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FIG. 4

CONVERTING A TOPOLOGY OF A COMPUTE ENVIRONMENT TO A PLURALITY OF | 402
ENDPOINT-TO-ENDPOINT PATHS

!
BASED ON THE PLURALITY OF ENDPOINT-TO-ENDPOINT PATHS, MAPPING EACH
RESOURCE OF A PLURALITY OF RESOURCES TO ONE OR MORE ENDPOINTS [~ 404
WHERE EACH RESPECTIVE RESOURCE IS AVAILABLE

¥
ITERATIVELY IDENTIFYING SCHEDULE COSTS ASSOCIATED WITH A L~ 406
RELATIONSHIP BETWEEN ENDPOINTS AND RESOURCES
1
FOR EACH ENDPOINT
—= (1) GENERATING A PLURALITY OF REPLICA GROUPINGS BY ORGANIZING
RESOURCES INTO GROUPS WITH IDENTICAL ENDPOINT LOCATIONS — 408
(2) SORTING THE PLURALITY OF REPLICA GROUPINGS BY AVAILABILITY, MOST
CONSTRAINED TO LEAST CONSTRAINED

¥
FOR EACH OF THE PLURALITY OF REPLICA GROUPINGS

(1) GENERATING A TASK AVAILABILITY RANGE LIST FOR SOURCE TO
DESTINATION PATH —~ 410

(2) PRIORITIZING A POOL OF ALL RANGES COMING FROM ALL ENDPOINTS
BASED ON ONE OR MORE OF EARLIEST AVAILABILITY, CONTENTION
METRICS, OR COST

{

FOR EACH OF THE PLURALITY OF REPLICA GROUPINGS AND FOR EACH RANGE
IN THE AVAILABILITY RANGE LIST
(1) ASSIGNING RESOURCES IN THE CURRENT REPLICA GROUPING THEREBY
CONSUMING AVAILABLE TASK SLOTS
(2) DETERMINING SCHEDULE COST ~ 412
(3) REDUCING TASK AVAILABILITY FROM ALL ENDPOINT-TO-ENDPOINT AND
COMPONENT LEVEL RANGES WHICH OVERLAP IN SPACE AND TIME

(4) CONTINUING TO THE NEXT ENDPOINT IF SCHEDULE COST IS GREATER
— THAN OR EQUAL TO THE SCHEDULE COST OF A CURRENT BEST SCHEDULE

!

RECORDING THE ENDPOINT, SCHEDULE COST, AND SCHEDULE SOLUTION AS THE
BEST SCHEDULE IF THE SCHEDULE COST IS LESS THAN THE SCHEDULE COST [~ 414
OF THE CURRENT BEST SCHEDULE
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OPTIMIZED MULTI-COMPONENT
CO-ALLOCATION SCHEDULING WITH
ADVANCED RESERVATIONS FOR DATA

TRANSFERS AND DISTRIBUTED JOBS

PRIORITY CLAIM

The present application claims priority to U.S. Provisional
Application No. 60/804,842 filed Jun. 15, 2006, the contents
of which are incorporated herein by reference.

RELATED APPLICATIONS

The present invention is related to application Nos. 60/669,
278 filed Apr. 7, 2005; 60/662,240 filed Mar. 15, 2005; PCT/
US 05/08297 filed Mar. 11, 2005; U.S. application Ser. No.
11/276,856 filed Mar. 16, 2006. Each of these applications is
incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the scheduling and man-
agement of resources within a compute environment such as
a grid or a cluster and more specifically relates to optimizing
a multi-component co-allocation scheduling process with
advanced reservations for data transfers and distributed jobs.

2. Introduction

Grids and clusters in the high performance computing con-
text provide for multiple resources communicating via net-
work. In this context, there may be many different scenarios
in which jobs can be processed on such a compute environ-
ment, some more efficient than others. Often, such clusters
and grids are expensive to maintain and operate, so even a
small increase in efficiency can bring measurable benefits.
Given the many different types of resources and different
paths through a network grid or cluster to process both tasks
and data transfers, what is needed in the art is an improved
way to optimize the manner in which potential paths and
actions are scheduled in the compute environment.

SUMMARY OF THE INVENTION

Additional features and advantages of the invention will be
set forth in the description which follows, and in part will be
obvious from the description, or may be learned by practice of
the invention. The features and advantages of the invention
may be realized and obtained by means of the instruments and
combinations particularly pointed out in the appended
claims. These and other features of the present invention will
become more fully apparent from the following description
and appended claims, or may be learned by the practice of the
invention as set forth herein.

The present invention relates to systems, methods, com-
puter-readable media, and distributed compute environments
for controlling one or more computing devices to optimize
multi-component co-allocation scheduling with advanced
reservations for data transfers and distributed jobs. The
method comprises converting a topology of a compute envi-
ronment to a plurality of endpoint-to-endpoint paths, based
on the plurality of endpoint-to-endpoint paths, mapping each
replica resource of a plurality of resources to one or more
endpoints where each respective resource is available, itera-
tively identifying cost schedules associated with a relation-
ship between endpoints and resources, and committing a
selected cost schedule from the identified cost schedules for
processing a job in the compute environment.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

In order to describe the manner in which the above-recited
and other advantages and features of the invention can be
obtained, a more particular description of the invention
briefly described above will be rendered by reference to spe-
cific embodiments thereof which are illustrated in the
appended drawings. Understanding that these drawings
depict only typical embodiments of the invention and are not
therefore to be considered to be limiting of its scope, the
invention will be described and explained with additional
specificity and detail through the use of the accompanying
drawings in which:

FIG. 1 illustrates a computing device embodiment of the
invention;

FIG. 2 illustrates an example compute environment asso-
ciated with the invention;

FIG. 3 illustrates a series of endpoint-to-endpoint paths
converted from a topology of a compute environment;

FIG. 4 illustrates a method embodiment of the invention;
and

FIG. 5illustrates another method embodiment of the inven-
tion.

DETAILED DESCRIPTION OF THE INVENTION

Various embodiments of the invention are discussed in
detail below. While specific implementations are discussed, it
should be understood that this is done for illustration pur-
poses only. A person skilled in the relevant art will recognize
that other components and configurations may be used with-
out parting from the spirit and scope of the invention.

With reference to FIG. 1, an exemplary system for imple-
menting the invention includes a general-purpose computing
device 100, including a processing unit (CPU) 120 and a
system bus 110 that couples various system components
including the system memory such as read only memory
(ROM) 140 and random access memory (RAM) 150 to the
processing unit 120. Other system memory 130 may be avail-
able for use as well. It can be appreciated that the invention
may operate on a computing device with more than one CPU
120 or on a group or cluster of computing devices networked
together to provide greater processing capability. The system
bus 110 may be any of several types of bus structures includ-
ing a memory bus or memory controller, a peripheral bus, and
a local bus using any of a variety of bus architectures. A basic
input/output (BIOS), containing the basic routine that helps to
transfer information between elements within the computing
device 100, such as during start-up, is typically stored in
ROM 140. The computing device 100 further includes stor-
age means such as a hard disk drive 160, a magnetic disk
drive, an optical disk drive, tape drive, or the like. The storage
device 160 is connected to the system bus 110 by a drive
interface. The drives and the associated computer readable
media provide nonvolatile storage of computer readable
instructions, data structures, program modules and other data
for the computing device 100. The basic components are
known to those of skill in the art and appropriate variations are
contemplated depending on the type of device, such as
whether the device is a small, handheld computing device, a
desktop computer, or a computer server.

Although the exemplary environment described herein
employs the hard disk, it should be appreciated by those
skilled in the art that other types of computer readable media
which can store data that are accessible by a computer, such as
magnetic cassettes, flash memory cards, digital versatile
disks, cartridges, random access memories RAMs), read only
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memory (ROM, a cable or wireless signal containing a bit
stream and the like, may also be used in the exemplary oper-
ating environment.

To enable user interaction with the computing device 100,
an input device 190 represents any number of input mecha-
nisms, such as a microphone for speech, a touch-sensitive
screen for gesture or graphical input, keyboard, mouse,
motion input, speech and so forth. The input may be used by
the presenter to indicate the beginning of a speech search
query. The device output 170 can also be one or more of a
number of output means. In some instances, multimodal sys-
tems enable a user to provide multiple types of input to
communicate with the computing device 100. The commu-
nications interface 180 generally governs and manages the
user input and system output. There is no restriction on the
invention operating on any particular hardware arrangement
and therefore the basic features here may easily be substituted
for improved hardware or firmware arrangements as they are
developed.

For clarity of explanation, the illustrative embodiment of
the present invention is presented as comprising individual
functional blocks (including functional blocks labeled as a
“processor”). The functions these blocks represent may be
provided through the use of either shared or dedicated hard-
ware, including, but not limited to, hardware capable of
executing software. For example the functions of one or more
processors presented in FIG. 1 may be provided by a single
shared processor or multiple processors. (Use of the term
“processor” should not be construed to refer exclusively to
hardware capable of executing software.) [llustrative embodi-
ments may comprise microprocessor and/or digital signal
processor (DSP) hardware, read-only memory (ROM) for
storing software performing the operations discussed below,
and random access memory (RAM) for storing results. Very
large scale integration (VLSI) hardware embodiments, as
well as custom VLSI circuity in combination with a general
purpose DSP circuit, may also be provided.

When management software performs evaluations of
workload, the cluster/grid compute environment and jobs
with reservations or jobs that are to consume resources, typi-
cally there is an issue when generating a best schedule for
workload. In some cases, the scheduling process may not be
scalable and may be out of reach for evaluation. For example,
the workload software may take a lot of time to analyze the
benefits to finally arrive at the solution. The software may be
evaluating the schedule with every possible decision indi-
vidually. The methods, systems, and computer readable
media disclosed herein enable an aggregation of like or simi-
lar workload requests and use high level global information to
determine scheduling constraints. The process enables the
system to optimize on the total problem as opposed to indi-
vidual optimizations of every subcomponent of the problem.
One beneficial result is significant processor load savings and
reduction in time to perform the best schedule analysis.

The concepts disclosed herein generally apply to an envi-
ronment with multi-component co-allocation requirements
and multiple potential paths/action for fulfilling these
requirements (i.e., aggregating a set of data files to a single
location in a data replication environment or distributing a set
of'tasks in a parallel computing environment). Such an envi-
ronment may be generally referred to as a cluster or grid,
although any distributed computing environment may utilize
the principles of this invention, including collaborative net-
works. An example of workload management software that
may utilize the principles of this invention includes but is not
limited to the Moab software from Cluster Resources, Inc.

20

25

30

35

40

45

50

55

60

65

4

In this environment, each task is of equivalent or similar
value (i.e., one task or one data transfer is not of value until all
tasks or data transfers are complete) and each data transfer/
task has a potentially varying cost (i.e., execution time or
transfer time). For example, a cost value may be assigned to
each data transfer or job task based on any number of factors,
examples of which include the execution time for the task or
the transfer time for the data to be transferred to staged in
order for it to be processed.

FIG. 2 illustrates a compute environment with various
resources endpoints. The endpoints A, B, C and D may be
nodes in a cluster or clusters themselves or any resource such
as computer memory, a contiguous segment of memory of a
certain size, a provisioning server, particular CPU instruction
sets, and so forth. The nodes N1-N4 and M1, M2 and M3
generally refer to transfer/network/other resources such as
nodes and so forth which communicate data between the
endpoints A, B, C and D. FIG. 2 is meant to generically
illustrate one example of how multiple end points may be
linked in a compute environment. Of course, many other
configurations will also apply to the invention, including
topologies well-known in the art such as rings, meshes, buses,
stars, trees, and other network topologies. A topology may be
on a wide-area or a local-area network. A topology may be
contained within one physical computer, as in a computer
with multiple CPUs with individual caches and other
resources, each CPU comprising an endpoint in the topology
and the computer’s internal bus comprising the network. A
topology may also contain several other topologies nested
within layers of abstraction. For example, a top-level topol-
ogy may be a star, each endpoint comprising a network with
a ring topology. The level of depth required when discussing
a given network’s topology may be variable depending on the
needed resources and where they are located in the network.

In the environment shown in FIG. 2, a job exists which
requires a resource, for example compute time, at one of the
endpoints (i.e., A, B, C, or D) and transfer of resources/data to
a selected endpoint. The selected endpoint which receives a
transfer of resources may be the same compute resource
required by the job or a different endpoint. To accomplish the
completion of the job, which will require both a data transfer
analysis and a data space analysis to evaluate the compute
environment such that the job can be processed in an optimal
way, there may be several ways to do this. For example,
assume that as a solution in the data space, management
software, such as Cluster Resources Inc.’s Moab software,
may select endpoint C and transfer files D1-D15 to C. Or, as
a solution in the distributed task space, the management soft-
ware may select endpoint C as task source and distribute tasks
D1-D15 across A, B, C, and D where using the replica map-
ping below, D1 can execute on A and B, where D2 can execute
on C, etc.

A more general method embodiment of the invention is
shown in FIG. 4 and a more detailed flowchart with five steps
including a number of substeps is shown in FIG. 5. A method
embodiment of the invention relates generally to the steps set
forth herein to analyze a job and compute environment to
determine whether an improved schedule solution is best for
committing a job having a resource compute requirement and
a data transfer requirement. Generally, the method comprises
identifying or establishing a schedule for a job to consume
resources in the compute environment.

The example as discussed shows how the method could be
used to identify and commit the best schedule for a job. While
often the best schedule is the desired schedule, it may not
always be so. The method could be used to identify all sched-
ules within a range of execution times and allow a user to
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select one of the schedules to commit. The method could
allow for instructions to avoid or favor certain endpoints or
groups of endpoints. A favored endpoint could simply be a
very high-capacity endpoint that is capable of servicing many
requests simultaneously, where a resource is first requested
from a favored endpoint if the resource is available at the
favored endpoint. While favoring or avoiding may be desir-
able, in some cases, where the resource is only available at
one endpoint, avoiding the endpoint may not be an option.
Similarly, if an endpoint is favored, but contains no resources
applicable to the job at hand, then a favored endpoint would
go unused.

The particular user may have credentials that do not allow
them to obtain the “best” schedule. Any number of param-
eters may be involved in selecting the appropriate schedule to
commit for a particular user or job. Even though the exem-
plary method describes how to select the best schedule for a
job, other schedules may be selected. For example, ina grid or
cluster compute environment, resources of the grid or cluster
may be for lease. In such a situation, the tasks of higher
paying customers might be afforded higher priority and
higher efficiency, while the tasks of lower-paying customers
might be relegated to using whatever resources are available
as efficiently as possible without interfering with others’
tasks. When a customer requests a lease of resources of the
grid, an array of possible schedules could be generated and
presented to the customer with different price points and
expected levels of performance. Not all jobs are created equal
and the best or optimal schedule may not always be selected.

The method comprises converting a topology of a compute
environment to a plurality of endpoint-to-endpoint paths
(402), based on the plurality of endpoint-to-endpoint paths,
mapping each replica resource of a plurality of resources to
one or more endpoints where each respective resource is
available (404), and iteratively identifying schedule costs
associated with a relationship between endpoints and
resources (406). Replica resources are mapped by indicating
which resources are identical, equivalent, or sufficiently
equivalent and which endpoints contain the like resources. A
dynamic or static threshold may be employed to determine
whether or not data are equivalent or sufficiently equivalent.
For example, if a job is intended to report sales statistics
updated in real-time, the threshold for equivalence may be
very high, i.e. data that are 3 days out of date may be insuf-
ficiently equivalent. If a job is intended to report annual sales
statistics, then data that are 3 days out of date may be suffi-
ciently equivalent.

Another example may be a job intended to perform multi-
media encoding which requires a particular instruction set on
aCPU of an endpoint. If the job requires the SSE2 instruction
set to process properly, then an endpoint with support for the
SSE3 instruction set could be an equivalent or sufficiently
equivalent resource because SSE3 supports all the instruc-
tions of SSE2 plus additional ones. An endpoint with support
for the SSE instruction set would not be sufficiently equiva-
lent because the SSE instruction set contains an incomplete
subset of the instructions of SSE2.

Then, for each endpoint, the method comprises the steps:
(1) generating a plurality of replica groupings by organizing
resources into groups with identical endpoint locations, and
(2) sorting the plurality of replica groupings by availability,
most constrained to least constrained (408). Sorting from
most constrained to least constrained means that the replica
groupings which are available at the least endpoints are first
(i.e. they are most constrained) and the replica groupings
which are available at the most endpoints are last (i.c. they are
the least constrained). Then, for each of the plurality of rep-
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lica groupings, the method comprises the following steps: (1)
generating a task availability range list for source to destina-
tion path, and (2) prioritizing a pool of all ranges coming from
all endpoints based on one or more of earliest availability,
contention metrics, or cost metrics (410).

For each of the plurality of replica groupings and for each
range in the availability range list (1) assigning resources in
the current replica grouping thereby consuming available task
slots, (2) determining schedule cost, (3) reducing task avail-
ability from all endpoint-to-endpoint and component level
ranges which overlap in space and time, and (4) continuing to
the next endpoint if schedule cost is greater than or equal to
the schedule cost of a current best schedule (412).

Next the method comprises recording the endpoint, sched-
ule cost, and schedule solution as the best schedule if the
schedule cost is less than the schedule cost of the current best
schedule (414).

FIG. 5 provides a more detailed example of a method
embodiment of the invention with the five basic steps, includ-
ing a number of sub-steps associated with step 4. Steps are
referred to as Step 1, 2, 3, 4, 4A, 4A1 and so on. Correspond-
ing steps are shown in FIG. 5. Step 1 of FIG. 5 represents
converting a topology of a compute environment to a plurality
of endpoint-to-endpoint paths. FIG. 3 illustrates a series of
endpoint-to-endpoint paths 304 converted from a general
topology 302 of a compute environment. In this example,
assume that there are files D1-D9 that are stored on various
nodes and that need to be transferred for staging and process-
ing as part of a job.

This conversion may be accomplished with an algorithm
such as Path [X,Y] which retrieves information about the
compute environment and generates the endpoint-to-end-
point paths 304. For example, [X,Y] may relate to paths that
were specified previously with actual real values. This topol-
ogy conversion may be a preliminary step to a method
embodiment or may be part of a method embodiment. For
example, the topology conversion data may be supplied from
another entity for use in the method. The method may be
implemented as a software product for use on grids or clusters
where the topology is already converted to a series of end-
point-to-endpoint paths.

Step 2 of FIG. 5 is mapping each replica resource of a
plurality of resources to one or more endpoints where each
respective resource is available based on the plurality of end-
point-to-endpoint paths. The next step involves contacting an
information service (those of skill in the art will understand
the availability of such an information service that can be
queried to find the information needed to perform this step) to
determine all potential sources of equivalent resources or
data. The other sources may have identical or sufficiently
equivalent data or resources. This relates to a determination of
areplica mapping. The following listing may provide a result
of such replica mapping for files, tasks, or other resources
labeled D1-D9. As shown, a costis also assigned to each item
wherein the cost may relate to any number of parameters such
as executed time for a computer resource or transfer time for
a communication resource. Each task may have a different
cost as can be seen.

File D1 (cost=1) located on A, B

File D2 (cost=2) located on A

File D3 (cost=1) located on B, C, D

File D4 (cost=4) located on A

File D5 (cost=1) located on B, C

File D6 (cost=8) located on B, C, D

File D7 (cost=1) located on B, C

File D8 (cost=2) located on A

File D9 (cost=1) located on A, B, C, D
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Step 3 of FIG. 5 is ordering end point selection by a param-
eter, such as earliest completion time, best price, least
resource cost, etc. This ordering may be done using one or
more parameter such as earliest completion time, best price,
least resource cost, lowest bandwidth used, etc. Any param-
eter or parameters may be used. The listing of potential
parameters in addition to the ones explicitly mentioned here
will be known to those of skill in the art. There may also be a
separate cost for each A, B, C, and D.

Step 4 of FIG. 5 is performing a number of substeps.
Substep 4A of FIG. 5 is generating a plurality of replica
groupings by organizing resources into groups with identical
endpoint locations. In this step the software collects all
needed resources into groups with identical distributions, that
is, resources that are available in the same set of one or more
endpoints are grouped together. As an example based on the
replica mapping above for files D1-D9:

A only: D2, D4, D8

B only: -

PO T P >

w

A,B,C,D: D9

The second substep (4B) is sorting the plurality of replica
groupings by availability, preferably most constrained to least
constrained. The most constrained grouping may be sorted
first. The sample replica groupings above are already sorted in
this manner. In the above example of replica groupings, the
replica groupings are sorted single-source availability first
followed by dual-source availability, then triple-source avail-
ability, etc. Sorting the replica groupings may be done by one
or more of these parameters such as constraint level, most
constrained first, etc. Other parameters may be used as well to
sort the replica groupings, alone or in combination. For
example, if the resources associated with the replica group-
ings are files which may be easily duplicated, the replica
groupings could be sorted according to availability and file
duplication or distribution speed in appropriate situations.
One appropriate situation might be when a needed resource is
a file that is only available at one endpoint and the endpoint
has the ability to quickly duplicate the file to many other
endpoints, making the file much more available. In like situ-
ations, sorting based on availability alone may not be effi-
cient. Replica groupings may also be sorted by some other
parameter like user credentials.

The third substep (4C) of FIG. 5 involves a further set of
substeps applied to each of the plurality of replica groupings.
The first of the further set of substeps (4Cla) is generating a
task availability range list for source to destination path. One
exemplary way to generate this task availability range list for
the source to destination path is to use the path information
listed in FIG. 3, determine co-allocation task availability and
report as both individual (i.e. per resource) and total end-to-
end ranges.

The second of the further set of substeps (4C2) is priori-
tizing a pool of all ranges coming from all endpoints based on
one or more of earliest availability, contention metrics (over
lapping with other ranges, historical resource contention met-
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rics, current utilization, etc), cost metrics, or other param-
eters. These and other parameters may be utilized to generate
the prioritized pool of all the ranges. Any one or more of the
parameters may be used in the analysis.

The third of the further set of substeps (4C3) comprises yet
more substeps to be applied for each replica grouping in the
sorted list, and further for each range in priority sorted avail-
ability range list. The first substep (4C3a) is assigning
resources in the current replica grouping thereby consuming
available task slots. In this way, the most constrained
resources are “consumed” for the job at hand, while others
which are less constrained happen later. The second substep
(4C3b) is determining schedule cost. The determined sched-
ule cost may be recorded. The determined schedule cost may
be based on last task to start, last file to transfer, total cost of
consumed or allocated resources, allocated resource usage,
constraints, or other relevant factors. The third substep (4C3c¢)
is reducing task availability from all endpoint-to-endpoint
and component level ranges which overlap in space and time.
Direct subtraction of range taskcount will work. Several notes
associated with step 4C3¢ provide further information. If
block frequency=—=0 over time and monitored utilization is
low, one example optimization may be to mask or temporarily
remove the resource from the series of endpoint-to-endpoint
paths, like the one shown in FIG. 3. A simple case is to sort
ranges in completion time order. Consumption of one range
will affect availability of another if overlap exists. An end-
point-to-endpoint range is preferably associated with a full
path. Tasks available within overlap component (Toc) may be
reduced by tasks allocated. Tasks available within overlap
end-to-end range (Te) may be set to the lower of Te and Toc.
Both time and space overlap must exist before reduction is
mandatory.

The fourth substep (4C3d) is continuing to the next end-
point if schedule cost is greater than or equal to the schedule
cost of a current best schedule. If schedule cost (i.e., latest
current transfer, total schedule contention, or total resource
cost) exceeds the cost of the current best endpoint based
schedule, the evaluation of current endpoint is aborted
because the current endpoint is less desirable than the current
best schedule.

The next step (4D) is recording the endpoint, schedule cost,
and schedule solution as the best schedule if the schedule cost
is less than the cost of the current best schedule.

Finally, the fifth step (5) is committing the selected cost
schedule from the identified cost schedules for processing a
job in the compute environment. An additional way to select
a cost schedule could be to record all cost schedules in addi-
tion to the best cost schedule and soliciting user input to select
a cost schedule from a list of all the cost schedules, and
committing the user selected cost schedule for processing a
job in the compute environment. In other variations, the com-
mitted cost schedule could be selected job by job based on job
priority or some other factor or factors.

The claimed distributed compute environment may be a
single computer with multiple CPUs or multiple CPU cores
on one CPU. An example of current technology capable of
containing a distributed compute environment is an Intel
Quad-Core Xeon E5310 which has multiple CPU cores and
independent caches on one physical CPU. The multiple cores
may serve as endpoints and data stored in the caches may
serve as resources. The claimed compute environment may
also cover clusters, grids, server farms, datacenters, personal
area networks, or any other distributed compute environment
known in the art or hereafter discovered.

The invention may be carried out as a method as set forth
above, or a computing device or group of computing devices
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that store modules programmed to perform the functions of
the method. Programming may be accomplished using any
programming language, for example C or Java. In this regard
the system embodiment may be a single computing device
that manages the scheduling of jobs on a compute environ-
ment, the system embodiment may be the compute environ-
ment itself, such as, for example, a cluster or a grid, or the
system embodiment may be a component or components of
the compute environment. There is no restriction on the par-
ticular type or configuration of system applicable to the
present invention.

Embodiments within the scope of the present invention
may also include computer-readable media for carrying or
having computer-executable instructions or data structures
stored thereon. Such computer-readable media can be any
available media that can be accessed by a general purpose or
special purpose computer. By way of example, and not limi-
tation, such computer-readable media can comprise RAM,
ROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices, or
any other medium which can be used to carry or store desired
program code means in the form of computer-executable
instructions or data structures. When information is trans-
ferred or provided over a network or another communications
connection (either hardwired, wireless, or combination
thereof) to a computer, the computer properly views the con-
nection as a computer-readable medium. Thus, any such con-
nection is properly termed a computer-readable medium.
Combinations of the above should also be included within the
scope of the computer-readable media.

Computer-executable instructions include, for example,
instructions and data which cause a general purpose com-
puter, special purpose computer, or special purpose process-
ing device to perform a certain function or group of functions.
Computer-executable instructions also include program
modules that are executed by computers in stand-alone or
network environments. Generally, program modules include
routines, programs, objects, components, and data structures,
etc. that perform particular tasks or implement particular
abstract data types. Computer-executable instructions, asso-
ciated data structures, and program modules represent
examples of the program code means for executing steps of
the methods disclosed herein. The particular sequence of such
executable instructions or associated data structures repre-
sents examples of corresponding acts for implementing the
functions described in such steps.

Those of skill in the art will appreciate that other embodi-
ments of the invention may be practiced in network comput-
ing environments with many types of computer system con-
figurations, including personal computers, hand-held
devices, multi-processor systems, microprocessor-based or
programmable consumer electronics, network PCs, mini-
computers, mainframe computers, and the like. Embodi-
ments may also be practiced in distributed computing envi-
ronments where tasks are performed by local and remote
processing devices that are linked (either by hardwired links,
wireless links, or by a combination thereof) through a com-
munications network. In a distributed computing environ-
ment, program modules may be located in both local and
remote memory storage devices.

Although the above description may contain specific
details, they should not be construed as limiting the claims in
any way. Other configurations of the described embodiments
of the invention are part of the scope of this invention. For
example, those of skill in the art will recognize other param-
eters that may be used when doing some of the analysis
discussed above. All such parameters and combinations of
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parameters are considered within the scope of this invention.
The invention may also be broader in the sense that not every
step may be required and generalizations of a single or mul-
tiple steps may be made. Accordingly, the claims and their
legal equivalents should only define the invention, rather than
any specific examples given.

I claim:

1. A method of establishing a schedule for processing a job
in a compute environment, the method comprising:

converting a topology of a compute environment to a plu-

rality of endpoint-to-endpoint paths, wherein the com-
pute environment comprises compute resources that are
reserved by a workload manager;

based on the plurality of endpoint-to-endpoint paths, map-

ping each replica resource of the compute resources to

one or more endpoints where each respective resource is
available;

iteratively identifying schedule costs associated with the

one or more endpoints; and

committing a selected schedule cost from the identified

schedule costs for processing a job using reserved com-

pute resources based on the committed selected sched-
ule cost in the compute environment.

2. The method of claim 1, wherein the plurality of compute
resources contains different resources, each having at least
one endpoint associated with the respective resource.

3. The method of claim 1, wherein mapped replica
resources may be identical or wherein mapped replica
resources may be determined to be sufficiently similar by a
similarity analysis based on a static or dynamic threshold.

4. The method of claim 1, wherein each resource of the
plurality of resources is one of data, a file, a portion of a file,
bandwidth, CPU time, a software environment, a processor
instruction set, storage space, contiguous storage space, a
license, or a database.

5.The method of claim 1, further comprising after mapping
each compute resource and before iteratively identifying the
schedule cost:

sorting the mapping of replica resources.

6. The method of claim 1, wherein iteratively identifying
schedule costs further comprises:

generating a plurality of replica groupings by organizing

resources into groups with identical endpoint locations;

sorting the plurality of replica groupings by availability;

for each of the plurality of replica groupings, generating a

task availability range list for source-to-destination

path;

for each of the plurality of replica groupings, prioritizing a

pool of all ranges coming from all endpoints based on

one or more of earliest availability, contention metrics,
or cost metrics;

for each of the plurality of replica groupings and for each

range in the availability range list:

(a) assigning resources in a current replica grouping
thereby consuming available task slots;

(b) identifying the schedule cost;

(c) reducing task availability from all endpoint-to-end-
point and component level ranges which overlap in
space and time; and

(d) continuing to a next endpoint if schedule cost is
greater than or equal to the schedule cost of a current
best schedule; and

replacing the best schedule with the identified endpoint,

schedule cost, and schedule solution as the best schedule

if the schedule cost is less than the schedule cost of the
current best schedule.
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7. The method of claim 6, wherein the plurality of replica
groupings is sorted by constraint level from most constrained
to least constrained.

8. The method of claim 6, wherein the pool of all ranges
coming from all endpoints is prioritized based on one or more
of earliest availability, contention metrics, cost metrics, or
other parameters.

9. The method of claim 6, the method further comprising:

recording all schedule costs;

soliciting input from a user to select one of the recorded
schedule costs; and

replacing the best schedule with the selected schedule.

10. The method of claim 6, wherein certain endpoints are
favored or avoided based on one or more instructions.

11. A system for establishing a schedule for processing a
job in a compute environment, the system comprising:

a module configured to convert a topology of a compute
environment to a plurality of endpoint-to-endpoint
paths, wherein the compute environment comprises
compute resources that are reserved by a workload man-
ager;

a module configured to map each replica resource of the
compute resources to one or more endpoints where each
respective resource is available based on the plurality of
endpoint-to-endpoint paths;

a module configured to iteratively identify schedule costs
associated with the one or more endpoints; and

a module configured to commit a selected schedule cost
from the identified schedule costs for processing a job
using reserved compute resources based on the commit-
ted selected schedule cost in the compute environment.

12. The system of claim 11, wherein the plurality of com-
pute resources contains different resources, each having at
least one endpoint associated with the respective resource.

13. The system of claim 11, wherein mapped replica
resources may be identical or wherein mapped replica
resources may be determined to be sufficiently similar by a
similarity analysis based on a static or dynamic threshold.

14. The system of claim 11, wherein each resource of the
plurality of resources is one of data, file, a portion of a file,
bandwidth, CPU time, a software environment, a processor
instruction set, storage space, contiguous storage space, a
license, or a database.

15. The system of claim 11, the system further comprising
after mapping each compute resource and before iteratively
identifying the schedule cost:

a module configured to sort the mapping of replica

resources.

16. The system of claim 11, wherein the module configured
to iteratively identify schedule costs further comprises:

a module configured to generate a plurality of replica
groupings by organizing resources into groups with
identical endpoint locations;

a module configured to sort the plurality of replica group-
ings by availability;

a module configured to generate a task availability range
list for source-to-destination path for each of the plural-
ity of replica groupings;

a module configured to prioritize a pool of all ranges com-
ing from all endpoints based on one or more of earliest
availability, contention metrics, or cost metrics for each
of' the plurality of replica groupings;

a module configured to perform the following steps for
each of the plurality of replica groupings and for each
range in the availability range list:

(a) assign resources in the current replica grouping
thereby consuming available task slots;
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(b) identify the schedule cost;

(c) reduce task availability from all endpoint-to-end-
point and component level ranges which overlap in
space and time; and

(d) continue to a next endpoint if schedule cost is greater
than or equal to the schedule cost of a current best
schedule; and

a module configured to replace the best schedule with the

identified endpoint, schedule cost, and schedule solution

if the schedule cost is less than the schedule cost of the
current best schedule.

17.The system of claim 16, wherein the module configured
to sort the plurality of replica groupings is configured to sort
by constraint level from most constrained to least con-
strained.

18. The system of claim 16, wherein the pool of all ranges
coming from all endpoints is prioritized based on one or more
of earliest availability, contention metrics, cost metrics, or
other parameters.

19. A computer readable medium storing a computer pro-
gram having instructions for establishing a schedule for pro-
cessing a job in a compute environment, the instructions
comprising:

converting a topology of a compute environment to a plu-

rality of endpoint-to-endpoint paths, wherein the com-

pute environment comprises compute resources that are
reserved by a workload manager;

based on the plurality of endpoint-to-endpoint paths, map-

ping each replica resource of the compute resources to

one or more endpoints where each respective resource is
available;

iteratively identifying schedule costs associated with the

one or more endpoints; and

committing a selected schedule cost from the identified

schedule costs for processing a job using reserved com-

pute resources based on the committed selected sched-
ule cost in the compute environment.

20. The computer readable medium of claim 19, wherein
the plurality of compute resources contains different
resources, each having at least one endpoint associated with
the respective resource.

21. The computer readable medium of claim 19, wherein
mapped replica resources may be identical or wherein
mapped replica resources may be determined to be suffi-
ciently similar by a similarity analysis based on a static or
dynamic threshold.

22. The computer readable medium of claim 19, wherein
each resource of the plurality of resources is one of data, a file,
a portion of a file, bandwidth, CPU time, a software environ-
ment, a processor instruction set, storage space, contiguous
storage space, a license, or a database.

23. The computer readable medium of claim 19, the
instructions further comprising after mapping each compute
resource and before iteratively identifying the schedule cost:

sorting the mapping of replica resources.

24. The computer readable medium of claim 19, wherein
iteratively identifying schedule costs further comprises:

generating a plurality of replica groupings by organizing

resources into groups with identical endpoint locations;
sorting the plurality of replica groupings by availability;

for each of the plurality of replica groupings, generating a

task availability range list for source-to-destination

path;

for each of the plurality of replica groupings, prioritizing a

pool of all ranges coming from all endpoints based on

one or more of earliest availability, contention metrics,
or cost metrics;
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for each of the plurality of replica groupings and for each load by establishing a schedule for processing submitted jobs
range in the availability range list: according to a method comprising:
(a) assigning resources in a current replica grouping converting a topolog}{ of the distﬁbpted compute environ-
thereby consuming available task slots; ment to a plurality of f:ndpomt-t.o-endpomt paths,
. s 5 wherein the compute environment is controlled by a
(b) identifying the schedule cost; workload manager that reserves compute resources in
(c) reducing task availability from all endpoint-to-end- the compute environment;
point and component level ranges which overlap in based on the plurality of endpoint-to-endpoint paths, map-
space and time; and ping each replica resource of a plurality of compute
(d) continuing to a next endpoint if schedule cost is 10 resources to one or more endpoints where each respec-
greater than or equal to the schedule cost of a current tive resource is available;
best schedule; and iteratively identifying schedule costs associated with a
replacing the best schedule with the identified endpoint, relgtlonshlp between endpoints and compute resources;
an

schedule cost, and schedule solution as the best schedule o . .
if the schedule cost is less than the schedule cost of the 15~ committing a selected schedule cost from the identified

current best schedule. schedule costs for processing a job in the distributed

25. A distributed compute environment that consumes compute environment.

jobs, the distributed compute environment managing work- ¥ % % % %



