 
actions , and wherein the pre - work includes one or more of : 
error checking , selection of a particular implementation , 
pre - processing of a subset of available operands , precondi 
tioning and reformatting of data , preparation for transmis 
sion of input operands , and preparation for transmission of 
output operands . 
[ 0289 ] In Example B . 38 , the subject matter of any one of 
Examples B . 1 to B . 37 may include , wherein the function 
callable by the software component is for the specialization 
of a set of actions into a simpler set of actions , and wherein 
the specialization is performed based on one or more of : 
operands of the set of actions , conditions of the set of 
computing resources , a type of an action to be performed , 
characteristics of a computing resource on which an action 
is to be performed . 
[ 0290 ] In Example B . 39 , the subject matter of any one of 
Examples B . 1 to B . 38 may include , wherein the function 
callable by the software component is for moving data from 
a source storage area to a destination storage area , and 
wherein the moved data is not contiguous . 
[ 0291 ] In Example B . 40 , the subject matter of any one of 
Examples B . 1 to B . 39 may include , wherein the non 
contiguous data is marshalled into a contiguous chunk of 
data at the source . 

[ 0292 ] In Example B . 41 , the subject matter of any one of 
Examples B . 1 to B . 40 may include , wherein a contiguous 
superset of the data is sent to the destination and a subset of 
data is extracted at the destination . 
[ 0293 ] In Example B . 42 , the subject matter of any one of 
Examples B . 1 to B . 41 may include , wherein the function 
callable by the software component is for moving data from 
a source storage area to a destination storage area , wherein 
the moved data is not contiguous , and non - contiguous data 
is marshalled using one or more of : a function provided by 
the tuner runtime , a function for optimizing performance 
and efficiency , a user - provided function for performing 
marshaling at the source , and a user - provided function for 
performing marshaling at the destination . 
[ 0294 ] In Example B . 43 , the subject matter of any one of 
Examples B . 1 to B . 42 may include , wherein the non 
contiguous data is marshalled using a function for optimiz 
ing performance and efficiency based on one or more of : 
data layout , data size and shape , a characteristic of a 
computing resource that is sending the data , and a charac 
teristic of a computing resource that is receiving the data . 
10295 In Example B . 44 , the subject matter of any one of 
Examples B . 1 to B . 43 may include , wherein the data is 
moved from one source storage area to another destination 
storage area in response to one or more of : operands being 
generated by a producing action , on demand to a request by 
a consuming action for data , and optimization criteria being 
met , and wherein the optimization criteria includes one or 
more of : any communication link being available , a pre 
ferred communication link being available , a communica 
tion link being available that will minimize consumption of 
time , a communication link being available that will mini 
mize consumption of energy , and buffering resources being 
available at a receiving end of a communications link . 
[ 0296 ] In Example B . 45 , the subject matter of any one of 
Examples B . 1 to B . 44 may include , wherein associating the 
set of actions and the data elements with the set of comput 
ing resources includes selecting a hardware computing 
resource based on an identifier of the hardware computing 
resource received by the software component via one or 
more of : a file , an environment variable , an application 
programming interface , and a node identifier . 
[ 0297 ] In Example B . 46 , the subject matter of any one of 
Examples B . 1 to B . 45 may include , wherein associating the 
set of actions and the data elements with the set of comput 
ing resources includes mapping a plurality of logical devices 
to hardware computing resources based on an order of 
occurrence of the hardware computing devices in the set of 
computing resources received by the software component . 
[ 0298 ] In Example B . 47 , the subject matter of any one of 
Examples B . 1 to B . 46 may include , wherein associating the 
set of actions and the data elements with the set of comput 
ing resources includes selecting a memory computing 
resource from the set of computing resources , wherein the 
memory computing resource is selected based on one more 
of : a type of the memory computing resource , a size of 
memory to be used within the memory computing resource , 
and a current utilization of the memory computing resource . 
[ 0299 ] Example B . 48 includes subject matter ( such as a 
method , means for performing acts , machine readable 
medium including instructions that when performed by a 
machine cause the machine to performs acts , or an apparatus 
to perform ) comprising : receiving , by a software component 
operating on a computer system : a set of actions , an iden 
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tification of a set of computing resources to associate with 
the set of actions , and a set of dependencies among the 
plurality of actions for executing the actions using the 
computing resources ; associating the set of actions and data 
elements related to the set of actions , by the software 
component , with the set of computing resources ; and order 
ing , by the software component , each respective action in 
the set of actions for execution on the computing resources . 
[ 0300 ] In Example B . 49 , the subject matter of Example 
B . 48 may include , wherein the plurality of actions include 
one or more of : a computing task , a data transfer task , and 
a synchronization task . 
[ 0301 ] In Example B . 50 , the subject matter of any one of 
Examples B . 48 to B . 49 may include , receiving , by the 
software component , a description of a hierarchy of the 
computing resources , and wherein the association of the set 
of actions and data elements with the computing resources 
and the ordering of the actions for execution on the com 
puting resources are performed based on the hierarchy of 
computing resources . 
0302 ] In Example B . 51 , the subject matter of any one of 
Examples B . 48 to B . 50 may include , wherein association of 
the set of actions and data elements with the computing 
resources includes associating an action with a memory 
component from the set of computing resources , based on 
the hierarchy of the computing resources , to minimize a 
latency associated with accessing the memory component . 
[ 0303 ] In Example B . 52 , the subject matter of any one of 
Examples B . 48 to B . 51 may include , wherein association of 
the set of actions and data elements with the computing 
resources includes mapping , based on the hierarchy of the 
computing resources , a set of logical memory domains 
across a plurality of physical memory components from the 
set of computing resources . 
[ 0304 ] In Example B . 53 , the subject matter of any one of 
Examples B . 48 to B . 52 may include , wherein association of 
the set of actions and data elements with the computing 
resources includes localizing actions , based on the hierarchy 
of the computing resources , among a subset of the set of 
computing resources . 
[ 0305 ] In Example B . 54 , the subject matter of any one of 
Examples B . 48 to B . 53 may include , wherein the description 
of the hierarchy of the computing resources includes an 
arrangement of computing resources , the arrangement one 
or more of : a group of central processing units , a plurality of 
groups of central processing units arranged as a stream , and 
groups of streams that share a memory domain . 
[ 0306 ] In Example B . 55 , the subject matter of any one of 
Examples B . 48 to B . 54 may include , wherein the description 
of the hierarchy of the computing resources includes an 
arrangement of memory resources , the arrangement one or 
more of : an amount of memory for a type of memory 
resource , a partitioning of memory into variables , and tiles 
of variables . 
10307 ] In Example B . 56 , the subject matter of any one of 
Examples B . 48 to B . 55 may include , wherein the description 
of the hierarchy of the computing resources is received from 
one or more of : a discovery of the computing resources in 
the system , a specification in a file , a specification in 
environment variables , and a specification using APIs . 
[ 0308 ] In Example B . 57 , the subject matter of any one of 
Examples B . 48 to B . 56 may include , wherein the identifi 
cation of the set of computing resources includes an iden 
tifier for each computing resource , the identifier one or more 

of : an internet protocol address , a node name , a qualifier 
describing a communications fabric used to resource a 
particular set of computing resources , a qualifier that speci 
fies a subset of computing resources to use within a node , 
and a qualifier that species a mode in which a subset of 
computing resources should operate . 
[ 0309 ] In Example B . 58 , the subject matter of any one of 
Examples B . 48 to B . 57 may include , wherein a subset of the 
computing resources are identified with logical numbers , 
and the logical numbers define an ordered subsequence of 
the computing resources . 
[ 0310 ] In Example B . 59 , the subject matter of any one of 
Examples B . 48 to B . 58 may include , wherein the identifiers 
of the computing resources include one or more : a memory 
type , an amount of a memory type that is used , and con 
figuration information for a memory resource . 
[ 0311 ] In Example B . 60 , the subject matter of any one of 
Examples B . 48 to B . 59 may include , wherein the identifier 
of the computing resources includes an amount of a memory 
type to be allocated based on an amount of memory that has 
been previously consumed . 
[ 0312 ] In Example B . 61 , the subject matter of any one of 
Examples B . 48 to B . 60 may include , wherein the computing 
resources of the hierarchy are divided based on one or more 
of : an even distribution of computing resources among 
partitions of the hierarchy , and a distribution that balances 
capabilities of computing resources within partitions of the 
hierarchy . 
[ 0313 ] In Example B . 62 , the subject matter of any one of 
Examples B . 48 to B . 61 may include , wherein the identifi 
cation of the set of computing resources includes a number 
of memory buffers that are available for temporary use to be 
shared among computing tasks , and wherein allocation of 
the temporary buffers is one or more of : explicitly specified 
by the set of actions , and dynamically allocated by a runtime 
software component . 
[ 0314 ] In Example B . 63 , the subject matter of any one of 
Examples B . 48 to B . 62 may include , wherein ordering the 
actions in the plurality of actions includes ordering the 
actions among a plurality of subsets of computing resources 
identified by the hierarchy of the computing resources , 
wherein each subset of computing resources is managed 
with a respective instance of the software component . 
[ 0315 ] In Example B . 64 , the subject matter of any one of 
Examples B . 48 to B . 63 may include , wherein the plurality of 
respective instances of the software component are recur 
sively and hierarchically instantiated . 
[ 0316 ] . In Example B . 65 , the subject matter of any one of 
Examples B . 48 to B . 64 may include , wherein ordering 
actions among the plurality of subsets of computing 
resources is performed in response to one or more of : an 
action completing , a plurality of actions completing , and a 
determination by the software component that the number 
actions to be executed is below a predetermined threshold . 
[ 0317 ) In Example B . 66 , the subject matter of any one of 
Examples B . 48 to B . 65 may include , wherein at least a 
portion of the actions associated with a subset of computing 
resources are unordered . 
[ 0318 ] In Example B . 67 , the subject matter of any one of 
Examples B . 48 to B . 66 may include , wherein the actions are 
statically associated and ordered for execution based on 
instructions received by the software component . 
[ 0319 ] In Example B . 68 , the subject matter of any one of 
Examples B . 48 to B . 67 may include , wherein the actions are 
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dynamically associated and ordered based on instructions 
received by the software component that describe one or 
more of : computing resource availability , computing 
resource proximity , costs of moving data operands from 
producers on which an action depends , a capability of a 
computing resource , and prioritizations in the instructions . 
[ 0320 ] In Example B . 69 , the subject matter of any one of 
Examples B . 48 to B . 68 may include , where actions are 
dynamically associated and ordered according to a policy for 
distributing available actions on the computing resources in 
the hierarchy , wherein the policy describes one or more of : 
an exhaustive ordering of actions on the computing 
resources , a partial ordering of actions on the computing 
resources based on actions that have already been distributed 
to the computing resources but are still pending execution , 
and a partial ordering of actions based on actions left to be 
distributed 
[ 0321 ] In Example B . 70 , the subject matter of any one of 
Examples B . 48 to B . 69 may include , wherein dynamic 
association and ordering of actions includes : classifying 
pending actions according to a priority scheme that includes 
one or more of : user - specified priorities for specific actions , 
user - specified priorities for specific classes of actions , user 
specified priorities ; grouping the pending actions into a 
respective queue associated with each respective classifica 
tion ; and ordering the pending actions in each respective 
queue according to the respective classification for the 
respective queue . 
[ 0322 ] In Example B . 71 , the subject matter of any one of 
Examples B . 48 to B . 70 may include , executing , by the 
software component , the ordered set of actions . 
[ 0323 ] In Example B . 72 , the subject matter of any one of 
Examples B . 48 to B . 71 may include , wherein executing the 
ordered set of actions includes : receiving a query from a 
consumer of an operand regarding availability of data from 
a producer of the operand ; transferring the data from the 
producer to the consumer in response to the produced data 
being available , wherein the query is received by one or 
more of : computing resources on which the producer actions 
execute , a software component running on computing 
resources on which the producer actions execute , and a 
centralized software component that tracks when actions 
have completed . 
[ 0324 ] In Example B . 73 , the subject matter of any one of 
Examples B . 48 to B . 72 may include , wherein executing the 
ordered set of actions includes tracking , via an action that 
produces an operand , a consumer action that uses the 
produced operand , and transferring the data from the pro 
ducer to the consumer in response to the produced data being 
available . 
[ 0325 ] In Example B . 74 , the subject matter of any one of 
Examples B . 48 to B . 73 may include , wherein executing the 
ordered set of actions includes : attempting to execute , by the 
software component , an action from the ordered set of 
actions on a first subset of the computing resources ; iden 
tifying , by the software component , a failure of the action to 
execute on the first subset of computing resources ; and in 
response to identifying the failure , executing the action on a 
second subset of computing resources , wherein the first 
subset of computing resources and candidates for the second 
subset of computing resources are identified in a hierarchy 
of the computing resources received by the software com 
ponent , and wherein the candidates for the second subset of 
computing resources are selected based on one or more of : 

a predetermined computing resource identified by input 
received by the software component a prioritized list of 
computing resources identified by input received by the 
software component , a proximate resource identified from a 
description of a hierarchy of the computing resources , an 
available computing resource , a computing resource whose 
capabilities enable the action to be completed sooner than 
another computing resource . 
[ 0326 ] In Example B . 75 , the subject matter of any one of 
Examples B . 48 to B . 74 may include , wherein executing the 
ordered set of actions includes dynamically allocating and 
deallocating computing resources from the set of computing 
resources based on a demand for computing resources from 
the executed actions . 
[ 0327 ] In Example B . 76 , the subject matter of any one of 
Examples B . 48 to B . 75 may include , presenting the ordered 
set of actions via one or more of : a computer program , an 
ordered sequence of application program interface calls , a 
set of comments for an executor software component , and a 
graphical display . 
[ 0328 ] In Example B . 77 , the subject matter of any one of 
Examples B . 48 to B . 76 may include , wherein the plurality of 
computing resources includes one or more of : a host com 
puting resource , a target computing resource , a central 
processing unit , a graphics processing unit , a field - program 
mable gate array , and a system - on - a - chip . 
[ 0329 ] In Example B . 78 , the subject matter of any one of 
Examples B . 48 to B . 77 may include , wherein associating the 
set of actions and the data elements with the set of comput 
ing resources includes balancing loads across a plurality of 
memory computing sources by dynamically changing one or 
more of : a number of logical memory domains mapped to a 
physical memory domain , and a number of streams associ 
ated with a logical memory domain . 
[ 0330 ] In Example B . 79 , the subject matter of any one of 
Examples B . 48 to B . 78 may include , receiving , by the 
software component , identification of a function callable by 
the software component for performing one or more of : 
modeling costs for computation , modeling costs for data 
communication , modeling costs for synchronization , mod 
eling costs for resource re - configuration , distributing data , 
distributing actions , ordering actions , redistributing 
unscheduled actions onto alternate subsystems for execu 
tion , redistributing failed actions onto alternate subsystems 
for execution , transforming sets of actions that are pending 
distribution for execution , dynamic allocation of memory , 
dynamic selection of storage from a pool of pre - determined 
memory resources , selection of memory structures to use 
based on properties of a computation , data movement , data 
synchronization , and managing completion of actions that 
have been scheduled . 
[ 0331 ] In Example B . 80 , the subject matter of any one of 
Examples B . 48 to B . 79 may include , wherein the function 
callable by the software component is for modeling costs 
based on one or more of the following characteristics : a 
number of elements in memory operands , a shape of 
memory operands , a layout of memory operands , capabili 
ties of computing resources used to execute an action , 
characteristics of computing resources used to execute an 
action , a type of an interconnect used transmit data from a 
producer to its consumer , and a performance characteristic 
of an interconnect used transmit data from a producer to its 
consumer . 
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[ 0332 ] In Example B . 81 , the subject matter of any one of 
Examples B . 48 to B . 80 may include , wherein the charac 
teristics for the function callable by the software component 
are provided by one or more : a fixed table that is part of the 
software component , a user - supplied table , a table populated 
with profiling data collected from current and past execu 
tions , a fixed routine which evaluates a metric based on 
inputs and dynamic conditions , and a user - supplied routine 
which evaluates a metric based on inputs and dynamic 
conditions . 
[ 0333 ] In Example B . 82 , the subject matter of any one of 
Examples B . 48 to B . 81 may include , wherein the function 
callable by the software component is for transforming sets 
of actions by performing one or more of : decomposition of 
an original action into a set of actions of finer granularity 
which cover functionality equivalent to the original action , 
aggregation of a set of actions into a single action of coarser 
granularity , conversion of an action from one implementa 
tion to another implementation of equivalent functionality , 
specialization of a set of actions into a simpler set of actions , 
and pre - work for a set of actions . 
[ 0334 ] In Example B . 83 , the subject matter of any one of 
Examples B . 48 to B . 82 may include , wherein the function 
callable by the software component is for transforming sets 
of actions via aggregation based on one or more of : suit 
ability and efficiency of aggregation for a particular com 
puting target , similarity of computation among actions , size 
and shape of data , and locality of data . 
[ 0335 ] In Example B . 84 , the subject matter of any one of 
Examples B . 48 to B . 83 may include , wherein function 
callable by the software component is for pre - work for a set 
of actions , and wherein the pre - work includes one or more 
of : error checking , selection of a particular implementation , 
pre - processing of a subset of available operands , precondi 
tioning and reformatting of data , preparation for transmis 
sion of input operands , and preparation for transmission of 
output operands . 
[ 0336 ] In Example B . 85 , the subject matter of any one of 
Examples B . 48 to B . 84 may include , wherein the function 
callable by the software component is for the specialization 
of a set of actions into a simpler set of actions , and wherein 
the specialization is performed based on one or more of : 
operands of the set of actions , conditions of the set of 
computing resources , a type of an action to be performed , 
characteristics of a computing resource on which an action 
is to be performed . 
[ 0337 ] In Example B . 86 , the subject matter of any one of 
Examples B . 48 to B . 85 may include , wherein the function 
callable by the software component is for moving data from 
a source storage area to a destination storage area , and 
wherein the moved data is not contiguous . 
[ 0338 ] In Example B . 87 , the subject matter of any one of 
Examples B . 48 to B . 86 may include , wherein the non 
contiguous data is marshalled into a contiguous chunk of 
data at the source . 
[ 0339 ] In Example B . 88 , the subject matter of any one of 
Examples B . 48 to B . 87 may include , wherein a contiguous 
superset of the data is sent to the destination and a subset of 
data is extracted at the destination . 
[ 0340 ] In Example B . 89 , the subject matter of any one of 
Examples B . 48 to B . 88 may include , wherein the function 
callable by the software component is for moving data from 
a source storage area to a destination storage area , wherein 
the moved data is not contiguous , and non - contiguous data 

is marshalled using one or more of : a function provided by 
the tuner runtime , a function for optimizing performance 
and efficiency , a user - provided function for performing 
marshaling at the source , and a user - provided function for 
performing marshaling at the destination . 
[ 0341 ] In Example B . 90 , the subject matter of any one of 
Examples B . 48 to B . 89 may include , wherein the non 
contiguous data is marshalled using a function for optimiz 
ing performance and efficiency based on one or more of : 
data layout , data size and shape , a characteristic of a 
computing resource that is sending the data , and a charac 
teristic of a computing resource that is receiving the data . 
[ 0342 ] In Example B . 91 , the subject matter of any one of 
Examples B . 48 to B . 90 may include , wherein the data is 
moved from one source storage area to another destination 
storage area in response to one or more of : operands being 
generated by a producing action , on demand to a request by 
a consuming action for data , and optimization criteria being 
met , and wherein the optimization criteria includes one or 
more of : any communication link being available , a pre 
ferred communication link being available , a communica 
tion link being available that will minimize consumption of 
time , a communication link being available that will mini 
mize consumption of energy , and buffering resources being 
available at a receiving end of a communications link . 
[ 0343 ] In Example B . 92 , the subject matter of any one of 
Examples B . 48 to B . 91 may include , wherein associating the 
set of actions and the data elements with the set of comput 
ing resources includes selecting a hardware computing 
resource based on an identifier of the hardware computing 
resource received by the software component via one or 
more of : a file , an environment variable , an application 
programming interface , and a node identifier . 
[ 0344 ] In Example B . 93 , the subject matter of any one of 
Examples B . 48 to B . 92 may include , wherein associating the 
set of actions and the data elements with the set of comput 
ing resources includes mapping a plurality of logical devices 
to hardware computing resources based on an order of 
occurrence of the hardware computing devices in the set of 
computing resources received by the software component . 
[ 0345 ] In Example B . 94 , the subject matter of any one of 
Examples B . 48 to B . 93 may include , wherein associating the 
set of actions and the data elements with the set of comput 
ing resources includes selecting a memory computing 
resource from the set of computing resources , wherein the 
memory computing resource is selected based on one more 
of : a type of the memory computing resource , a size of 
memory to be used within the memory computing resource , 
and a current utilization of the memory computing resource . 
[ 03461 Example B . 95 includes subject matter including a 
computer - readable medium storing instructions that , when 
executed by a computer system , cause the computer system 
to : receive , by a software component operating on the 
computer system : a set of actions , an identification of a set 
of computing resources to associate with the set of actions , 
and a set of dependencies among the plurality of actions for 
executing the actions using the computing resources ; asso 
ciate the set of actions and data elements related to the set 
of actions , by the software component , with the set of 
computing resources ; and order , by the software component , 
each respective action in the set of actions for execution on 
the computing resources . 

Page 40 of 57



US 2017 / 0262319 A1 Sep . 14 , 2017 
25 

[ 0347 ] In Example B . 96 , the subject matter of Example 
B . 95 may include , wherein the plurality of actions include 
one or more of : a computing task , a data transfer task , and 
a synchronization task . 
[ 0348 ] In Example B . 97 , the subject matter of any one of 
Examples B . 95 to B . 96 may include , wherein the medium 
further stores instructions for causing the computer system 
to receive , by the software component , a description of a 
hierarchy of the computing resources , and wherein the 
association of the set of actions and data elements with the 
computing resources and the ordering of the actions for 
execution on the computing resources are performed based 
on the hierarchy of computing resources . 
[ 0349 ] In Example B . 98 , the subject matter of any one of 
Examples B . 95 to B . 97 may include , wherein association of 
the set of actions and data elements with the computing 
resources includes associating an action with a memory 
component from the set of computing resources , based on 
the hierarchy of the computing resources , to minimize a 
latency associated with accessing the memory component . 
[ 0350 ] In Example B . 99 , the subject matter of any one of 
Examples B . 95 to B . 98 may include , wherein association of 
the set of actions and data elements with the computing 
resources includes mapping , based on the hierarchy of the 
computing resources , a set of logical memory domains 
across a plurality of physical memory components from the 
set of computing resources . 
[ 0351 ] In Example B . 100 , the subject matter of any one of 
Examples B . 95 to B . 99 may include , wherein association of 
the set of actions and data elements with the computing 
resources includes localizing actions , based on the hierarchy 
of the computing resources , among a subset of the set of 
computing resources . 
[ 03521 In Example B . 101 , the subject matter of any one of 
Examples B . 95 to B . 100 may include , wherein the descrip 
tion of the hierarchy of the computing resources includes an 
arrangement of computing resources , the arrangement one 
or more of : a group of central processing units , a plurality of 
groups of central processing units arranged as a stream , and 
groups of streams that share a memory domain . 
[ 0353 ] In Example B . 102 , the subject matter of any one of 
Examples B . 95 to B . 101 may include , wherein the descrip 
tion of the hierarchy of the computing resources includes an 
arrangement of memory resources , the arrangement one or 
more of : an amount of memory for a type of memory 
resource , a partitioning of memory into variables , and tiles 
of variables . 
[ 0354 ] In Example B . 103 , the subject matter of any one of 
Examples B . 95 to B . 102 may include , wherein the descrip 
tion of the hierarchy of the computing resources is received 
from one or more of : a discovery of the computing resources 
in the system , a specification in a file , a specification in 
environment variables , and a specification using APIs . 
[ 0355 ] In Example B . 104 , the subject matter of any one of 
Examples B . 95 to B . 103 may include , wherein the identi 
fication of the set of computing resources includes an 
identifier for each computing resource , the identifier one or 
more of : an internet protocol address , a node name , a 
qualifier describing a communications fabric used to 
resource a particular set of computing resources , a qualifier 
that specifies a subset of computing resources to use within 
a node , and a qualifier that species a mode in which a subset 
of computing resources should operate . 

( 0356 ] In Example B . 105 , the subject matter of any one of 
Examples B . 95 to B . 104 may include , wherein a subset of 
the computing resources are identified with logical numbers , 
and the logical numbers define an ordered subsequence of 
the computing resources . 
[ 0357 ] In Example B . 106 , the subject matter of any one of 
Examples B . 95 to B . 105 may include , wherein the identi 
fiers of the computing resources include one or more : a 
memory type , an amount of a memory type that is used , and 
configuration information for a memory resource . 
50358 ] In Example B . 107 , the subject matter of any one of 
Examples B . 95 to B . 106 may include , wherein the identifier 
of the computing resources includes an amount of a memory 
type to be allocated based on an amount of memory that has 
been previously consumed . 
[ 0359 ] In Example B . 108 , the subject matter of any one of 
Examples B . 95 to B . 107 may include , wherein the comput 
ing resources of the hierarchy are divided based on one or 
more of : an even distribution of computing resources among 
partitions of the hierarchy , and a distribution that balances 
capabilities of computing resources within partitions of the 
hierarchy . 
[ 0360 ] In Example B . 109 , the subject matter of any one of 
Examples B . 95 to B . 108 may include , wherein the identi 
fication of the set of computing resources includes a number 
of memory buffers that are available for temporary use to be 
shared among computing tasks , and wherein allocation of 
the temporary buffers is one or more of : explicitly specified 
by the set of actions , and dynamically allocated by a runtime 
software component . 
10361 ] In Example B . 110 , the subject matter of any one of 
Examples B . 95 to B . 109 may include , wherein ordering the 
actions in the plurality of actions includes ordering the 
actions among a plurality of subsets of computing resources 
identified by the hierarchy of the computing resources , 
wherein each subset of computing resources is managed 
with a respective instance of the software component . 
[ 0362 ] In Example B . 111 , the subject matter of any one of 
Examples B . 95 to B . 110 may include , wherein the plurality 
of respective instances of the software component are recur 
sively and hierarchically instantiated . 
[ 0363 ] In Example B . 112 , the subject matter of any one of 
Examples B . 95 to B . 111 may include , wherein ordering 
actions among the plurality of subsets of computing 
resources is performed in response to one or more of : an 
action completing , a plurality of actions completing , and a 
determination by the software component that the number 
actions to be executed is below a predetermined threshold . 
10364 ] In Example B . 113 , the subject matter of any one of 
Examples B . 95 to B . 112 may include , wherein at least a 
portion of the actions associated with a subset of computing 
resources are unordered . 
[ 0365 ] In Example B . 114 , the subject matter of any one of 
Examples B . 95 to B . 113 may include , wherein the actions 
are statically associated and ordered for execution based on 
instructions received by the software component . 
[ 0366 ] In Example B . 115 , the subject matter of any one of 
Examples B . 95 to B . 114 may include , wherein the actions 
are dynamically associated and ordered based on instruc 
tions received by the software component that describe one 
or more of : computing resource availability , computing 
resource proximity , costs of moving data operands from 
producers on which an action depends , a capability of a 
computing resource , and prioritizations in the instructions . 
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[ 0367 ] In Example B . 116 , the subject matter of any one of 
Examples B . 95 to B . 115 may include , where actions are 
dynamically associated and ordered according to a policy for 
distributing available actions on the computing resources in 
the hierarchy , wherein the policy describes one or more of : 
an exhaustive ordering of actions on the computing 
resources , a partial ordering of actions on the computing 
resources based on actions that have already been distributed 
to the computing resources but are still pending execution , 
and a partial ordering of actions based on actions left to be 
distributed . 
[ 0368 ] In Example B . 117 , the subject matter of any one of 
Examples B . 95 to B . 116 may include , wherein dynamic 
association and ordering of actions includes : classifying 
pending actions according to a priority scheme that includes 
one or more of : user - specified priorities for specific actions , 
user - specified priorities for specific classes of actions , user 
specified priorities ; grouping the pending actions into a 
respective queue associated with each respective classifica 
tion ; and ordering the pending actions in each respective 
queue according to the respective classification for the 
respective queue . 
[ 0369 ] In Example B . 118 , the subject matter of any one of 
Examples B . 95 to B . 117 may include , wherein the medium 
further stores instructions for causing the computer system 
to execute , by the software component , the ordered set of 
actions . 
[ 0370 ] In Example B . 119 , the subject matter of any one of 
Examples B . 95 to B . 118 may include , wherein executing the 
ordered set of actions includes : receiving a query from a 
consumer of an operand regarding availability of data from 
a producer of the operand ; transferring the data from the 
producer to the consumer in response to the produced data 
being available , wherein the query is received by one or 
more of : computing resources on which the producer actions 
execute , a software component running on computing 
resources on which the producer actions execute , and a 
centralized software component that tracks when actions 
have completed . 
[ 0371 ] In Example B . 120 , the subject matter of any one of 
Examples B . 95 to B . 119 may include , wherein executing the 
ordered set of actions includes tracking , via an action that 
produces an operand , a consumer action that uses the 
produced operand , and transferring the data from the pro 
ducer to the consumer in response to the produced data being 
available . 
[ 0372 ] In Example B . 121 , the subject matter of any one of 
Examples B . 95 to B . 120 may include , wherein executing the 
ordered set of actions includes : attempting to execute , by the 
software component , an action from the ordered set of 
actions on a first subset of the computing resources ; iden 
tifying , by the software component , a failure of the action to 
execute on the first subset of computing resources ; and in 
response to identifying the failure , executing the action on a 
second subset of computing resources , wherein the first 
subset of computing resources and candidates for the second 
subset of computing resources are identified in a hierarchy 
of the computing resources received by the software com 
ponent , and wherein the candidates for the second subset of 
computing resources are selected based on one or more of : 
a predetermined computing resource identified by input 
received by the software component a prioritized list of 
computing resources identified by input received by the 
software component , a proximate resource identified from a 

description of a hierarchy of the computing resources , an 
available computing resource , a computing resource whose 
capabilities enable the action to be completed sooner than 
another computing resource . 
[ 0373 ] In Example B . 122 , the subject matter of any one of 
Examples B . 95 to B . 121 may include , wherein executing the 
ordered set of actions includes dynamically allocating and 
deallocating computing resources from the set of computing 
resources based on a demand for computing resources from 
the executed actions . 
[ 0374 ] In Example B . 123 , the subject matter of any one of 
Examples B . 95 to B . 122 may include , wherein the medium 
further stores instructions for causing the computer system 
to present the ordered set of actions via one or more of : a 
computer program , an ordered sequence of application pro 
gram interface calls , a set of comments for an executor 
software component , and a graphical display . 
[ 0375 ] In Example B . 124 , the subject matter of any one of 
Examples B . 95 to B . 123 may include , wherein the plurality 
of computing resources includes one or more of : a host 
computing resource , a target computing resource , a central 
processing unit , a graphics processing unit , a field - program 
mable gate array , and a system - on - a - chip . 
[ 0376 ] In Example B . 125 , the subject matter of any one of 
Examples B . 95 to B . 124 may include , wherein associating 
the set of actions and the data elements with the set of 
computing resources includes balancing loads across a plu 
rality of memory computing sources by dynamically chang 
ing one or more of : a number of logical memory domains 
mapped to a physical memory domain , and a number of 
streams associated with a logical memory domain . 
[ 0377 ] In Example B . 126 , the subject matter of any one of 
Examples B . 95 to B . 125 may include , wherein the medium 
further stores instructions for causing the computer system 
to receive , by the software component , identification of a 
function callable by the software component for performing 
one or more of : modeling costs for computation , modeling 
costs for data communication , modeling costs for synchro 
nization , modeling costs for resource re - configuration , dis 
tributing data , distributing actions , ordering actions , redis 
tributing unscheduled actions onto alternate subsystems for 
execution , redistributing failed actions onto alternate sub 
systems for execution , transforming sets of actions that are 
pending distribution for execution , dynamic allocation of 
memory , dynamic selection of storage from a pool of 
pre - determined memory resources , selection of memory 
structures to use based on properties of a computation , data 
movement , data synchronization , and managing completion 
of actions that have been scheduled . 
[ 0378 ] In Example B . 127 , the subject matter of any one of 
Examples B . 95 to B . 126 may include , wherein the function 
callable by the software component is for modeling costs 
based on one or more of the following characteristics : a 
number of elements in memory operands , a shape of 
memory operands , a layout of memory operands , capabili 
ties of computing resources used to execute an action , 
characteristics of computing resources used to execute an 
action , a type of an interconnect used transmit data from a 
producer to its consumer , and a performance characteristic 
of an interconnect used transmit data from a producer to its 
consumer . 
[ 0379 ] In Example B . 128 , the subject matter of any one of 
Examples B . 95 to B . 127 may include , wherein the charac 
teristics for the function callable by the software component 
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are provided by one or more : a fixed table that is part of the 
software component , a user - supplied table , a table populated 
with profiling data collected from current and past execu 
tions , a fixed routine which evaluates a metric based on 
inputs and dynamic conditions , and a user - supplied routine 
which evaluates a metric based on inputs and dynamic 
conditions . 
[ 0380 ] In Example B . 129 , the subject matter of any one of 
Examples B . 95 to B . 128 may include , wherein the function 
callable by the software component is for transforming sets 
of actions by performing one or more of : decomposition of 
an original action into a set of actions of finer granularity 
which cover functionality equivalent to the original action , 
aggregation of a set of actions into a single action of coarser 
granularity , conversion of an action from one implementa 
tion to another implementation of equivalent functionality , 
specialization of a set of actions into a simpler set of actions , 
and pre - work for a set of actions . 
[ 0381 ] In Example B . 130 , the subject matter of any one of 
Examples B . 95 to B . 129 may include , wherein the function 
callable by the software component is for transforming sets 
of actions via aggregation based on one or more of : suit 
ability and efficiency of aggregation for a particular com 
puting target , similarity of computation among actions , size 
and shape of data , and locality of data . 
[ 0382 ] In Example B . 131 , the subject matter of any one of 
Examples B . 95 to B . 130 may include , wherein function 
callable by the software component is for pre - work for a set 
of actions , and wherein the pre - work includes one or more 
of : error checking , selection of a particular implementation , 
pre - processing of a subset of available operands , precondi 
tioning and reformatting of data , preparation for transmis 
sion of input operands , and preparation for transmission of 
output operands . 
[ 0383 ] In Example B . 132 , the subject matter of any one of 
Examples B . 95 to B . 131 may include , wherein the function 
callable by the software component is for the specialization 
of a set of actions into a simpler set of actions , and wherein 
the specialization is performed based on one or more of : 
operands of the set of actions , conditions of the set of 
computing resources , a type of an action to be performed , 
characteristics of a computing resource on which an action 
is to be performed . 
[ 0384 ] In Example B . 133 , the subject matter of any one of 
Examples B . 95 to B . 132 may include , wherein the function 
callable by the software component is for moving data from 
a source storage area to a destination storage area , and 
wherein the moved data is not contiguous . 
10385 ) In Example B . 134 , the subject matter of any one of 
Examples B . 95 to B . 133 may include , wherein the non 
contiguous data is marshalled into a contiguous chunk of 
data at the source . 
[ 0386 ] In Example B . 135 , the subject matter of any one of 
Examples B . 95 to B . 134 may include , wherein a contiguous 
superset of the data is sent to the destination and a subset of 
data is extracted at the destination . 
103871 . In Example B . 136 , the subject matter of any one of 
Examples B . 95 to B . 135 may include , wherein the function 
callable by the software component is for moving data from 
a source storage area to a destination storage area , wherein 
the moved data is not contiguous , and non - contiguous data 
is marshalled using one or more of : a function provided by 
the tuner runtime , a function for optimizing performance 
and efficiency , a user - provided function for performing 

marshaling at the source , and a user - provided function for 
performing marshaling at the destination . 
[ 0388 ] In Example B . 137 , the subject matter of any one of 
Examples B . 95 to B . 136 may include , wherein the non 
contiguous data is marshalled using a function for optimiz 
ing performance and efficiency based on one or more of : 
data layout , data size and shape , a characteristic of a 
computing resource that is sending the data , and a charac 
teristic of a computing resource that is receiving the data . 
[ 0389 ] In Example B . 138 , the subject matter of any one of 
Examples B . 95 to B . 137 may include , wherein the data is 
moved from one source storage area to another destination 
storage area in response to one or more of : operands being 
generated by a producing action , on demand to a request by 
a consuming action for data , and optimization criteria being 
met , and wherein the optimization criteria includes one or 
more of : any communication link being available , a pre 
ferred communication link being available , a communica 
tion link being available that will minimize consumption of 
time , a communication link being available that will mini 
mize consumption of energy , and buffering resources being 
available at a receiving end of a communications link . 
0390 ] In Example B . 139 , the subject matter of any one of 
Examples B . 95 to B . 138 may include , wherein associating 
the set of actions and the data elements with the set of 
computing resources includes selecting a hardware comput 
ing resource based on an identifier of the hardware comput 
ing resource received by the software component via one or 
more of : a file , an environment variable , an application 
programming interface , and a node identifier . 
10391 ] In Example B . 140 , the subject matter of any one of 
Examples B . 95 to B . 139 may include , wherein associating 
the set of actions and the data elements with the set of 
computing resources includes mapping a plurality of logical 
devices to hardware computing resources based on an order 
of occurrence of the hardware computing devices in the set 
of computing resources received by the software compo 
nent . 
10392 ] In Example B . 141 , the subject matter of any one of 
Examples B . 95 to B . 140 may include , wherein associating 
the set of actions and the data elements with the set of 
computing resources includes selecting a memory comput 
ing resource from the set of computing resources , wherein 
the memory computing resource is selected based on one 
more of : a type of the memory computing resource , a size of 
memory to be used within the memory computing resource , 
and a current utilization of the memory computing resource . 
[ 0393 ] Example B . 142 includes subject matter ( such as a 
device , apparatus , or machine ) comprising : means for 
receiving : a set of actions , an identification of a set of 
computing resources to associate with the set of actions , and 
a set of dependencies among the plurality of actions for 
executing the actions using the computing resources ; means 
for associating the set of actions and data elements related to 
the set of actions , by the software component , with the set 
of computing resources ; and means for ordering each 
respective action in the set of actions for execution on the 
computing resources . 
10394 ] . In Example B . 143 , the subject matter of Example 
B . 142 may include , wherein the plurality of actions include 
one or more of : a computing task , a data transfer task , and 
a synchronization task . 
[ 0395 ] In Example B . 144 , the subject matter of any one of 
Examples B . 142 to B . 143 may include , means for receiving 
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a description of a hierarchy of the computing resources , and 
wherein the association of the set of actions and data 
elements with the computing resources and the ordering of 
the actions for execution on the computing resources are 
performed based on the hierarchy of computing resources . 
[ 0396 ] In Example B . 145 , the subject matter of any one of 
Examples B . 142 to B . 144 may include , wherein association 
of the set of actions and data elements with the computing 
resources includes associating an action with a memory 
component from the set of computing resources , based on 
the hierarchy of the computing resources , to minimize a 
latency associated with accessing the memory component . 
[ 0397 ] In Example B . 146 , the subject matter of any one of 
Examples B . 142 to B . 145 may include , wherein association 
of the set of actions and data elements with the computing 
resources includes mapping , based on the hierarchy of the 
computing resources , a set of logical memory domains 
across a plurality of physical memory components from the 
set of computing resources . 
[ 0398 ] In Example B . 147 , the subject matter of any one of 
Examples B . 142 to B . 146 may include , wherein association 
of the set of actions and data elements with the computing 
resources includes localizing actions , based on the hierarchy 
of the computing resources , among a subset of the set of 
computing resources . 
[ 0399 ] In Example B . 148 , the subject matter of any one of 
Examples B . 142 to B . 147 may include , wherein the descrip 
tion of the hierarchy of the computing resources includes an 
arrangement of computing resources , the arrangement one 
or more of : a group of central processing units , a plurality of 
groups of central processing units arranged as a stream , and 
groups of streams that share a memory domain . 
[ 0400 ] In Example B . 149 , the subject matter of any one of 
Examples B . 142 to B . 148 may include , wherein the descrip 
tion of the hierarchy of the computing resources includes an 
arrangement of memory resources , the arrangement one or 
more of : an amount of memory for a type of memory 
resource , a partitioning of memory into variables , and tiles 
of variables . 
[ 0401 ] In Example B . 150 , the subject matter of any one of 
Examples B . 142 to B . 149 may include , wherein the descrip 
tion of the hierarchy of the computing resources is received 
from one or more of : a discovery of the computing resources 
in the system , a specification in a file , a specification in 
environment variables , and a specification using APIs . 
[ 0402 ] In Example B . 151 , the subject matter of any one of 
Examples B . 142 to B . 150 may include , wherein the identi 
fication of the set of computing resources includes an 
identifier for each computing resource , the identifier one or 
more of : an internet protocol address , a node name , a 
qualifier describing a communications fabric used to 
resource a particular set of computing resources , a qualifier 
that specifies a subset of computing resources to use within 
a node , and a qualifier that species a mode in which a subset 
of computing resources should operate . 
[ 0403 ] In Example B . 152 , the subject matter of any one of 
Examples B . 142 to B . 151 may include , wherein a subset of 
the computing resources are identified with logical numbers , 
and the logical numbers define an ordered subsequence of 
the computing resources . 
[ 0404 ] In Example B . 153 , the subject matter of any one of 
Examples B . 142 to B . 152 may include , wherein the identi 
fiers of the computing resources include one or more : a 

memory type , an amount of a memory type that is used , and 
configuration information for a memory resource . 
04051 . In Example B . 154 , the subject matter of any one of 
Examples B . 142 to B . 153 may include , wherein the identi 
fier of the computing resources includes an amount of a 
memory type to be allocated based on an amount of memory 
that has been previously consumed . 
[ 0406 ] In Example B . 155 , the subject matter of any one of 
Examples B . 142 to B . 154 may include , wherein the com 
puting resources of the hierarchy are divided based on one 
or more of : an even distribution of computing resources 
among partitions of the hierarchy , and a distribution that 
balances capabilities of computing resources within parti 
tions of the hierarchy . 
[ 0407 ] In Example B . 156 , the subject matter of any one of 
Examples B . 142 to B . 155 may include , wherein the identi 
fication of the set of computing resources includes a number 
of memory buffers that are available for temporary use to be 
shared among computing tasks , and wherein allocation of 
the temporary buffers is one or more of : explicitly specified 
by the set of actions , and dynamically allocated by a runtime 
software component . 
[ 0408 ] In Example B . 157 , the subject matter of any one of 
Examples B . 142 to B . 156 may include , wherein ordering the 
actions in the plurality of actions includes ordering the 
actions among a plurality of subsets of computing resources 
identified by the hierarchy of the computing resources , 
wherein each subset of computing resources is managed 
with a respective instance of the software component . 
[ 0409 ] In Example B . 158 , the subject matter of any one of 
Examples B . 142 to B . 157 may include , wherein the plurality 
of respective instances of the software component are recur 
sively and hierarchically instantiated . 
10410 ] In Example B . 159 , the subject matter of any one of 
Examples B . 142 to B . 158 may include , wherein ordering 
actions among the plurality of subsets of computing 
resources is performed in response to one or more of : an 
action completing , a plurality of actions completing , and a 
determination by the software component that the number 
actions to be executed is below a predetermined threshold . 
[ 0411 ] In Example B . 160 , the subject matter of any one of 
Examples B . 142 to B . 159 may include , wherein at least a 
portion of the actions associated with a subset of computing 
resources are unordered . 
[ 0412 ] In Example B . 161 , the subject matter of any one of 
Examples B . 142 to B . 160 may include , wherein the actions 
are statically associated and ordered for execution based on 
instructions received by the software component . 
[ 0413 ] In Example B . 162 , the subject matter of any one of 
Examples B . 142 to B . 161 may include , wherein the actions 
are dynamically associated and ordered based on instruc 
tions received by the software component that describe one 
or more of : computing resource availability , computing 
resource proximity , costs of moving data operands from 
producers on which an action depends , a capability of a 
computing resource , and prioritizations in the instructions . 
[ 0414 ] In Example B . 163 , the subject matter of any one of 
Examples B . 142 to B . 162 may include , where actions are 
dynamically associated and ordered according to a policy for 
distributing available actions on the computing resources in 
the hierarchy , wherein the policy describes one or more of : 
an exhaustive ordering of actions on the computing 
resources , a partial ordering of actions on the computing 
resources based on actions that have already been distributed 

Page 44 of 57



US 2017 / 0262319 A1 Sep . 14 , 2017 
29 

to the computing resources but are still pending execution , 
and a partial ordering of actions based on actions left to be 
distributed . 
[ 0415 ] In Example B . 164 , the subject matter of any one of 
Examples B . 142 to B . 163 may include , wherein dynamic 
association and ordering of actions includes : classifying 
pending actions according to a priority scheme that includes 
one or more of : user - specified priorities for specific actions , 
user - specified priorities for specific classes of actions , user 
specified priorities ; grouping the pending actions into a 
respective queue associated with each respective classifica 
tion ; and ordering the pending actions in each respective 
queue according to the respective classification for the 
respective queue . 
[ 0416 ] In Example B . 165 , the subject matter of any one of 
Examples B . 142 to B . 164 may include , means for executing 
the ordered set of actions . 
[ 0417 ] In Example B . 166 , the subject matter of any one of 
Examples B . 142 to B . 165 may include , wherein executing 
the ordered set of actions includes : receiving a query from 
a consumer of an operand regarding availability of data from 
a producer of the operand ; transferring the data from the 
producer to the consumer in response to the produced data 
being available , wherein the query is received by one or 
more of : computing resources on which the producer actions 
execute , a software component running on computing 
resources on which the producer actions execute , and a 
centralized software component that tracks when actions 
have completed . 
[ 0418 ] In Example B . 167 , the subject matter of any one of 
Examples B . 142 to B . 166 may include , wherein executing 
the ordered set of actions includes tracking , via an action 
that produces an operand , a consumer action that uses the 
produced operand , and transferring the data from the pro 
ducer to the consumer in response to the produced data being 
available . 
[ 0419 ] In Example B . 168 , the subject matter of any one of 
Examples B . 142 to B . 167 may include , wherein executing 
the ordered set of actions includes : attempting to execute , by 
the software component , an action from the ordered set of 
actions on a first subset of the computing resources ; iden 
tifying , by the software component , a failure of the action to 
execute on the first subset of computing resources ; and in 
response to identifying the failure , executing the action on a 
second subset of computing resources , wherein the first 
subset of computing resources and candidates for the second 
subset of computing resources are identified in a hierarchy 
of the computing resources received by the software com 
ponent , and wherein the candidates for the second subset of 
computing resources are selected based on one or more of : 
a predetermined computing resource identified by input 
received by the software component a prioritized list of 
computing resources identified by input received by the 
software component , a proximate resource identified from a 
description of a hierarchy of the computing resources , an 
available computing resource , a computing resource whose 
capabilities enable the action to be completed sooner than 
another computing resource . 
[ 0420 ] In Example B . 169 , the subject matter of any one of 
Examples B . 142 to B . 168 may include , wherein executing 
the ordered set of actions includes dynamically allocating 
and deallocating computing resources from the set of com 
puting resources based on a demand for computing 
resources from the executed actions . 

[ 0421 ] In Example B . 170 , the subject matter of any one of 
Examples B . 142 to B . 169 may include , means for presenting 
the ordered set of actions via one or more of : a computer 
program , an ordered sequence of application program inter 
face calls , a set of comments for an executor software 
component , and a graphical display . 
[ 0422 ] In Example B . 171 , the subject matter of any one of 
Examples B . 142 to B . 170 may include , wherein the plurality 
of computing resources includes one or more of : a host 
computing resource , a target computing resource , a central 
processing unit , a graphics processing unit , a field - program 
mable gate array , and a system - on - a - chip . 
[ 0423 ] In Example B . 172 , the subject matter of any one of 
Examples B . 142 to B . 171 may include , wherein associating 
the set of actions and the data elements with the set of 
computing resources includes balancing loads across a plu 
rality of memory computing sources by dynamically chang 
ing one or more of : a number of logical memory domains 
mapped to a physical memory domain , and a number of 
streams associated with a logical memory domain . 
[ 0424 ] In Example B . 173 , the subject matter of any one of 
Examples B . 142 to B . 172 may include , means for receiving 
identification of a function for performing one or more of : 
modeling costs for computation , modeling costs for data 
communication , modeling costs for synchronization , mod 
eling costs for resource re - configuration , distributing data , 
distributing actions , ordering actions , redistributing 
unscheduled actions onto alternate subsystems for execu 
tion , redistributing failed actions onto alternate subsystems 
for execution , transforming sets of actions that are pending 
distribution for execution , dynamic allocation of memory , 
dynamic selection of storage from a pool of pre - determined 
memory resources , selection of memory structures to use 
based on properties of a computation , data movement , data 
synchronization , and managing completion of actions that 
have been scheduled . 
10425 ] . In Example B . 174 , the subject matter of any one of 
Examples B . 142 to B . 173 may include , wherein the function 
is for modeling costs based on one or more of the following 
characteristics : a number of elements in memory operands , 
a shape of memory operands , a layout of memory operands , 
capabilities of computing resources used to execute an 
action , characteristics of computing resources used to 
execute an action , a type of an interconnect used transmit 
data from a producer to its consumer , and a performance 
characteristic of an interconnect used transmit data from a 
producer to its consumer . 
[ 0426 ] In Example B . 175 , the subject matter of any one of 
Examples B . 142 to B . 174 may include , wherein the char 
acteristics for the function are provided by one or more : a 
fixed table that is part of the software component , a user 
supplied table , a table populated with profiling data col 
lected from current and past executions , a fixed routine 
which evaluates a metric based on inputs and dynamic 
conditions , and a user - supplied routine which evaluates a 
metric based on inputs and dynamic conditions . 
[ 0427 ] In Example B . 176 , the subject matter of any one of 
Examples B . 142 to B . 175 may include , wherein the function 
is for transforming sets of actions by performing one or more 
of : decomposition of an original action into a set of actions 
of finer granularity which cover functionality equivalent to 
the original action , aggregation of a set of actions into a 
single action of coarser granularity , conversion of an action 
from one implementation to another implementation of 
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equivalent functionality , specialization of a set of actions 
into a simpler set of actions , and pre - work for a set of 
actions . 
[ 0428 ] In Example B . 177 , the subject matter of any one of 
Examples B . 142 to B . 176 may include , wherein the function 
is for transforming sets of actions via aggregation based on 
one or more of : suitability and efficiency of aggregation for 
a particular computing target , similarity of computation 
among actions , size and shape of data , and locality of data . 
[ 0429 ] In Example B . 178 , the subject matter of any one of 
Examples B . 142 to B . 177 may include , wherein function is 
for pre - work for a set of actions , and wherein the pre - work 
includes one or more of : error checking , selection of a 
particular implementation , pre - processing of a subset of 
available operands , preconditioning and reformatting of 
data , preparation for transmission of input operands , and 
preparation for transmission of output operands . 
[ 0430 ] In Example B . 179 , the subject matter of any one of 
Examples B . 142 to B . 178 may include , wherein the function 
is for the specialization of a set of actions into a simpler set 
of actions , and wherein the specialization is performed based 
on one or more of : operands of the set of actions , conditions 
of the set of computing resources , a type of an action to be 
performed , characteristics of a computing resource on which 
an action is to be performed . 
[ 0431 ] In Example B . 180 , the subject matter of any one of 
Examples B . 142 to B . 179 may include , wherein the function 
is for moving data from a source storage area to a destination 
storage area , and wherein the moved data is not contiguous . 
[ 0432 ] In Example B . 181 , the subject matter of any one of 
Examples B . 142 to B . 180 may include , wherein the non 
contiguous data is marshalled into a contiguous chunk of 
data at the source . 
[ 0433 ] In Example B . 182 , the subject matter of any one of 
Examples B . 142 to B . 181 may include , wherein a contigu 
ous superset of the data is sent to the destination and a subset 
of data is extracted at the destination . 
[ 0434 ] In Example B . 183 , the subject matter of any one of 
Examples B . 142 to B . 182 may include , wherein the function 
is for moving data from a source storage area to a destination 
storage area , wherein the moved data is not contiguous , and 
non - contiguous data is marshalled using one or more of : a 
function provided by the tuner runtime , a function for 
optimizing performance and efficiency , a user - provided 
function for performing marshaling at the source , and a 
user - provided function for performing marshaling at the 
destination . 
[ 0435 ] In Example B . 184 , the subject matter of any one of 
Examples B . 142 to B . 183 may include , wherein the non 
contiguous data is marshalled using a function for optimiz 
ing performance and efficiency based on one or more of : 
data layout , data size and shape , a characteristic of a 
computing resource that is sending the data , and a charac 
teristic of a computing resource that is receiving the data . 
[ 0436 ] In Example B . 185 , the subject matter of any one of 
Examples B . 142 to B . 184 may include , wherein the data is 
moved from one source storage area to another destination 
storage area in response to one or more of : operands being 
generated by a producing action , on demand to a request by 
a consuming action for data , and optimization criteria being 
met , and wherein the optimization criteria includes one or 
more of : any communication link being available , a pre 
ferred communication link being available , a communica 
tion link being available that will minimize consumption of 

time , a communication link being available that will mini 
mize consumption of energy , and buffering resources being 
available at a receiving end of a communications link . 
[ 0437 ] In Example B . 186 , the subject matter of any one of 
Examples B . 142 to B . 185 may include , wherein associating 
the set of actions and the data elements with the set of 
computing resources includes selecting a hardware comput 
ing resource based on an identifier of the hardware comput 
ing resource received via one or more of : a file , an envi 
ronment variable , an application programming interface , 
and a node identifier . 
[ 0438 ] In Example B . 187 , the subject matter of any one of 
Examples B . 142 to B . 186 may include , wherein associating 
the set of actions and the data elements with the set of 
computing resources includes mapping a plurality of logical 
devices to hardware computing resources based on an order 
of occurrence of the hardware computing devices in the 
received set of computing resources . 
0439 ] In Example B . 188 , the subject matter of any one of 
Examples B . 142 to B . 187 may include , wherein associating 
the set of actions and the data elements with the set of 
computing resources includes selecting a memory comput 
ing resource from the set of computing resources , wherein 
the memory computing resource is selected based on one 
more of : a type of the memory computing resource , a size of 
memory to be used within the memory computing resource , 
and a current utilization of the memory computing resource . 
[ 0440 ] Example B . 189 includes at least one computer 
readable medium storing instructions for causing a computer 
system to perform the method of any of the Examples 
B . 48 - B . 94 . 
[ 0441 ] Example B . 190 includes a system comprising 
means for performing the method of any of the Examples 
B . 49 - B . 94 . 
[ 0442 ] Example C . 1 includes subject matter ( such as a 
device , apparatus , or machine ) comprising : a processor ; and 
memory coupled to the processor and storing instructions 
that , when executed by the processor , cause the system to : 
receive , by a software component operating on the system , 
via an application programming interface , instructions 
regarding a callee function that include a description of 
properties associated with arguments for the callee function ; 
create a persistent representation of the callee function , by 
the software component , based on the received description 
of the callee function ; receive , by the software component 
via the application programming interface , instructions from 
a source describing a set of properties for a data collection ; 
create a persistent representation of the data collection , by 
the software component , based on the set of properties for 
the data collection ; receive , by the software component via 
the application programming interface , an updated property 
for the data collection ; and in response to receiving the 
updated property for the data collection : update the persis 
tent representation of the callee function , by the software 
component , by associating the persistent representation of 
the callee function with the updated property of the data 
collection ; and update the persistent representation of the 
data collection , by the software component , by associating 
the persistent representation the data collection with the 
updated property of the data collection . 
[ 0443 ] In Example C . 2 , the subject matter of Example C . 1 
may include , wherein the data collection is an operand of an 
action that includes one or more of : a computing task , a data 
transfer task , and a synchronization task . 
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[ 0444 ] In Example C . 3 , the subject matter of any one of 
Examples C . 1 to 0 . 2 may include , wherein the data collec 
tion includes one or more of : a variable , a buffer , and an 
array . 
0445 ] In Example C . 4 , the subject matter of any one of 
Examples C . 1 to C . 3 may include , wherein the set of 
properties for the data collection are selected from one or 
more of : a memory buffer that subsumes the data collection 
and that persists the properties of that data collection , a 
caller of the callee function , and a callee of the callee 
function . 
[ 0446 ] In Example C . 5 , the subject matter of any one of 
Examples C . 1 to C . 4 may include , wherein the description 
of the properties associated with arguments for the callee 
function is received from an interface that is one or more of : 
part of a declaration of the callee function , a wrapper 
function around the callee function that adds descriptive 
parameters , and a function that registers properties of the 
callee function and the callee function ' s arguments . 
[ 0447 ] In Example C . 6 , the subject matter of any one of 
Examples C . 1 to C . 5 may include , wherein the description 
of the properties associated with arguments for the callee 
function includes one or more of : descriptions that are 
applied to the callee function as a whole , and descriptions 
that are applied to individual parameters that serve as 
operands to the callee function . 
10448 ] In Example C . 7 , the subject matter of any one of 
Examples C . 1 to C . may include , wherein the set of 
properties for the data collection are based on : the persistent 
representation of the data collection , the persistent repre 
sentation of the callee function , and a data collection asso 
ciated with an operand of a caller function . 
[ 0449 ] In Example C . 8 , the subject matter of any one of 
Examples C . 1 to C . 7 may include , wherein the memory 
further stores instructions for causing the system to : deter 
mine whether the data collection is writeable ; and based on 
the determination whether the data collection is writeable , 
determine an optimization including one or more of : execut 
ing a first action that refers to the data collection concur 
rently with a second action that only reads the data collec 
tion , and marking the data collection as modified to indicate 
the data collection is in need of being written back to 
memory and transferred to consumers of data from the data 
collection . 
[ 0450 ] In Example C . 9 , the subject matter of any one of 
Examples C . 1 to C . 8 may include , wherein operands asso 
ciated with the data collection are inferred to be read only in 
response to a declaration that the data collection is never 
writeable by one or more of : the description of properties 
associated with arguments for the callee function , the set of 
properties for the data collection , and properties specified by 
a caller function for an operand that corresponds to the data 
collection . 
[ 0451 ] In Example C . 10 , the subject matter of any one of 
Examples C . 1 to C . 9 may include , wherein updating the 
properties of the data collection includes enforcing the 
properties of the data collection for a single use of the data 
collection . 
[ 0452 ] In Example C . 11 , the subject matter of any one of 
Examples C . 1 to C . 10 may include , wherein updating the 
properties of the data collection is performed in response to 
a referencing of an operand associated with an action . 
[ 0453 ] In Example C . 12 , the subject matter of any one of 
Examples C . 1 to C . 11 may include , wherein updating the 

properties of the data collection further includes tracking a 
series of updates to the data collection . 
[ 0454 ] In Example C . 13 , the subject matter of any one of 
Examples C . 1 to C . 12 may include , wherein updating the 
properties of the data collection is performed in response to 
a request to modify the properties of the data collection 
received via the application programming interface , wherein 
properties classified as mutable are permitted to be updated , 
and properties classified as immutable , will produce an error , 
by the software component , in response to an attempt to 
update the immutable properties . 
[ 0455 ] In Example C . 14 , the subject matter of any one of 
Examples C . 1 to C . 13 may include , wherein the memory 
further stores instructions for causing the system to : receive , 
by the software component via the application programming 
interface , a query regarding the properties of the data 
collection ; and in response to the query , transmit the prop 
erties of the data collection via the application programming 
interface . 
[ 0456 ] In Example C . 15 , the subject matter of any one of 
Examples C . 1 to C . 14 may include , wherein the memory 
further stores instructions for causing the system to : receive , 
by the software component via the application programming 
interface , a query regarding an operand associated with an 
action ; and in response to the query , transmit information 
pertaining to the operand via the application programming 
interface . 
[ 0457 ] In Example C . 16 , the subject matter of any one of 
Examples C . 1 to C . 15 may include , wherein the operand is 
associated with a computing task , and the information 
pertaining to the operand includes a total number of data 
collections associated with the computing task . 
[ 0458 ] In Example C . 17 , the subject matter of any one of 
Examples C . 1 to C . 16 may include , wherein the operand is 
associated with a computing task , and the information 
pertaining to the operand provides data layout information 
that includes the number of dimensions , size , shape , 
arrangement , stride , regularity and sparsity of data collec 
tions specified by the operand . 
[ 0459 ] In Example C . 18 , the subject matter of any one of 
Examples C . 1 to C . 17 may include , wherein the memory 
further stores instructions for causing the system to derive 
information regarding the data collection . 
[ 0460 ] In Example C . 19 , the subject matter of any one of 
Examples C . 1 to C . 18 may include , wherein deriving infor 
mation regarding the data collection includes generating a 
description for a plurality of data collections within the data 
collection . 
[ 0461 ] In Example C . 20 , the subject matter of any one of 
Examples C . 1 to C . 19 may include , wherein information is 
derived for a first data collection and a second data collec 
tion , and wherein the information derived for the first data 
collection and the second data collection includes one of : a 
determination that the first and second data collections do 
not overlap , a determination that the first and second data 
collections match exactly , a determination that the first data 
collection subsumes the second data collection , and a deter 
mination that the first and second data collections partially 
overlap . 
[ 0462 ] In Example C . 21 , the subject matter of any one of 
Examples C . 1 to 0 . 20 may include , wherein the set of 
properties for the data collection include one or more of : 
writeability of the data collection , whether local storage 
needs to be updated on a write , whether a partial result needs 
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to be combined with other distributed operations , whether 
access is atomic , whether access requires strict ordering , a 
reference pattern , a hardware characteristic , a type of 
memory associated with the data collection , a memory 
allocation policy , a size of the data collection , and a state of 
the data collection . 
[ 0463 ] In Example C . 22 , the subject matter of any one of 
Examples C . 1 to 0 . 21 may include , wherein the set of 
properties for the data collection includes a list of logical 
domains in which the data collection is instantiated . 
[ 0464 ] In Example C . 23 , the subject matter of any one of 
Examples C . 1 to C . 22 may include , wherein the set of 
properties for the data collection describe a plurality of 
logical instances for the data collection mapped to a single 
physical memory space . 
[ 0465 ] In Example C . 24 , the subject matter of any one of 
Examples C . 1 to 0 . 23 may include , wherein the set of 
properties for the data collection identify a logical instance 
from a plurality of logical instances for the data collection 
that contains a last - written version of data . 
[ 0466 ] In Example C . 25 , the subject matter of any one of 
Examples C . 1 to 0 . 24 may include , wherein the set of 
properties for the data collection indicate whether a new 
instance of the data collection should be added in response 
to a logical domain being added . 
[ 0467 ] In Example C . 26 , the subject matter of any one of 
Examples C . 1 to 0 . 25 may include , wherein the set of 
properties for the data collection identifies a software routine 
for handling non - contiguous data in the data collection . 
[ 0468 ] In Example C . 27 , the subject matter of any one of 
Examples C . 1 to C . 26 may include , wherein creating the 
data collection includes pre - pinning a portion of memory in 
the data collection based on the instructions . 
[ 0469 ] In Example C . 28 , the subject matter of any one of 
Examples C . 1 to 0 . 27 may include , wherein updating the 
properties of the data collection includes dynamically pin 
ning a portion of memory in the data collection based on the 
instructions describing the set of properties for the data 
collection . 
[ 0470 ] Example C . 29 includes subject matter ( such as a 
method , means for performing acts , machine readable 
medium including instructions that when performed by a 
machine cause the machine to performs acts , or an apparatus 
to perform ) comprising : receiving , by a software component 
operating on a computer system , via an application pro 
gramming interface , instructions regarding a callee function 
that include a description of properties associated with 
arguments for the callee function ; creating a persistent 
representation of the callee function , by the software com 
ponent , based on the received description of the callee 
function ; receiving , by the software component via the 
application programming interface , instructions from a 
source describing a set of properties for a data collection ; 
creating a persistent representation of the data collection , by 
the software component , based on the set of properties for 
the data collection ; receiving , by the software component 
via the application programming interface , an updated prop 
erty for the data collection , and in response to receiving the 
updated property for the data collection : updating the per 
sistent representation of the callee function , by the software 
component , by associating the persistent representation of 
the callee function with the updated property of the data 
collection ; and updating the persistent representation of the 
data collection , by the software component , by associating 

the persistent representation the data collection with the 
updated property of the data collection . 
f0471 ] In Example C . 30 , the subject matter of Example 
C . 29 may include , wherein the data collection is an operand 
of an action that includes one or more of : a computing task , 
a data transfer task , and a synchronization task . 
10472 ] In Example C . 31 , the subject matter of any one of 
Examples C . 29 to C . 30 may include , wherein the data 
collection includes one or more of : a variable , a buffer , and 
an array . 
[ 0473 ] In Example C . 32 , the subject matter of any one of 
Examples C . 29 to 0 . 31 may include , wherein the set of 
properties for the data collection are selected from one or 
more of : a memory buffer that subsumes the data collection 
and that persists the properties of that data collection , a 
caller of the callee function , and a callee of the callee 
function . 
[ 0474 ] In Example C . 33 , the subject matter of any one of 
Examples C . 29 to C . 32 may include , wherein the description 
of the properties associated with arguments for the callee 
function is received from an interface that is one or more of : 
part of a declaration of the callee function , a wrapper 
function around the callee function that adds descriptive 
parameters , and a function that registers properties of the 
callee function and the callee function ' s arguments . 
[ 0475 ] In Example C . 34 , the subject matter of any one of 
Examples C . 29 to C . 33 may include , wherein the description 
of the properties associated with arguments for the callee 
function includes one or more of : descriptions that are 
applied to the callee function as a whole , and descriptions 
that are applied to individual parameters that serve as 
operands to the callee function . 
[ 0476 ] In Example C . 35 , the subject matter of any one of 
Examples C . 29 to C . 34 may include , wherein the set of 
properties for the data collection are based on : the persistent 
representation of the data collection , the persistent repre 
sentation of the callee function , and a data collection asso 
ciated with an operand of a caller function . 
[ 0477 ] In Example C . 36 , the subject matter of any one of 
Examples C . 29 to C . 35 may include , determining whether 
the data collection is writeable ; and based on the determi 
nation whether the data collection is writeable , determining 
an optimization including one or more of : executing a first 
action that refers to the data collection concurrently with a 
second action that only reads the data collection , and mark 
ing the data collection as modified to indicate the data 
collection is in need of being written back to memory and 
transferred to consumers of data from the data collection . 
[ 0478 ] In Example C . 37 , the subject matter of any one of 
Examples C . 29 to 0 . 36 may include , wherein operands 
associated with the data collection are inferred to be read 
only in response to a declaration that the data collection is 
never writeable by one or more of : the description of 
properties associated with arguments for the callee function , 
the set of properties for the data collection , and properties 
specified by a caller function for an operand that corre 
sponds to the data collection . 
[ 0479 ] In Example C . 38 , the subject matter of any one of 
Examples C . 29 to C . 37 may include , wherein updating the 
properties of the data collection includes enforcing the 
properties of the data collection for a single use of the data 
collection . 
[ 0480 ] In Example C . 39 , the subject matter of any one of 
Examples C . 29 to C . 38 may include , wherein updating the 
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properties of the data collection is performed in response to 
a referencing of an operand associated with an action . 
[ 0481 ] In Example C . 40 , the subject matter of any one of 
Examples C . 29 to C . 39 may include , wherein updating the 
properties of the data collection further includes tracking a 
series of updates to the data collection . 
[ 0482 ] In Example C . 41 , the subject matter of any one of 
Examples C . 29 to C . 40 may include , wherein updating the 
properties of the data collection is performed in response to 
a request to modify the properties of the data collection 
received via the application programming interface , wherein 
properties classified as mutable are permitted to be updated , 
and properties classified as immutable , will produce an error , 
by the software component , in response to an attempt to 
update the immutable properties . 
[ 0483 ] In Example C . 42 , the subject matter of any one of 
Examples C . 29 to C . 41 may include , receiving , by the 
software component via the application programming inter 
face , a query regarding the properties of the data collection ; 
and in response to the query , transmitting the properties of 
the data collection via the application programming inter 
face . 
[ 0484 ] In Example C . 43 , the subject matter of any one of 
Examples C . 29 to C . 42 may include , receiving , by the 
software component via the application programming inter 
face , a query regarding an operand associated with an action ; 
and in response to the query , transmitting information per 
taining to the operand via the application programming 
interface . 
10485 ] In Example C . 44 , the subject matter of any one of 
Examples C . 29 to C . 43 may include , wherein the operand is 
associated with a computing task , and the information 
pertaining to the operand includes a total number of data 
collections associated with the computing task . 
[ 0486 ] In Example C . 45 , the subject matter of any one of 
Examples C . 29 to C . 44 may include , wherein the operand is 
associated with a computing task , and the information 
pertaining to the operand provides data layout information 
that includes the number of dimensions , size , shape , 
arrangement , stride , regularity and sparsity of data collec 
tions specified by the operand . 
[ 0487 ] In Example C . 46 , the subject matter of any one of 
Examples C . 29 to C . 45 may include , deriving information 
regarding the data collection . 
[ 0488 ] In Example C . 47 , the subject matter of any one of 
Examples C . 29 to 0 . 46 may include , wherein deriving 
information regarding the data collection includes generat 
ing a description for a plurality of data collections within the 
data collection 
[ 0489 ] In Example C . 48 , the subject matter of any one of 
Examples C . 29 to C . 47 may include , wherein information is 
derived for a first data collection and a second data collec 
tion , and wherein the information derived for the first data 
collection and the second data collection includes one of : a 
determination that the first and second data collections do 
not overlap , a determination that the first and second data 
collections match exactly , a determination that the first data 
collection subsumes the second data collection , and a deter 
mination that the first and second data collections partially 
overlap . 
[ 0490 ] In Example C . 49 , the subject matter of any one of 
Examples C . 29 to C . 48 may include , wherein the set of 
properties for the data collection include one or more of : 
writeability of the data collection , whether local storage 

needs to be updated on a write , whether a partial result needs 
to be combined with other distributed operations , whether 
access is atomic , whether access requires strict ordering , a 
reference pattern , a hardware characteristic , a type of 
memory associated with the data collection , a memory 
allocation policy , a size of the data collection , and a state of 
the data collection . 
[ 0491 ] In Example C . 50 , the subject matter of any one of 
Examples C . 29 to 0 . 49 may include , wherein the set of 
properties for the data collection includes a list of logical 
domains in which the data collection is instantiated . 
[ 0492 ] In Example C . 51 , the subject matter of any one of 
Examples C . 29 to 0 . 50 may include , wherein the set of 
properties for the data collection describe a plurality of 
logical instances for the data collection mapped to a single 
physical memory space . 
[ 0493 ] In Example C . 52 , the subject matter of any one of 
Examples C . 29 to C . 51 may include , wherein the set of 
properties for the data collection identify a logical instance 
from a plurality of logical instances for the data collection 
that contains a last - written version of data . 
[ 0494 ] In Example C . 53 , the subject matter of any one of 
Examples C . 29 to C . 52 may include , wherein the set of 
properties for the data collection indicate whether a new 
instance of the data collection should be added in response 
to a logical domain being added . 
[ 0495 ] In Example C . 54 , the subject matter of any one of 
Examples C . 29 to 0 . 53 may include , wherein the set of 
properties for the data collection identifies a software routine 
for handling non - contiguous data in the data collection . 
[ 0496 ] In Example C . 55 , the subject matter of any one of 
Examples C . 29 to C . 54 may include , wherein creating the 
data collection includes pre - pinning a portion of memory in 
the data collection based on the instructions . 
[ 0497 ] In Example C . 56 , the subject matter of any one of 
Examples C . 29 to C . 55 may include , wherein updating the 
properties of the data collection includes dynamically pin 
ning a portion of memory in the data collection based on the 
instructions describing the set of properties for the data 
collection . 
0498 ] Example C . 57 includes subject matter including a 
computer - readable medium storing instructions that , when 
executed by a computer system , cause the computer system 
to : receive , by a software component operating on the 
computer system , via an application programming interface , 
instructions regarding a callee function that include a 
description of properties associated with arguments for the 
callee function ; create a persistent representation of the 
callee function , by the software component , based on the 
received description of the callee function ; receive , by the 
software component via the application programming inter 
face , instructions from a source describing a set of properties 
for a data collection ; create a persistent representation of the 
data collection , by the software component , based on the set 
of properties for the data collection ; receive , by the software 
component via the application programming interface , an 
updated property for the data collection , and in response to 
receiving the updated property for the data collection : 
update the persistent representation of the callee function , by 
the software component , by associating the persistent rep 
resentation of the callee function with the updated property 
of the data collection ; and update the persistent representa 
tion of the data collection , by the software component , by 
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associating the persistent representation the data collection 
with the updated property of the data collection . 
10499 ] In Example C . 58 , the subject matter of Example 
C . 57 may include , wherein the data collection is an operand 
of an action that includes one or more of : a computing task , 
a data transfer task , and a synchronization task . 
[ 0500 ] In Example C . 59 , the subject matter of any one of 
Examples C . 57 to 0 . 58 may include , wherein the data 
collection includes one or more of : a variable , a buffer , and 
an array . 
[ 0501 ] In Example C . 60 , the subject matter of any one of 
Examples C . 57 to C . 59 may include , wherein the set of 
properties for the data collection are selected from one or 
more of : a memory buffer that subsumes the data collection 
and that persists the properties of that data collection , a 
caller of the callee function , and a callee of the callee 
function . 
[ 0502 ] In Example C . 61 , the subject matter of any one of 
Examples C . 57 to C . 60 may include , wherein the description 
of the properties associated with arguments for the callee 
function is received from an interface that is one or more of : 
part of a declaration of the callee function , a wrapper 
function around the callee function that adds descriptive 
parameters , and a function that registers properties of the 
callee function and the callee function ' s arguments . 
[ 0503 ] In Example C . 62 , the subject matter of any one of 
Examples C . 57 to C . 61 may include , wherein the description 
of the properties associated with arguments for the callee 
function includes one or more of : descriptions that are 
applied to the callee function as a whole , and descriptions 
that are applied to individual parameters that serve as 
operands to the callee function . 
[ 0504 ] In Example C . 63 , the subject matter of any one of 
Examples C . 57 to C . 62 may include , wherein the set of 
properties for the data collection are based on : the persistent 
representation of the data collection , the persistent repre 
sentation of the callee function , and a data collection asso 
ciated with an operand of a caller function . 
[ 0505 ] In Example C . 64 , the subject matter of any one of 
Examples C . 57 to C . 63 may include , wherein the memory 
further stores instructions for causing the system to : deter 
mine whether the data collection is writeable ; and based on 
the determination whether the data collection is writeable , 
determine an optimization including one or more of : execut 
ing a first action that refers to the data collection concur 
rently with a second action that only reads the data collec 
tion , and marking the data collection as modified to indicate 
the data collection is in need of being written back to 
memory and transferred to consumers of data from the data 
collection . 
[ 0506 ] In Example C . 65 , the subject matter of any one of 
Examples C . 57 to C . 64 may include , wherein operands 
associated with the data collection are inferred to be read 
only in response to a declaration that the data collection is 
never writeable by one or more of : the description of 
properties associated with arguments for the callee function , 
the set of properties for the data collection , and properties 
specified by a caller function for an operand that corre 
sponds to the data collection . 
[ 0507 ] In Example C . 66 , the subject matter of any one of 
Examples C . 57 to C . 65 may include , wherein updating the 
properties of the data collection includes enforcing the 
properties of the data collection for a single use of the data 
collection . 

[ 0508 ] In Example C . 67 , the subject matter of any one of 
Examples C . 57 to C . 66 may include , wherein updating the 
properties of the data collection is performed in response to 
a referencing of an operand associated with an action . 
[ 0509 ] In Example C . 68 , the subject matter of any one of 
Examples C . 57 to C . 67 may include , wherein updating the 
properties of the data collection further includes tracking a 
series of updates to the data collection . 
[ 0510 ] In Example C . 69 , the subject matter of any one of 
Examples C . 57 to C . 68 may include , wherein updating the 
properties of the data collection is performed in response to 
a request to modify the properties of the data collection 
received via the application programming interface , wherein 
properties classified as mutable are permitted to be updated , 
and properties classified as immutable , will produce an error , 
by the software component , in response to an attempt to 
update the immutable properties . 
[ 0511 ] In Example C . 70 , the subject matter of any one of 
Examples C . 57 to C . 69 may include , wherein the memory 
further stores instructions for causing the system to : receive , 
by the software component via the application programming 
interface , a query regarding the properties of the data 
collection ; and in response to the query , transmit the prop 
erties of the data collection via the application programming 
interface . 
[ 0512 ] In Example C . 71 , the subject matter of any one of 
Examples C . 57 to C . 70 may include , wherein the memory 
further stores instructions for causing the system to : receive , 
by the software component via the application programming 
interface , a query regarding an operand associated with an 
action ; and in response to the query , transmit information 
pertaining to the operand via the application programming 
interface . 
[ 0513 ] In Example C . 72 , the subject matter of any one of 
Examples C . 57 to C . 71 may include , wherein the operand is 
associated with a computing task , and the information 
pertaining to the operand includes a total number of data 
collections associated with the computing task . 
[ 0514 ] In Example C . 73 , the subject matter of any one of 
Examples C . 57 to 0 . 72 may include , wherein the operand is 
associated with a computing task , and the information 
pertaining to the operand provides data layout information 
that includes the number of dimensions , size , shape , 
arrangement , stride , regularity and sparsity of data collec 
tions specified by the operand . 
[ 0515 ] In Example C . 74 , the subject matter of any one of 
Examples C . 57 to C . 73 may include , wherein the memory 
further stores instructions for causing the system to derive 
information regarding the data collection . 
[ 0516 ] In Example C . 75 , the subject matter of any one of 
Examples C . 57 to C . 74 may include , wherein deriving 
information regarding the data collection includes generat 
ing a description for a plurality of data collections within the 
data collection . 
[ 0517 ] In Example C . 76 , the subject matter of any one of 
Examples C . 57 to C . 75 may include , wherein information is 
derived for a first data collection and a second data collec 
tion , and wherein the information derived for the first data 
collection and the second data collection includes one of : a 
determination that the first and second data collections do 
not overlap , a determination that the first and second data 
collections match exactly , a determination that the first data 
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collection subsumes the second data collection , and a deter 
mination that the first and second data collections partially 
overlap . 
[ 0518 ] In Example C . 77 , the subject matter of any one of 
Examples C . 57 to C . 76 may include , wherein the set of 
properties for the data collection include one or more of : 
writeability of the data collection , whether local storage 
needs to be updated on a write , whether a partial result needs 
to be combined with other distributed operations , whether 
access is atomic , whether access requires strict ordering , a 
reference pattern , a hardware characteristic , a type of 
memory associated with the data collection , a memory 
allocation policy , a size of the data collection , and a state of 
the data collection . 
[ 0519 ] In Example C . 78 , the subject matter of any one of 
Examples C . 57 to C . 77 may include , wherein the set of 
properties for the data collection includes a list of logical 
domains in which the data collection is instantiated . 
[ 0520 ] In Example C . 79 , the subject matter of any one of 
Examples C . 57 to 0 . 78 may include , wherein the set of 
properties for the data collection describe a plurality of 
logical instances for the data collection mapped to a single 
physical memory space . 
10521 ] In Example C . 80 , the subject matter of any one of 
Examples C . 57 to C . 79 may include , wherein the set of 
properties for the data collection identify a logical instance 
from a plurality of logical instances for the data collection 
that contains a last - written version of data . 
[ 0522 ] In Example C . 81 , the subject matter of any one of 
Examples C . 57 to 0 . 80 may include , wherein the set of 
properties for the data collection indicate whether a new 
instance of the data collection should be added in response 
to a logical domain being added . 
0523 ) In Example C . 82 , the subject matter of any one of 
Examples C . 57 to C . 81 may include , wherein the set of 
properties for the data collection identifies a software routine 
for handling non - contiguous data in the data collection . 
[ 0524 ] In Example C . 83 , the subject matter of any one of 
Examples C . 57 to C . 82 may include , wherein creating the 
data collection includes pre - pinning a portion of memory in 
the data collection based on the instructions . 
[ 0525 ] In Example C . 84 , the subject matter of any one of 
Examples C . 57 to C . 83 may include , wherein updating the 
properties of the data collection includes dynamically pin 
ning a portion of memory in the data collection based on the 
instructions describing the set of properties for the data 
collection . 
[ 0526 ] Example C . 85 includes subject matter ( such as a 
device , apparatus , or machine ) comprising : means for 
receiving , via an application programming interface , 
instructions regarding a callee function that include a 
description of properties associated with arguments for the 
callee function ; means for creating a persistent representa 
tion of the callee function based on the received description 
of the callee function ; means for receiving , via the applica 
tion programming interface , instructions from a source 
describing a set of properties for a data collection , means for 
creating a persistent representation of the data collection 
based on the set of properties for the data collection ; means 
for receiving , via the application programming interface , an 
updated property for the data collection ; and means for , in 
response to receiving the updated property for the data 
collection : updating the persistent representation of the 
callee function by associating the persistent representation 

of the callee function with the updated property of the data 
collection ; and updating the persistent representation of the 
data collection by associating the persistent representation 
the data collection with the updated property of the data 
collection . 
[ 0527 ] In Example C . 86 , the subject matter of Example 
C . 85 may include , wherein the data collection is an operand 
of an action that includes one or more of : a computing task , 
a data transfer task , and a synchronization task . 
[ 0528 ] In Example C . 87 , the subject matter of any one of 
Examples C . 85 to 0 . 86 may include , wherein the data 
collection includes one or more of : a variable , a buffer , and 
an array . 
[ 0529 ] In Example C . 88 , the subject matter of any one of 
Examples C . 85 to C . 87 may include , wherein the set of 
properties for the data collection are selected from one or 
more of : a memory buffer that subsumes the data collection 
and that persists the properties of that data collection , a 
caller of the callee function , and a callee of the callee 
function . 
[ 0530 ] In Example C . 89 , the subject matter of any one of 
Examples C . 85 to C . 88 may include , wherein the description 
of the properties associated with arguments for the callee 
function is received from an interface that is one or more of : 
part of a declaration of the callee function , a wrapper 
function around the callee function that adds descriptive 
parameters , and a function that registers properties of the 
callee function and the callee function ' s arguments . 
[ 0531 ] In Example C . 90 , the subject matter of any one of 
Examples C . 85 to C . 89 may include , wherein the description 
of the properties associated with arguments for the callee 
function includes one or more of : descriptions that are 
applied to the callee function as a whole , and descriptions 
that are applied to individual parameters that serve as 
operands to the callee function . 
[ 0532 ] In Example C . 91 , the subject matter of any one of 
Examples C . 85 to 0 . 90 may include , wherein the set of 
properties for the data collection are based on : the persistent 
representation of the data collection , the persistent repre 
sentation of the callee function , and a data collection asso 
ciated with an operand of a caller function . 
[ 0533 ] In Example C . 92 , the subject matter of any one of 
Examples C . 85 to C . 91 may include , means for : determining 
whether the data collection is writeable ; and based on the 
determination whether the data collection is writeable , deter 
mining an optimization including one or more of : executing 
a first action that refers to the data collection concurrently 
with a second action that only reads the data collection , and 
marking the data collection as modified to indicate the data 
collection is in need of being written back to memory and 
transferred to consumers of data from the data collection . 
[ 0534 ] In Example C . 93 , the subject matter of any one of 
Examples C . 85 to 0 . 92 may include , wherein operands 
associated with the data collection are inferred to be read 
only in response to a declaration that the data collection is 
never writeable by one or more of : the description of 
properties associated with arguments for the callee function , 
the set of properties for the data collection , and properties 
specified by a caller function for an operand that corre 
sponds to the data collection . 
[ 0535 ] In Example C . 94 , the subject matter of any one of 
Examples C . 85 to C . 93 may include , wherein updating the 
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properties of the data collection includes enforcing the 
properties of the data collection for a single use of the data 
collection . 
[ 0536 ] In Example C . 95 , the subject matter of any one of 
Examples C . 85 to C . 94 may include , wherein updating the 
properties of the data collection is performed in response to 
a referencing of an operand associated with an action . 
[ 0537 ] In Example C . 96 , the subject matter of any one of 
Examples C . 85 to 0 . 95 may include , wherein updating the 
properties of the data collection further includes tracking a 
series of updates to the data collection . 
[ 0538 ] In Example C . 97 , the subject matter of any one of 
Examples C . 85 to C . 96 may include , wherein updating the 
properties of the data collection is performed in response to 
a request to modify the properties of the data collection 
received via the application programming interface , wherein 
properties classified as mutable are permitted to be updated , 
and properties classified as immutable , will produce an error 
in response to an attempt to update the immutable properties . 
[ 0539 ] In Example C . 98 , the subject matter of any one of 
Examples C . 85 to C . 97 may include , means for : receiving , 
via the application programming interface , a query regard 
ing the properties of the data collection , and in response to 
the query , transmitting the properties of the data collection 
via the application programming interface . 
[ 0540 ] In Example C . 99 , the subject matter of any one of 
Examples C . 85 to 0 . 98 may include , means for : receiving , 
via the application programming interface , a query regard 
ing an operand associated with an action , and in response to 
the query , transmitting information pertaining to the operand 
via the application programming interface . 
( 0541 ) In Example C . 100 , the subject matter of any one of 
Examples C . 85 to C . 99 may include , wherein the operand is 
associated with a computing task , and the information 
pertaining to the operand includes a total number of data 
collections associated with the computing task . 
[ 0542 ] In Example C . 101 , the subject matter of any one of 
Examples C . 85 to C . 100 may include , wherein the operand 
is associated with a computing task , and the information 
pertaining to the operand provides data layout information 
that includes the number of dimensions , size , shape , 
arrangement , stride , regularity and sparsity of data collec 
tions specified by the operand . 
[ 0543 ] In Example C . 102 , the subject matter of any one of 
Examples C . 85 to C . 101 may include , means for deriving 
information regarding the data collection . 
[ 0544 ] In Example C . 103 , the subject matter of any one of 
Examples C . 85 to C . 102 may include , wherein deriving 
information regarding the data collection includes generat 
ing a description for a plurality of data collections within the 
data collection . 
[ 0545 ] In Example C . 104 , the subject matter of any one of 
Examples C . 85 to C . 103 may include , wherein information 
is derived for a first data collection and a second data 
collection , and wherein the information derived for the first 
data collection and the second data collection includes one 
of : a determination that the first and second data collections 
do not overlap , a determination that the first and second data 
collections match exactly , a determination that the first data 
collection subsumes the second data collection , and a deter 
mination that the first and second data collections partially 
overlap . 
0546 In Example C . 105 , the subject matter of any one of 
Examples C . 85 to C . 104 may include , wherein the set of 

properties for the data collection include one or more of : 
writeability of the data collection , whether local storage 
needs to be updated on a write , whether a partial result needs 
to be combined with other distributed operations , whether 
access is atomic , whether access requires strict ordering , a 
reference pattern , a hardware characteristic , a type of 
memory associated with the data collection , a memory 
allocation policy , a size of the data collection , and a state of 
the data collection . 
0547 ] In Example C . 106 , the subject matter of any one of 
Examples C . 85 to C . 105 may include , wherein the set of 
properties for the data collection includes a list of logical 
domains in which the data collection is instantiated . 
[ 0548 ] In Example C . 107 , the subject matter of any one of 
Examples C . 85 to C . 106 may include , wherein the set of 
properties for the data collection describe a plurality of 
logical instances for the data collection mapped to a single 
physical memory space . 
[ 0549 ] In Example C . 108 , the subject matter of any one of 
Examples C . 85 to C . 107 may include , wherein the set of 
properties for the data collection identify a logical instance 
from a plurality of logical instances for the data collection 
that contains a last - written version of data . 
( 0550 ) . In Example C . 109 , the subject matter of any one of 
Examples C . 85 to C . 108 may include , wherein the set of 
properties for the data collection indicate whether a new 
instance of the data collection should be added in response 
to a logical domain being added . 
[ 0551 ] In Example C . 110 , the subject matter of any one of 
Examples C . 85 to C . 109 may include , wherein the set of 
properties for the data collection identifies a software routine 
for handling non - contiguous data in the data collection . 
[ 0552 ] In Example C . 111 , the subject matter of any one of 
Examples C . 85 to C . 110 may include , wherein creating the 
data collection includes pre - pinning a portion of memory in 
the data collection based on the instructions . 
10553 ] . In Example C . 112 , the subject matter of any one of 
Examples C . 85 to C . 111 may include , wherein updating the 
properties of the data collection includes dynamically pin 
ning a portion of memory in the data collection based on the 
instructions describing the set of properties for the data 
collection . 
10554 ] Example C . 113 includes at least one computer 
readable medium storing instructions for causing a computer 
system to perform the method of any of the Examples 
C . 29 - C . 56 . 
[ 0555 ] Example C . 114 includes a system comprising 
means for performing the method of any of the Examples 
C . 29 - C . 56 . 
[ 0556 ] Example D . 1 includes subject matter ( such as a 
device , apparatus , or machine ) comprising : a processor ; and 
memory coupled to the processor and storing instructions 
that , when executed by the processor , cause the system to : 
receive , by a software component operating on the system , 
a description of a first set of data elements referenced in a 
first operand ; receive , by the software component , a descrip 
tion of a second set of data elements referenced in a second 
operand ; select , by the software component , a set of subsets 
of data elements that are included in both the first set of data 
elements and the second set of data elements , wherein 
selecting the set of subsets of data elements includes opti 
mizing a size of the set of subsets of data elements ; provide , 
by the software component via an application programming 
interface , the set of subsets of data elements ; and in response 
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to a reference by the second operand that modifies the set of 
subsets of data elements , provide , by the software compo 
nent via the application programming interface , a respective 
mapping from each previous subset in the set of subsets to 
a respective new collection of subsets in the set of subsets . 
[ 0557 ) In Example D . 2 , the subject matter of Example D . 1 
may include , wherein the memory further stores instructions 
for providing information regarding the set of subsets of data 
elements in response to a query . 
[ 0558 ] In Example D . 3 , the subject matter of any one of 
Examples D . 1 to D . 2 may include , wherein the first operand 
comprises a first data collection of data elements , and 
wherein the second operand comprises a second data col 
lection of data elements which is a proper subset of the first 
data collection . 
[ 0559 ] In Example D . 4 , the subject matter of any one of 
Examples D . 1 to D . 3 may include , wherein one or more of 
the first data collection and the second data collection 
includes one or more of : a variable , an array , and a memory 
buffer . 
[ 0560 ] In Example D . 5 , the subject matter of any one of 
Examples D . 1 to D . 4 may include , wherein one or more of 
the first data collection and the second data collection 
includes one or more of the following characteristics : mul 
tiple dimensions , strided data , blocked data , sparse data that 
is block - dense , sparse data that is regular and describable 
with linear functions , and irregular matrices . 
[ 0561 ] In Example D . 6 , the subject matter of any one of 
Examples D . 1 to D . 5 may include , wherein the first operand 
comprises a first data collection of data elements , and the 
second operand comprises a second data collection of 
memory elements , and an intersection of the first and second 
data collections is neither empty , nor equal to , both the first 
and second data collection . 
[ 0562 ] In Example D . 7 , the subject matter of any one of 
Examples D . 1 to D . 6 may include , wherein the memory 
further stores instructions for causing the system to identify 
a property associated with the set of subsets of data ele 
ments . 
[ 0563 ] In Example D . 8 , the subject matter of any one of 
Examples D . 1 to D . 7 may include , wherein the property 
identifies data that is modified . 
[ 0564 ] In Example D . 9 , the subject matter of any one of 
Examples D . 1 to D . 8 may include , wherein the property 
identifies data that is read - only . 
[ 0565 ] In Example D . 10 , the subject matter of any one of 
Examples D . 1 to D . 9 may include , wherein the memory 
further stores instructions for causing the system to : receive , 
by the software component , an input operand ; generate , by 
the software component , a set of subsets of data elements 
associated with the operand ; and enforce dependences on the 
set of subsets that comprise the operand , wherein the depen 
dencies are enforced based on partially - overlapping oper 
ands in an action and operands of different granularity in an 
action . 
[ 0566 ] In Example D . 11 , the subject matter of any one of 
Examples D . 1 to D . 10 may include , wherein a set of 
mappings is provided from each previous subset in the set of 
subsets to each respective new subset in the set of subsets in 
response to a change in the set of subsets of data elements 
for the input operand , and wherein a representation of the 
dependencies is updated to reflect the new set of subsets . 
10567 ) Example D . 12 includes subject matter ( such as a 
method , means for performing acts , machine readable 

medium including instructions that when performed by a 
machine cause the machine to performs acts , or an apparatus 
to perform ) comprising : receiving , by a software component 
operating on a computer system , a description of a first set 
of data elements referenced in a first operand ; receiving , by 
the software component , a description of a second set of data 
elements referenced in a second operand ; selecting , by the 
software component , a set of subsets of data elements that 
are included in both the first set of data elements and the 
second set of data elements , wherein selecting the set of 
subsets of data elements includes optimizing a size of the set 
of subsets of data elements ; providing , by the software 
component via an application programming interface , the set 
of subsets of data elements ; and in response to a reference 
by the second operand that modifies the set of subsets of data 
elements , providing , by the software component via the 
application programming interface , a respective mapping 
from each previous subset in the set of subsets to a respec 
tive new collection of subsets in the set of subsets . 
[ 0568 ] In Example D . 13 , the subject matter of Example 
D . 12 may include , providing information regarding the set 
of subsets of data elements in response to a query . 
[ 0569 ] In Example D . 14 , the subject matter of any one of 
Examples D . 12 to D . 13 may include , wherein the first 
operand comprises a first data collection of data elements , 
and wherein the second operand comprises a second data 
collection of data elements which is a proper subset of the 
first data collection . 
[ 0570 ] In Example D . 15 , the subject matter of any one of 
Examples D . 12 to D . 14 may include , wherein one or more 
of the first data collection and the second data collection 
includes one or more of : a variable , an array , and a memory 
buffer . 
[ 0571 ] In Example D . 16 , the subject matter of any one of 
Examples D . 12 to D . 15 may include , wherein one or more 
of the first data collection and the second data collection 
includes one or more of the following characteristics : mul 
tiple dimensions , strided data , blocked data , sparse data that 
is block - dense , sparse data that is regular and describable 
with linear functions , and irregular matrices . 
[ 0572 ] In Example D . 17 , the subject matter of any one of 
Examples D . 12 to D . 16 may include , wherein the first 
operand comprises a first data collection of data elements , 
and the second operand comprises a second data collection 
of memory elements , and an intersection of the first and 
second data collections is neither empty , nor equal to , both 
the first and second data collection . 
[ 0573 ] In Example D . 18 , the subject matter of any one of 
Examples D . 12 to D . 17 may include , identifying a property 
associated with the set of subsets of data elements . 
[ 0574 ] In Example D . 19 , the subject matter of any one of 
Examples D . 12 to D . 18 may include , wherein the property 
identifies data that is modified . 
[ 0575 ] In Example D . 20 , the subject matter of any one of 
Examples D . 12 to D . 19 may include , wherein the property 
identifies data that is read - only . 
[ 0576 ] In Example D . 21 , the subject matter of any one of 
Examples D . 12 to D . 20 may include , receiving , by the 
software component , an input operand ; generating , by the 
software component , a set of subsets of data elements 
associated with the operand ; and enforcing dependences on 
the set of subsets that comprise the operand , wherein the 
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dependencies are enforced based on partially - overlapping 
operands in an action and operands of different granularity 
in an action . 
[ 0577 ] In Example D . 22 , the subject matter of any one of 
Examples D . 12 to D . 21 may include , wherein a set of 
mappings is provided from each previous subset in the set of 
subsets to each respective new subset in the set of subsets in 
response to a change in the set of subsets of data elements 
for the input operand , and wherein a representation of the 
dependencies is updated to reflect the new set of subsets . 
10578 ] Example D . 23 includes subject matter including a 
computer - readable medium storing instructions that , when 
executed by a computer system , cause the computer system 
to : receive , by a software component operating on the 
computer system , a description of a first set of data elements 
referenced in a first operand ; receive , by the software 
component , a description of a second set of data elements 
referenced in a second operand ; select , by the software 
component , a set of subsets of data elements that are 
included in both the first set of data elements and the second 
set of data elements , wherein selecting the set of subsets of 
data elements includes optimizing a size of the set of subsets 
of data elements ; provide , by the software component via an 
application programming interface , the set of subsets of data 
elements , and in response to a reference by the second 
operand that modifies the set of subsets of data elements , 
provide , by the software component via the application 
programming interface , a respective mapping from each 
previous subset in the set of subsets to a respective new 
collection of subsets in the set of subsets . 
[ 0579 ] In Example D . 24 , the subject matter of Example 
D . 23 may include , wherein the medium further stores 
instructions for providing information regarding the set of 
subsets of data elements in response to a query . 
[ 0580 ] In Example D . 25 , the subject matter of any one of 
Examples D . 23 to D . 24 may include , wherein the first 
operand comprises a first data collection of data elements , 
and wherein the second operand comprises a second data 
collection of data elements which is a proper subset of the 
first data collection . 
[ 0581 ] In Example D . 26 , the subject matter of any one of 
Examples D . 23 to D . 25 may include , wherein one or more 
of the first data collection and the second data collection 
includes one or more of : a variable , an array , and a memory 
buffer . 
[ 0582 ] In Example D . 27 , the subject matter of any one of 
Examples D . 23 to D . 26 may include , wherein one or more 
of the first data collection and the second data collection 
includes one or more of the following characteristics : mul 
tiple dimensions , strided data , blocked data , sparse data that 
is block - dense , sparse data that is regular and describable 
with linear functions , and irregular matrices . 
[ 0583 ] In Example D . 28 , the subject matter of any one of 
Examples D . 23 to D . 27 may include , wherein the first 
operand comprises a first data collection of data elements , 
and the second operand comprises a second data collection 
of memory elements , and an intersection of the first and 
second data collections is neither empty , nor equal to , both 
the first and second data collection . 
[ 0584 ] In Example D . 29 , the subject matter of any one of 
Examples D . 23 to D . 28 may include , wherein the medium 
further stores instructions for causing the computer system 
to identify a property associated with the set of subsets of 
data elements . 

( 0585 ] In Example D . 30 , the subject matter of any one of 
Examples D . 23 to D . 29 may include , wherein the property 
identifies data that is modified . 
[ 0586 ] In Example D . 31 , the subject matter of any one of 
Examples D . 23 to D . 30 may include , wherein the property 
identifies data that is read - only . 
[ 0587 ] In Example D . 32 , the subject matter of any one of 
Examples D . 23 to D . 31 may include , wherein the medium 
further stores instructions for causing the computer system 
to : receive , by the software component , an input operand ; 
generate , by the software component , a set of subsets of data 
elements associated with the operand ; and enforce depen 
dences on the set of subsets that comprise the operand , 
wherein the dependencies are enforced based on partially 
overlapping operands in an action and operands of different 
granularity in an action . 
[ 0588 ] In Example D . 33 , the subject matter of any one of 
Examples D . 23 to D . 32 may include , wherein a set of 
mappings is provided from each previous subset in the set of 
subsets to each respective new subset in the set of subsets in 
response to a change in the set of subsets of data elements 
for the input operand , and wherein a representation of the 
dependencies is updated to reflect the new set of subsets . 
[ 0589 ] Example D . 34 includes subject matter ( such as a 
device , apparatus , or machine ) comprising : means receiving 
a description of a first set of data elements referenced in a 
first operand ; means for receiving a description of a second 
set of data elements referenced in a second operand ; means 
for selecting a set of subsets of data elements that are 
included in both the first set of data elements and the second 
set of data elements , wherein selecting the set of subsets of 
data elements includes optimizing a size of the set of subsets 
of data elements ; means for providing , via an application 
programming interface , the set of subsets of data elements ; 
and means for providing , in response to a reference by the 
second operand that modifies the set of subsets of data 
elements , via the application programming interface , a 
respective mapping from each previous subset in the set of 
subsets to a respective new collection of subsets in the set of 
subsets . 
[ 0590 ] In Example D . 35 , the subject matter of Example 
D . 34 may include , means for providing information regard 
ing the set of subsets of data elements in response to a query . 
[ 0591 ] In Example D . 36 , the subject matter of any one of 
Examples D . 34 to D . 35 may include , wherein the first 
operand comprises a first data collection of data elements , 
and wherein the second operand comprises a second data 
collection of data elements which is a proper subset of the 
first data collection . 
[ 0592 ] In Example D . 37 , the subject matter of any one of 
Examples D . 34 to D . 36 may include , wherein one or more 
of the first data collection and the second data collection 
includes one or more of : a variable , an array , and a memory 
buffer . 
[ 0593 ] In Example D . 38 , the subject matter of any one of 
Examples D . 34 to D . 37 may include , wherein one or more 
of the first data collection and the second data collection 
includes one or more of the following characteristics : mul 
tiple dimensions , strided data , blocked data , sparse data that 
is block - dense , sparse data that is regular and describable 
with linear functions , and irregular matrices . 
[ 0594 ] In Example D . 39 , the subject matter of any one of 
Examples D . 34 to D . 38 may include , wherein the first 
operand comprises a first data collection of data elements , 
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and the second operand comprises a second data collection 
of memory elements , and an intersection of the first and 
second data collections is neither empty , nor equal to , both 
the first and second data collection . 
[ 0595 ] In Example D . 40 , the subject matter of any one of 
Examples D . 34 to D . 39 may include , means for causing the 
system to identify a property associated with the set of 
subsets of data elements . 
[ 0596 ] In Example D . 41 , the subject matter of any one of 
Examples D . 34 to D . 40 may include , wherein the property 
identifies data that is modified . 
[ 0597 ] In Example D . 42 , the subject matter of any one of 
Examples D . 34 to D . 41 may include , wherein the property 
identifies data that is read - only . 
[ 0598 ] In Example D . 43 , the subject matter of any one of 
Examples D . 34 to D . 42 may include , means for : receiving 
an input operand ; generating , a set of subsets of data 
elements associated with the operand ; and enforcing depen 
dences on the set of subsets that comprise the operand , 
wherein the dependencies are enforced based on partially 
overlapping operands in an action and operands of different 
granularity in an action . 
10599 ) In Example D . 44 , the subject matter of any one of 
Examples D . 34 to D . 43 may include , wherein a set of 
mappings is provided from each previous subset in the set of 
subsets to each respective new subset in the set of subsets in 
response to a change in the set of subsets of data elements 
for the input operand , and wherein a representation of the 
dependencies is updated to reflect the new set of subsets . 
[ 0600 ] Example D . 45 includes at least one computer - 
readable medium storing instructions for causing a computer 
system to perform the method of any of the Examples 
D . 12 - D . 22 . 
[ 0601 ] Example D . 46 includes a system comprising means 
for performing the method of any of the Examples D . 12 - D . 

ing ” are open - ended , that is , a system , device , article , 
composition , formulation , or process that includes elements 
in addition to those listed after such a term in a claim are still 
deemed to fall within the scope of that claim . Moreover , in 
the following claims , the terms " first , " " second , " and 
" third , ” etc . are used merely as labels , and are not intended 
to impose numerical requirements on their objects . 
[ 0605 ] The above description is intended to be illustrative , 
and not restrictive . For example , the above - described 
examples ( or one or more aspects thereof ) may be used in 
combination with each other . Other embodiments can be 
used , such as by one of ordinary skill in the art upon 
reviewing the above description . The Abstract is provided to 
comply with 37 C . F . R . $ 1 . 72 ( b ) , to allow the reader to 
quickly ascertain the nature of the technical disclosure . It is 
submitted with the understanding that it will not be used to 
interpret or limit the scope or meaning of the claims . Also , 
in the above Detailed Description , various features may be 
grouped together to streamline the disclosure . This should 
not be interpreted as intending that an unclaimed disclosed 
feature is essential to any claim . Rather , inventive subject 
matter may lie in less than all features of a particular 
disclosed embodiment . Thus , the following claims are 
hereby incorporated into the Detailed Description , with each 
claim standing on its own as a separate embodiment , and it 
is contemplated that such embodiments can be combined 
with each other in various combinations or permutations . 
The scope of the invention should be determined with 
reference to the appended claims , along with the full scope 
of equivalents to which such claims are legally entitled . 
What is claimed is : 
1 . A system for managing task concurrency on computer 

platforms , the system comprising : 
a processor ; and 
memory coupled to the processor and storing instructions 

that , when executed by the processor , cause the system 
to : 

receive , by a first software component operating on the 
system , a function call including a plurality of oper 
ands , each operand in the plurality of operands com 
prising a set of data elements ; 

identify , by the first software component , a plurality of 
actions associated with the function call and the plu 
rality of operands ; 

determine , by the first software component , a set of 
dependencies among the plurality of actions for execut 
ing the actions using a set of computing resources , 
wherein the determined set of dependencies includes 
identifying an operand from the plurality of operands 
that is associated with a first action from the plurality 
of actions and includes a common data element with a 
second operand from the plurality of operands that is 
associated with a second action from the plurality of 
actions ; and 

present , by the first software component to a second 
software component , the set of actions and the deter 
mined set of dependencies , wherein presenting the 
determined set of dependencies includes presenting a 
dependence vector that includes an action from the 
plurality of actions that produces one or more of the 
data elements for an operand from the plurality of 
operands . 

22 . 
[ 0602 ] Each of these non - limiting examples can stand on 
its own , or can be combined with one or more of the other 
examples in any permutation or combination . 
( 0603 ] The above detailed description includes references 
to the accompanying drawings , which form a part of the 
detailed description . The drawings show , by way of illus 
tration , specific embodiments in which the invention can be 
practiced . These embodiments are also referred to herein as 
" examples . ” Such examples can include elements in addi 
tion to those shown or described . However , the present 
inventors also contemplate examples in which only those 
elements shown or described are provided . Moreover , the 
present inventors also contemplate examples using any 
combination or permutation of those elements shown or 
described ( or one or more aspects thereof ) , either with 
respect to a particular example ( or one or more aspects 
thereof ) , or with respect to other examples ( or one or more 
aspects thereof ) shown or described herein . 
[ 0604 ] In this document , the terms “ a ” or “ an ” are used , as 
is common in patent documents , to include one or more than 
one , independent of any other instances or usages of at least 
one ” or “ one or more . ” In this document , the term “ or ” is 
used to refer to a nonexclusive or , such that “ A or B ” 
includes “ A but not B , ” “ B but not A , " and " A and B , " unless 
otherwise indicated . In this document , the terms “ including ” 
and “ in which ” are used as the plain - English equivalents of 
the respective terms " comprising ” and “ wherein . " Also , in 
the following claims , the terms “ including ” and “ compris 
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2 . The system of claim 1 , wherein the plurality of actions 
include one or more of : a computing task , a data transfer 
task , and a synchronization task . 

3 . The system of claim 1 , wherein the set of dependencies 
among the plurality of actions are determined based on a 
variable having a global scope within a software application 
containing the function . 

4 . The system of claim 1 , wherein presenting the deter 
mined set of dependencies includes presenting : 

a first dependence vector that includes an action that 
produces one or more of the data elements for a 
respective operand from the plurality of operands ; and 

a second dependence vector that includes an action that 
accesses one or more of the data elements for the 
respective operand from the plurality of operands . 

5 . The system of claim 4 , wherein the second dependence 
vector includes a first action that accesses a first operand 
from the plurality of operands and a second action that 
accesses the first operand , and wherein the dependencies for 
the first action and the second action allow the first action 
and the second action to be executed concurrently . 

6 . The system of claim 4 , wherein a set of consumers 
associated with a respective producer of a data element in 
the first dependence vector is updated in response to a new 
action in the first dependence vector . 

7 . The system of claim 6 , wherein presenting the deter 
mined set of dependencies includes presenting consumer 
actions for the set of consumers associated with the respec 
tive producer in response to a query received from the 
respective producer . 

8 . The system of claim 6 , wherein a data movement 
software component : 

monitors triggering of a completion event by the respec 
tive producer , and 

in response to the triggering of the completion event by 
the respective producer , pushes data from the respec 
tive producer to the set of consumers . 

9 . A method of managing task concurrency on computer 
platforms , the method comprising : 

receiving , by a first software component operating on a 
computer system , a function call including a plurality 
of operands , each operand in the plurality of operands 
comprising a set of data elements ; 

identifying , by the first software component , a plurality of 
actions associated with the function call and the plu 
rality of operands ; 

determining , by the first software component , a set of 
dependencies among the plurality of actions for execut 
ing the actions using a set of computing resources , 
wherein the determined set of dependencies includes 
identifying an operand from the plurality of operands 
that is associated with a first action from the plurality 
of actions and includes a common data element with a 
second operand from the plurality of operands that is 
associated with a second action from the plurality of 
actions ; and 

presenting , by the first software component to a second 
software component , the set of actions and the deter 
mined set of dependencies , wherein presenting the 
determined set of dependencies includes presenting a 
dependence vector that includes an action from the 
plurality of actions that produces one or more of the 
data elements for an operand from the plurality of 
operands . 

10 . The method of claim 9 , wherein the plurality of 
actions include one or more of : a computing task , a data 
transfer task , and a synchronization task . 

11 . The method of claim 9 , wherein the set of dependen 
cies among the plurality of actions are determined based on 
a variable having a global scope within a software applica 
tion containing the function . 

12 . The method of claim 9 , wherein presenting the deter 
mined set of dependencies includes presenting : 

a first dependence vector that includes an action that 
produces one or more of the data elements for a 
respective operand from the plurality of operands ; and 

a second dependence vector that includes an action that 
accesses one or more of the data elements for the 
respective operand from the plurality of operands . 

13 . The method of claim 12 , wherein the second depen 
dence vector includes a first action that accesses a first 
operand from the plurality of operands and a second action 
that accesses the first operand , and wherein the dependencies 
for the first action and the second action allow the first action 
and the second action to be executed concurrently . 

14 . The method of claim 12 , wherein a set of consumers 
associated with a respective producer of a data element in 
the first dependence vector is updated in response to a new 
action in the first dependence vector . 

15 . The method of claim 14 , wherein presenting the 
determined set of dependencies includes presenting con 
sumer actions for the set of consumers associated with the 
respective producer in response to a query received from the 
respective producer . 

16 . The method of claim 14 , wherein a data movement 
software component : 
monitors triggering of a completion event by the respec 

tive producer , and 
in response to the triggering of the completion event by 

the respective producer , pushes data from the respec 
tive producer to the set of consumers . 

17 . A computer - readable medium storing instructions for 
managing task concurrency on computer platforms that , 
when executed by a computer system , cause the computer 
system to : 

receive , by a first software component operating on the 
computer system , a function call including a plurality 
of operands , each operand in the plurality of operands 
comprising a set of data elements ; 

identify , by the first software component , a plurality of 
actions associated with the function call and the plu 
rality of operands ; 

determine , by the first software component , a set of 
dependencies among the plurality of actions for execut 
ing the actions using a set of computing resources , 
wherein the determined set of dependencies includes 
identifying an operand from the plurality of operands 
that is associated with a first action from the plurality 
of actions and includes a common data element with a 
second operand from the plurality of operands that is 
associated with a second action from the plurality of 
actions ; and 

present , by the first software component to a second 
software component , the set of actions and the deter 
mined set of dependencies , wherein presenting the 
determined set of dependencies includes presenting a 
dependence vector that includes an action from the 
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plurality of actions that produces one or more of the 
data elements for an operand from the plurality of 
operands . 

18 . The computer - readable medium of claim 17 , wherein 
the plurality of actions include one or more of : a computing 
task , a data transfer task , and a synchronization task . 

19 . The computer - readable medium of claim 17 , wherein 
the set of dependencies among the plurality of actions are 
determined based on a variable having a global scope within 
a software application containing the function . 

20 . The computer - readable medium of claim 17 , wherein 
presenting the determined set of dependencies includes 
presenting : 

a first dependence vector that includes an action that 
produces one or more of the data elements for a 
respective operand from the plurality of operands ; and 

a second dependence vector that includes an action that 
accesses one or more of the data elements for the 
respective operand from the plurality of operands . 

21 . The computer - readable medium of claim 20 , wherein 
the second dependence vector includes a first action that 
accesses a first operand from the plurality of operands and 

a second action that accesses the first operand , and wherein 
the dependencies for the first action and the second action 
allow the first action and the second action to be executed 
concurrently . 

22 . The computer - readable medium of claim 20 , wherein 
a set of consumers associated with a respective producer of 
a data element in the first dependence vector is updated in 
response to a new action in the first dependence vector . 

23 . The computer - readable medium of claim 22 , wherein 
presenting the determined set of dependencies includes 
presenting consumer actions for the set of consumers asso 
ciated with the respective producer in response to a query 
received from the respective producer . 

24 . The computer - readable medium of claim 22 , wherein 
a data movement software component : 
monitors triggering of a completion event by the respec 

tive producer , and 
in response to the triggering of the completion event by 

the respective producer , pushes data from the respec 
tive producer to the set of consumers . 

* * * * * 
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