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(57) ABSTRACT 
A method for estimating job start times on a system may 
include: performing a first simulation of the system by a first 
process to generate a first estimate of the start time based a 
first Snapshot of the computing system; and performing a 
second simulation of the system to generate a second 
estimate of the start time. The first and second estimates may 
each be either a distinct time estimate or a range of time 
estimate, depending on whether the simulations dispatches 
the job before the respective first and second processes end. 
The method may then include generating a fifth estimate of 
the time that the computing job will start by a third process 
based on estimates respectively generated by the first and 
second processes. 
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ESTMLATING OB START TIMES ON 
WORKLOAD MANAGEMENT SYSTEMS 

BACKGROUND 

0001. The present disclosure relates to computer soft 
ware, and more specifically, to an architecture for estimating 
computing job start times on cluster computing systems. 
0002 Workload management systems are a class of clus 

ter computing systems where multiple users share the 
resources of a computing cluster. Workload management 
systems may include a cluster manager that receives jobs 
submitted by users and decides when and where to allocate 
resources to execute each job. The received jobs may 
include a set of resource requirements (e.g., processors, 
memory, and Software licenses) for executing each job. The 
received jobs may additionally include directives to the 
cluster manager regarding which cluster nodes may execute 
the job (e.g., nodes running a particular operating system 
version). The cluster manager may dispatch jobs to cluster 
computing nodes according to a plan that limits competition 
between jobs for resources. When the number of received 
jobs exceeds the available cluster resources, the cluster 
manager may schedule jobs that cannot be immediately 
dispatched for execution at a later time. 

SUMMARY 

0003) According to embodiments of the present disclo 
Sure, a method for estimating a time that a job will start 
executing on a system having a cluster of computers may 
include performing a first simulation of the system by a first 
process to generate either a first or a second estimate of the 
time that the computing job will start by the first process 
based on a first snapshot of the system, wherein the first 
estimate specifies a distinct time and the second estimate 
specifies a range of times, where the first process generates 
the first estimate when the first simulation dispatches the 
computing job before the first simulation ends, and the 
second estimate when the first simulation fails to dispatch 
the computing job before the first process ends. The method 
may additionally include performing a second simulation of 
the system by a second process to generate either a third or 
a fourth estimate of the time that the computing job will start 
by the second process based on a second Snapshot of the 
system, wherein the third estimate specifies a distinct time 
and the fourth estimate specifies a range of times. The 
second process may generate the third estimate when the 
second simulation dispatches the computing job the second 
process ends, and the fourth estimate when second simula 
tion fails to dispatch the computing job before the second 
process ends, wherein first and second processes operate in 
parallel. The method may then include generating a fifth 
estimate of the time that the computing job will start by a 
third process based on estimates respectively generated by 
the first and second processes. 
0004. Other embodiments are directed towards systems 
and computer program products for estimating a time that a 
job will start executing on a system having a cluster of 
computers. 

0005. The above summary is not intended to describe 
each illustrated embodiment or every implementation of the 
present disclosure. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0006. The drawings included in the present application 
are incorporated into, and form part of the specification. 
They illustrate embodiments of the present disclosure and, 
along with the description, serve to explain the principles of 
the disclosure. The drawings are only illustrative of certain 
embodiments and do not limit the disclosure. 
0007 FIG. 1 depicts a flowchart of computer imple 
mented operations for estimating computing job start times 
on a cluster computing system, according to various 
embodiments. 
0008 FIG. 2 depicts a table for prioritizing computing 
job start time estimates generated by two estimator pro 
cesses, according to various embodiments. 
0009 FIG. 3 depicts a block diagram of components of a 
cluster manager for estimating computing job start times on 
a cluster computing system, according to various embodi 
mentS. 

0010 FIG. 4 depicts a diagram of a cluster computing 
system for estimating computing job start times, according 
to various embodiments. 
0011 FIG. 5 depicts a block diagram of a computer 
system for implementing operations for estimating comput 
ing job start times on a cluster computing system, according 
to various embodiments. 
0012. While the invention is amenable to various modi 
fications and alternative forms, specifics thereof have been 
shown by way of example in the drawings and will be 
described in detail. It should be understood, however, that 
the intention is not to limit the invention to the particular 
embodiments described. On the contrary, the intention is to 
cover all modifications, equivalents, and alternatives falling 
within the spirit and scope of the invention. 

DETAILED DESCRIPTION 

0013 Aspects of the present disclosure relate to computer 
Software; more particular aspects relate to an architecture for 
estimating computing job start times on cluster computing 
systems. While the present disclosure is not necessarily 
limited to Such applications, various aspects of the disclo 
Sure may be appreciated through a discussion of various 
examples using this context. 
0014. One task of workload management systems 
includes providing job start time estimates for received jobs 
that cannot be immediately dispatched to the computing 
cluster for execution. Estimating a job start time may include 
determining the runtime of jobs currently executing and/or 
scheduled to execute on the workload management system. 
Estimating a job start time may further include predicting 
the scheduling behavior of the workload management sys 
tem (e.g., in order to determine when jobs having a given 
runtime will execute). The scheduling behavior of workload 
management systems may be influenced by user resource 
limits, job preemption, resource reservation, and equitable 
distribution requirements. 
00.15 Embodiments of the present disclosure are based 
on the recognition that generating job start time estimates 
may be facilitated by simulating the execution of jobs on a 
workload management system. Simulation may address 
issues of determining job runtimes (e.g., by using historical 
data) and predicting scheduling behavior of the workload 
manager (e.g., using statistical data). Simulation of work 
load management systems, however, can take a considerable 
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amount of time to run. A simulation, for example, that takes 
an hour to run to completion may not be able to generate 
start time estimates for jobs that dispatch while the simulator 
is executing. 
0016 Embodiments of the present disclosure are directed 
towards an architecture, including a method and a system, 
for generating start time estimates for jobs scheduled to 
execute on a workload management system. The architec 
ture includes performing a set of simulations of a workload 
management system. A simulation may be based on a 
Snapshot of the workload management system (e.g., a data 
centric representation of the workload management system) 
taking at a given point in time (e.g., immediately before the 
simulation is executed), and may execute in a computing 
process of a computing System (e.g., a cluster management 
system) for a given length of time. Each simulation within 
the set of simulations may be based on a different snapshot 
of the system, and may execute within separate computing 
processes for different lengths of time. Each computing 
process may provide computing job start time estimates for 
each job included in the simulations. The job start time 
estimates for a given job are then prioritized, according to a 
set of prioritization rules, and merged into a final job start 
time estimate. In some embodiments, a start time estimate 
for a given job having the highest priority may then be 
selected as the final job start time estimate. The simulations 
may be repeated throughout a job Scheduling process to 
provide updated computing job start time estimates. 
0017. As used herein, a computing process (hereinafter, 
process) may include an instance or thread of a computing 
Software application, Script, driver, or other computer 
executable code executing on a processor of a computing 
device. 

0018. A simulation may be an executable abstraction of a 
computing system (e.g., a workload management system). 
The simulation may include algorithmic or mathematical 
models of components of the computing system imple 
mented in computer executable code. The simulations 
described herein may include time compression simulations 
and event based simulations. Time compression simulations 
include simulations where the simulations internal clock 
rate is increased or sped-up to enable component models to 
execute or emulate functions of a computing system at a 
faster rate than the actual system components (e.g., the 
simulations internal clock runs faster than the system 
clock). Event based simulations may include simulations 
where component models emulate system components from 
an event or state based level of abstraction. 

0019. Both time compression and event based simula 
tions may be executed in one or more processes of a 
computing system to simulate operations of a computing 
system on a shorter time scale than the system can perform 
the operations. A process executing a simulation of a work 
load management system, for example, may have a five 
minute execution time (e.g., the real runtime of the process). 
Within the five minute execution time of the process, 
30-minutes of simulation time (e.g., the amount of time 
simulated by the simulation) may have elapsed. 
0020 Referring now to the figures, FIG. 1 depicts a 
flowchart 100 of computer implemented operations for 
estimating job start times on a workload management sys 
tem, according to various embodiments. Operations of the 
flowchart 100 may be performed by a software and/or 
firmware application (hereinafter, workload manager) 
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executing on a processor of a node of the workload man 
agement system, Such as a cluster manager. In some embodi 
ments, a cluster manager may be a computing system Such 
as the computing system 500 (FIG. 5). The workload man 
ager may execute on a cluster manager, and may include 
component applications and Scripts for scheduling and dis 
patching computing jobs for execution on the workload 
management system, as described herein. 
0021. The workload manager may begin the operations of 
the flowchart 100 by executing operation 105, performing a 
simulation (e.g., a first simulation) of the workload man 
agement system. The simulation may be based on a Snapshot 
of the workload management system, including, for 
example, a catalog of the system's resources, configuration, 
and pending workload (e.g., jobs that have not executed, or 
have not finished executing). In some embodiments, the 
simulation is executed in an estimator process (e.g., a first 
process) having a determined runtime (e.g., 5 minutes). In 
certain embodiments, the estimator process runtime may 
correspond with a longer simulation time (e.g., 30 minutes), 
as described herein. 

0022. The workload manager may continue the opera 
tions of the flowchart 100 by executing operation 110. 
determining whether a computing job was dispatched by a 
simulation before an estimator process executing the simu 
lation ended. In some embodiments, the estimator process 
may determine whether a computing job was dispatched 
during a simulation. The estimator process may additionally 
provide the workload manager with a list of all computing 
jobs dispatched during the simulation. For a particular 
computing job included in a simulation, the flowchart 100 
may be continued at operation 115 when the computing job 
is not dispatched during the simulation, while the flowchart 
100 may be continued at operation 120 when the computing 
job is dispatched during the simulation. 
0023 Operation 115 may be executed by providing a 
range of time estimate (e.g., a first range of times estimate) 
for the start time of a computing job that was not dispatched 
by the simulator before the estimator process/simulation 
ended. In some embodiments, the range of time estimate 
may indicate that the start time of a computing job is 
expected to be later than a given time (e.g., the computing 
job is expected to start later than 5:00 PM). In other 
embodiments, the range of time estimate may indicate that 
a job is not expected to start within a certain span of time. 
For example, when a computing job is not dispatched by a 
simulator having a 30 minute simulation time, the comput 
ing jobs range of time estimate may indicate that the 
computing job is not expected to be dispatched by the 
workload management system within the next 30 minutes. 
0024 Operation 120 may be executed by providing a 
distinct time estimate (e.g., a first distinct time estimate) for 
the start time of a computing job that was dispatched by a 
simulator before the estimator process or simulation ended. 
In some embodiments, the distinct time estimate may indi 
cate that a computing job is expected to start at a given time 
of day (e.g., a job is expected to start at 5:00 PM). In other 
embodiments, a distinct time estimate may indicated that a 
computing job is expected to start within a distinct span of 
time. For example, when a computing job is dispatched by 
a simulator having a 30 minute simulation time, the distinct 
start time estimate for the computing job may indicate that 
the computing job is expected to be dispatched by the 
workload management system within the next 30 minutes. 
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0025. The workload manager may continue the opera 
tions of the flowchart 100 by executing operation 125. 
Executing operation 125 may include performing a simula 
tion (e.g., a second simulation) of the workload management 
system, as described in the discussion of operation 105. In 
Some embodiments, the second simulation of the workload 
management system is based on a second Snapshot of the 
workload management system. The second Snapshot may 
capture Substantially the same characteristics of the work 
load management system as captured by the first Snapshot; 
the second Snapshot, however, may be taken at a different 
time (e.g., a later time) than the first Snapshot. In some 
embodiments, the second simulation may additionally be 
executed in an estimation process (e.g., a second estimation 
process) having a different runtime than the first estimation 
process (e.g., a longer runtime of 10 minutes). The second 
simulation, consequently, may have a different simulation 
time than the first simulation. 

0026. The workload manager may further continue the 
operations of the flowchart 100 by executing operation 130, 
determining whether a computing job was dispatched by the 
simulator before the estimator process or simulation 
executed in operation 125 ended. Operation 130 may be 
executed according to Substantially the same steps described 
for the execution of operation 110. For a given computing 
job included in the second simulation, the flowchart 100 may 
be continued at operation 135 when the computing job is not 
dispatched during the second simulation, while the flowchart 
100 may be continued at operation 140 when the computing 
job is dispatched during the second simulation. 
0027 Operation 135 may be executed by providing a 
range of time estimate (e.g., a second range of times 
estimate) for the start time of a computing job that was not 
dispatched by the second simulation before the estimator 
process/simulation ended, as described in the discussion of 
operation 115. Operation 140 may be further executed by 
providing a distinct time estimate (e.g., a second distinct 
time estimate) for the start time of a computing job that was 
dispatched by the second simulation before the estimator 
process or simulator ended, as described in the discussion of 
operation 120. 
0028 Operations 120-140 may be repeated a number of 
times, thereby executing a number of simulations based on 
a number of Snapshots of the workload management system, 
and generating or providing a number of computing job start 
time estimates. Each computing job start time estimate may 
have varying degrees of reliability or accuracy depending on 
the estimation process or simulation generating the start time 
estimate. Estimation processes or simulations based on more 
recent Snapshots, for example, may provide more reliable or 
accurate start time estimates. These estimates may be more 
accurate because simulations based on more recent Snap 
shots may provide a truer representation of a system than 
simulations based on old Snapshots. Further, estimation 
processes or simulations that execute for longer times may 
generate a greater quantity of distinct time estimates for 
scheduled computing jobs than estimation processes or 
simulations that execute for shorter time periods. 
0029. The operations of flowchart 100 may be continued 
by executing operation 145, estimating the final job start 
time (e.g., a fifth estimate) of a scheduled computing job 
based on provided start time estimates. The workload man 
ager may maintain, for each scheduled job, a record of each 
estimate an estimator process generates for the job. Execu 
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tion of operation 145 may include generating, for each 
computing job, a listing or vector of all start time estimates 
for the computing job (e.g., estimates provided by each 
simulation including the computing job) in a prioritized 
order. The start time estimates may be prioritized according 
to a set of prioritization rules. The set of prioritization rules 
may assign a priority to a start time estimate based on the 
reliability of the estimate; more reliable estimates may be 
assigned a higher priority. For a given computing job, the 
workload manager may select the start time estimate having 
a highest priority as the final job start time estimate for the 
computing job. 
0030 FIG. 2 depicts a table 200 for prioritizing job start 
time estimates generated by two estimator processes, 
according to various embodiments. According to FIG. 2, 
estimator process A and estimator process B execute simu 
lations based, respectively, on first and second Snapshots of 
a workload management system. The first Snapshot (e.g., the 
Snapshot for estimator process A) is taken later in time (e.g., 
the first Snapshot is more recent) than the second Snapshot 
(e.g., the snapshot for estimator process B). Table 200 
provides a tabular example of an application of a set of 
prioritizing rules to job start time estimates for a computing 
job, generated based on the first and second Snapshots. 
0031. In some embodiments, a workload manager may 
determine, based on a first prioritization rule of a set of 
prioritizing rules, that when an estimator process generates 
a new start time estimate for a computing job, that new state 
time estimate replaces all previous start time estimates 
generated by the same estimator process for the computing 
job. Two estimator processes may be considered the same if 
they execute the same simulations (e.g., simulations are 
based on the same system component models, but, perhaps, 
based on different Snapshots) and have the same run times. 
As an example, an estimator process having a runtime of 5 
minutes and a simulation time of 30 minutes may generate 
a range of time estimate for a computing job indicating that 
the computing job is expected to start after 5:00 PM. The 
same estimator process my run a second simulation (e.g., 20 
minutes later) and generate a distinct time estimate indicat 
ing that the computing job is expected to start at 5:15 PM. 
In this situation, the more recent distinct time estimate may 
replace the earlier range of time estimate. 
0032. In some embodiments, a workload manager may 
determine, based on a second prioritization rule of the set of 
prioritization rules, that distinct time estimates have higher 
priority than range of time estimates. One effect of the 
second prioritizing rule is illustrated in column C1 row R2 
of the table 200, where the workload manager may prioritize 
a distinct time estimate provided by estimator process A over 
a range of time estimate provided by estimator process B. 
The effect of the second prioritizing rule is also illustrated in 
column C2 row R1 of the table 200, where a workload 
manager may prioritize a point estimate provided by the 
estimator process B over a range of time estimate provided 
by the estimator process A. The scenario of column C2 row 
R1 additionally illustrates an exception to the second pri 
oritizing rule. The exception indicates that a workload 
manager may prioritize a range of time estimate over a point 
estimate when there is a conflict between the two estimates, 
and when the Snapshot used in generating the range estimate 
is more recent than a Snapshot used in generating the point 
estate. A conflict may occur when an estimator process A 
provides a range of time estimate for the job start time that 
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is later in time than the a distinct time estimate provided by 
estimator process B. In this conflict situation, the workload 
manager may prioritize the range of time estimate over the 
distinct time estimate. 

0033. In some embodiments, a workload manager may 
determine, based on a third prioritization rule of the set of 
prioritizing rules, that start time estimates generated by 
estimation processes based on more recent Snapshots of a 
computing system have priority over estimator processes 
based on less recent snapshots of a system. One effect of the 
third prioritizing rule is illustrated in column C1 row R1 of 
the table 200; there, a workload manager may prioritize a 
point estimate provided by estimator process A over a point 
estimate provided by the estimator process B because the 
estimator process A used a more recent Snapshot to generate 
the point estimate than estimator process B. 
0034. In some embodiments, a workload manager may 
prioritize, based on a fourth prioritization rule of the set of 
prioritization rules, a range estimate providing a later start 
time over a range estimate providing an earlier start time 
when selecting between range estimates. This rules is illus 
trated in column C2, row R2 of the table 200. 
0035 FIG.3 depicts a block diagram of components of a 
cluster manager 300 for estimating computing job start times 
on a cluster computing system, according to various 
embodiments. The cluster manager 300 may be a managing 
node of a workload management system, as described 
herein. The cluster manager 300 may include scheduler 305, 
system resources component 320, system processes compo 
nent 325, and estimator components 330A and 330B. The 
components of the cluster manager application may be 
Software applications, scripts, threads, or processes execut 
ing on a process of a computing system, Such as a workload 
management system. The cluster manager 300 may include 
a workload manager application for orchestrating the inter 
actions of the cluster manager components, described 
herein. Further, the components of the cluster manager 300, 
including the workload manager, may exchange data and/or 
other information, and the exchange may be by methods 
including access to shared memory locations of the work 
load management system, inter-process communication 
mechanisms (e.g., software sockets), or intra-process com 
munication mechanisms (e.g., functions calls, and message 
passing structures). 
0036. The scheduler component 305 may be an applica 
tion having computer executable code for scheduling and/or 
dispatching jobs for execution on a workload management 
system. The scheduler component 305 may include job 
queue 310 and system profiles 315. The job queue 310 may 
include computing jobs scheduled to execute on the work 
load management system. The job queue 310 may also 
include execution information about each scheduled com 
puting job, which may include information Such as job 
runtime and resource requirements. The system profiles 315 
may include a database containing information about indi 
vidual computing or execution nodes associated with the 
workload management system. The information may 
include a node's location, Supported operating systems, 
available software applications, and included system hard 
ware resources. The scheduler component 305 may schedule 
computing jobs in the job queue 310 to execute on a given 
computing node based on information in the system profiles 
315. In some embodiments, scheduler component 305 may 
also include historical data about computing jobs that have 
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previously executed on the workload management system. 
The historical data may include execution times of comput 
ing jobs, and a list of system resources used by the com 
puting jobs. 
0037) System resources component 320 may include 
information about currently available resources of nodes 
associated with the workload management system. The 
information may be collected by a software application 
executing on the node and may be stored in a data repository. 
0038 System processes component 325 may include a 
database or table of computing jobs and other processes 
currently executing on the workload management system. 
The information may be collected by a software application 
executing on the node and may be stored in a data repository. 
0039 Estimator components 330A and 330B may 
include, respectively, system snapshots 335A and 335B. 
simulators 340A and 340B, simulation times 345A and 
345B, and execution times 350A and 350B. Simulators 
340A and 340B may be based, respectively, on system 
snapshots 335A and 335B, and have simulation times 345A 
and 345B. In some embodiments, the simulation times 345A 
and 345B may correspond, respectively, with execution 
times 350A and 350B of estimator processes 330A and 
330B. In certain embodiments, simulation time 345A may 
be different from simulation time 345B, as described herein. 
Additionally, in some embodiments, system snapshot 335A 
may be captured at a different time than system Snapshot 
335B. 

0040. The estimator processes 330A and 330B may be 
configured to receive a set of Scheduled jobs and associated 
execution information from scheduler 305. The estimator 
components 330A and 330B may generate system snapshots 
335A and 335B from system resource usage, executing 
process, and/or system profile information provided by the 
workload manager 300. The estimator components 330A 
and 330B may execute, respectively, simulators 340A and 
340B to generate job start time estimates for the received list 
of scheduled jobs. The estimator components 330A and 
330B may provide the start time estimates for each job to the 
scheduler 305. The scheduler 305 may prioritize the list of 
start time estimates, as described herein. 
0041 FIG. 4 depicts a diagram of a cluster computing 
environment 400 having a system 410 for estimating job 
start times on a cluster computing system, according to 
various embodiments. The cluster computing environment 
may be a workload management system for executing 
customer computing jobs, as described herein. The cluster 
computing environment may include computing jobs 405. 
cluster manager 410, data communications network 415, and 
execution nodes 420. Computing jobs 405 may include 
computer executable tasks provided by customers for execu 
tion on a workload management system. The cluster man 
ager 410 may be a workload manager having software 
applications executing one or more computing/execution 
nodes. The workload manager may include Substantially the 
same components as the workload manager 300 (FIG. 3). 
The cluster manager 410 may be coupled to execution nodes 
420 through the data communications network 415. In some 
embodiments, the cluster manager 410 may receive com 
puting jobs 405 from an input terminal, a storage medium 
(e.g., a hard disk drive, Solid State drive, or optical disc 
drive), and/or data communications network. The cluster 
manager 410 may schedule and dispatch the received com 
puting jobs for execution on execution nodes 420 via data 
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communication network 415. The cluster manager my pro 
vide job start time estimates to customers and/or system 
administrators, as described herein. 
0042 FIG. 5 depicts a block diagram of a computer 
system for implementing operations to estimate computing 
job start times on a cluster computing system, according to 
various embodiments. 

0043. The components of the computing device 500 may 
include one or more processors 506, a memory 512, a 
terminal interface 518, a storage interface 520, an Input/ 
Output (“I/O”) device interface 522, and a network interface 
524, all of which are communicatively coupled, directly or 
indirectly, for inter-component communication via a 
memory bus 510, an I/O bus 516, bus interface unit (“IF) 
508, and an I/O bus interface unit 514. 
0044) The computing device 500 may include one or 
more general-purpose programmable central processing 
units (CPUs) 506A and 506B, herein generically referred to 
as the processor 506. In certain embodiments, a processor 
may be any electronic device for executing a sequence of 
programmed instructions. In an embodiment, the computing 
device 500 may contain multiple processors; however, in 
another embodiment, the computing device 500 may alter 
natively be a single CPU device. Each processor 506 
executes instructions stored in the memory 512. 
0045. The computing device 500 may include a bus 
interface unit 508 to handle communications among the 
processor 506, the memory 512, the display system 504, and 
the I/O bus interface unit 514. The I/O bus interface unit 514 
may be coupled with the I/O bus 516 for transferring data to 
and from the various I/O units. The I/O bus interface unit 
514 may communicate with multiple I/O interface units 518. 
520, 522, and 524, which are also known as I/O processors 
(IOPs) or I/O adapters (IOAs), through the I/O bus 516. The 
display system 504 may include a display controller, a 
display memory, or both. The display controller may provide 
video, audio, or both types of data to a display device 502. 
The display memory may be a dedicated memory for 
buffering video data. The display system 504 may be 
coupled with a display device 502, such as a standalone 
display screen, computer monitor, television, a tablet or 
handheld device display, or another other displayable 
device. In an embodiment, the display device 502 may 
include one or more speakers for rendering audio. Alterna 
tively, one or more speakers for rendering audio may be 
coupled with an I/O interface unit. In alternate embodi 
ments, one or more functions provided by the display system 
504 may be on board an integrated circuit that also includes 
the processor 506. In addition, one or more of the functions 
provided by the bus interface unit 508 may be on board an 
integrated circuit that also includes the processor 506. 
0046. The I/O interface units support communication 
with a variety of storage and I/O devices. For example, the 
terminal interface unit 518 may support the attachment of 
one or more user I/O devices, which may include user output 
devices (such as a video display devices, speaker, and/or 
television set) and user input devices (such as a keyboard, 
mouse, keypad, touchpad, trackball, buttons, light pen, or 
other pointing devices). A user may manipulate the user 
input devices using a user interface, in order to provide input 
data and commands to the user I/O device 526 and the 
computing device 500, or may receive output data via the 
user output devices. For example, a user interface may be 
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presented via the user I/O device 526, such as may be 
displayed on a display device, played via a speaker, or 
printed via a printer. 
0047. The storage interface 520 supports the attachment 
of one or more storage devices, which may include disk 
drives or direct access storage devices 528 (which are 
typically rotating magnetic disk drive storage devices, 
although they could alternatively be other storage devices, 
including arrays of disk drives configured to appear as a 
single large storage device to a host computer, or solid-state 
drives, such as a flash memory). In another embodiment, the 
storage device 528 may be implemented via any type of 
secondary storage device. The contents of the memory 512, 
or any portion thereof, may be stored to and retrieved from 
the storage device 528 as needed. The I/O device interface 
522 provides an interface to any of various other I/O devices 
or devices of other types, such as printers or fax machines. 
The network interface 524 provides one or more communi 
cation paths from the computing device 500 to other digital 
devices and computer systems. 
0048 Although the computing device 500 shown in FIG. 
5 illustrates a particular bus structure providing a direct 
communication path among the processors 506, the memory 
512, the bus interface 508, the display system 504, and the 
I/O bus interface unit 514, in alternative embodiments the 
computing device 500 may include different buses or com 
munication paths, which may be arranged in any of various 
forms, such as point-to-point links in hierarchical, star or 
web configurations, multiple hierarchical buses, parallel and 
redundant paths, or any other appropriate type of configu 
ration. Furthermore, while the I/O bus interface unit 514 and 
the I/O bus 508 are shown as single respective units, the 
computing device 500, may include multiple I/O bus inter 
face units 514 and/or multiple I/O buses 516. While multiple 
I/O interface units are shown, which separate the I/O bus 
516 from various communication paths running to the 
various I/O devices, in other embodiments, some or all of the 
I/O devices are connected directly to one or more system I/O 
buses. 

0049. In various embodiments, the computing device 500 
is a multi-user mainframe computer system, a single-user 
system, or a server computer or similar device that has little 
or no direct user interface, but receives requests from other 
computer systems (clients). In other embodiments, the com 
puting device 500 may be implemented as a desktop com 
puter, portable computer, laptop or notebook computer, 
tablet computer, pocket computer, telephone, Smart phone, 
or any other suitable type of electronic device. 
0050. In an embodiment, the memory 512 may include a 
random-access semiconductor memory, storage device, or 
storage medium (either volatile or non-volatile) for storing 
or encoding data and programs. In another embodiment, the 
memory 512 represents the entire virtual memory of the 
computing device 500, and may also include the virtual 
memory of other computer systems coupled to the comput 
ing device 500 or connected via a network 530. The memory 
512 may be a single monolithic entity, but in other embodi 
ments the memory 512 may include a hierarchy of caches 
and other memory devices. For example, memory may exist 
in multiple levels of caches, and these caches may be further 
divided by function, so that one cache holds instructions 
while another holds non-instruction data, which is used by 
the processor. Memory 512 may be further distributed and 
associated with different CPUs or sets of CPUs, as is known 
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in any various so-called non-uniform memory access 
(NUMA) computer architectures. 
0051. The memory 512 may store all or a portion of the 
components and data shown in FIGS. 1-4. In particular, the 
memory 512 may store the workload management applica 
tion 513, along with the modules, scripts and library com 
ponents used to implement the operations of the present 
disclosure. The workload management application 513 may 
include computer executable code for performing operations 
described in flowchart 100 of FIG. 1. The workload man 
agement application 513 may additionally include computer 
executable code for orchestrating and performing operations 
of the components described in the discussion of FIGS. 2 
and 4. The computer executable code may be executed by 
processor 506. Some or all of the components and data 
shown in FIGS. 1-4 may be on different computer systems 
and may be accessed remotely, e.g., via a network 530. The 
computing device 500 may use virtual addressing mecha 
nisms that allow the programs of the computing device 500 
to behave as if they only have access to a large, single 
storage entity instead of access to multiple, Smaller storage 
entities. Thus, while the components and data shown in 
FIGS. 1-4 are illustrated as being included within the 
memory 512, these components and data are not necessarily 
all completely contained in the same storage device at the 
same time. Although the components and data shown in 
FIGS. 1-4 are illustrated as being separate entities, in other 
embodiments some of them, portions of some of them, or all 
of them may be packaged together. 
0052. In an embodiment, the components and data shown 
in FIGS. 1-4 may include instructions or statements that 
execute on the processor 506 or instructions or statements 
that are interpreted by instructions or statements that execute 
the processor 506 to carry out the functions as further 
described below. In another embodiment, the components 
shown in FIGS. 1-4 may be implemented in hardware via 
semiconductor devices, chips, logical gates, circuits, circuit 
cards, and/or other physical hardware devices in lieu of, or 
in addition to, a processor-based system. In an embodiment, 
the components shown in FIGS. 1-4 may include data in 
addition to instructions or statements. 
0053 FIG. 5 is intended to depict representative compo 
nents of the computing device 500. Individual components, 
however, may have greater complexity than represented in 
FIG. 5. In FIG. 5, components other than or in addition to 
those shown may be present, and the number, type, and 
configuration of Such components may vary. Several par 
ticular examples of additional complexity or additional 
variations are disclosed herein; these are by way of example 
only and are not necessarily the only such variations. The 
various program components illustrated in FIG. 5 may be 
implemented, in various embodiments, in a number of 
different ways, including using various computer applica 
tions, routines, components, programs, objects, modules, 
data structures etc., which may be referred to herein as 
"software.” “computer programs,” or simply "programs.” 
0054 The present invention may be a system, a method, 
and/or a computer program product. The computer program 
product may include a computer readable storage medium 
(or media) having computer readable program instructions 
thereon for causing a processor to carry out aspects of the 
present invention. 
0055. The computer readable storage medium can be a 
tangible device that can retain and store instructions for use 
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by an instruction execution device. The computer readable 
storage medium may be, for example, but is not limited to, 
an electronic storage device, a magnetic storage device, an 
optical storage device, an electromagnetic storage device, a 
semiconductor storage device, or any suitable combination 
of the foregoing. A non-exhaustive list of more specific 
examples of the computer readable storage medium includes 
the following: a portable computer diskette, a hard disk, a 
random access memory (RAM), a read-only memory 
(ROM), an erasable programmable read-only memory 
(EPROM or Flash memory), a static random access memory 
(SRAM), a portable compact disc read-only memory (CD 
ROM), a digital versatile disk (DVD), a memory stick, a 
floppy disk, a mechanically encoded device such as punch 
cards or raised structures in a groove having instructions 
recorded thereon, and any suitable combination of the fore 
going. A computer readable storage medium, as used herein, 
is not to be construed as being transitory signals perse. Such 
as radio waves or other freely propagating electromagnetic 
waves, electromagnetic waves propagating through a wave 
guide or other transmission media (e.g., light pulses passing 
through a fiber-optic cable), or electrical signals transmitted 
through a wire. 
0056 Computer readable program instructions described 
herein can be downloaded to respective computing/process 
ing devices from a computer readable storage medium or to 
an external computer or external storage device via a net 
work, for example, the Internet, a local area network, a wide 
area network and/or a wireless network. The network may 
comprise copper transmission cables, optical transmission 
fibers, wireless transmission, routers, firewalls, Switches, 
gateway computers and/or edge servers. A network adapter 
card or network interface in each computing/processing 
device receives computer readable program instructions 
from the network and forwards the computer readable 
program instructions for storage in a computer readable 
storage medium within the respective computing/processing 
device. 

0057 Computer readable program instructions for carry 
ing out operations of the present invention may be assembler 
instructions, instruction-set-architecture (ISA) instructions, 
machine instructions, machine dependent instructions, 
microcode, firmware instructions, state-setting data, or 
either source code or object code written in any combination 
of one or more programming languages, including an object 
oriented programming language Such as Smalltalk, C++ or 
the like, and conventional procedural programming lan 
guages, such as the “C” programming language or similar 
programming languages. The computer readable program 
instructions may execute entirely on the users computer, 
partly on the user's computer, as a stand-alone software 
package, partly on the user's computer and partly on a 
remote computer or entirely on the remote computer or 
server. In the latter scenario, the remote computer may be 
connected to the user's computer through any type of 
network, including a local area network (LAN) or a wide 
area network (WAN), or the connection may be made to an 
external computer (for example, through the Internet using 
an Internet Service Provider). In some embodiments, elec 
tronic circuitry including, for example, programmable logic 
circuitry, field-programmable gate arrays (FPGA), or pro 
grammable logic arrays (PLA) may execute the computer 
readable program instructions by utilizing state information 
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of the computer readable program instructions to personalize 
the electronic circuitry, in order to perform aspects of the 
present invention. 
0058 Aspects of the present invention are described 
herein with reference to flowchart illustrations and/or block 
diagrams of methods, apparatus (systems), and computer 
program products according to embodiments of the inven 
tion. It will be understood that each block of the flowchart 
illustrations and/or block diagrams, and combinations of 
blocks in the flowchart illustrations and/or block diagrams, 
can be implemented by computer readable program instruc 
tions. 
0059. These computer readable program instructions may 
be provided to a processor of a general purpose computer, 
special purpose computer, or other programmable data pro 
cessing apparatus to produce a machine, Such that the 
instructions, which execute via the processor of the com 
puter or other programmable data processing apparatus, 
create means for implementing the functions/acts specified 
in the flowchart and/or block diagram block or blocks. These 
computer readable program instructions may also be stored 
in a computer readable storage medium that can direct a 
computer, a programmable data processing apparatus, and/ 
or other devices to function in a particular manner, Such that 
the computer readable storage medium having instructions 
stored therein comprises an article of manufacture including 
instructions which implement aspects of the function/act 
specified in the flowchart and/or block diagram block or 
blocks. 
0060. The computer readable program instructions may 
also be loaded onto a computer, other programmable data 
processing apparatus, or other device to cause a series of 
operational steps to be performed on the computer, other 
programmable apparatus or other device to produce a com 
puter implemented process, such that the instructions which 
execute on the computer, other programmable apparatus, or 
other device implement the functions/acts specified in the 
flowchart and/or block diagram block or blocks. 
0061 The flowchart and block diagrams in the figures 
illustrate the architecture, functionality, and operation of 
possible implementations of systems, methods, and com 
puter program products according to various embodiments 
of the present invention. In this regard, each block in the 
flowchart or block diagrams may represent a module, seg 
ment, or portion of instructions, which comprises one or 
more executable instructions for implementing the specified 
logical function(s). In some alternative implementations, the 
functions noted in the block may occur out of the order noted 
in the figures. For example, two blocks shown in Succession 
may, in fact, be executed Substantially concurrently, or the 
blocks may sometimes be executed in the reverse order, 
depending upon the functionality involved. It will also be 
noted that each block of the block diagrams and/or flowchart 
illustration, and combinations of blocks in the block dia 
grams and/or flowchart illustration, can be implemented by 
special purpose hardware-based systems that perform the 
specified functions or acts or carry out combinations of 
special purpose hardware and computer instructions. 
0062. The descriptions of the various embodiments of the 
present disclosure have been presented for purposes of 
illustration, but are not intended to be exhaustive or limited 
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to the embodiments disclosed. Many modifications and 
variations will be apparent to those of ordinary skill in the 
art without departing from the scope and spirit of the 
described embodiments. The terminology used herein was 
chosen to explain the principles of the embodiments, the 
practical application or technical improvement over tech 
nologies found in the marketplace, or to enable others of 
ordinary skill in the art to understand the embodiments 
disclosed herein. 
What is claimed is: 
1. A method for estimating a time that a computing job 

will start executing on a system having a cluster of com 
puters, comprising: 

performing a first simulation of the system by a first 
process, the first process executing for a first execution 
time to generate either a first or a second estimate of the 
time that the computing job will start based on a first 
Snapshot of the system, wherein the first estimate 
specifies a distinct time and the second estimate speci 
fies a range of times, the first process generating: 
the first estimate when the first simulation dispatches 

the computing job before the first simulation ends, 
and 

the second estimate when the first simulation fails to 
dispatch the computing job before the first simula 
tion ends; 

performing a second simulation of the system by a second 
process, the second process executing for a second 
execution time to generate either a third or a fourth 
estimate of the time that the computing job will start 
based on a second Snapshot of the system, wherein the 
third estimate specifies a distinct time and the fourth 
estimate specifies a range of times, the second process 
generating: 
the third estimate when the second simulation dis 

patches the computing job the second simulation 
ends, and 

the fourth estimate when second simulation fails to 
dispatch the computing job before the second simu 
lation ends, wherein first and second processes 
execute in parallel and the second execution time is 
longer than the first execution time; 

prioritizing the estimates generated by the first and second 
processes, wherein: 
distinct time estimates are prioritized higher than range 

of times estimates, 
estimates generated at first time are prioritized lower 

than estimates generated at a second time when the 
second time occurs Subsequent to the first time, and 

estimates generated from simulations based on Snap 
shots of the system obtained at a first time are 
prioritized lower than estimates generated by simu 
lations based on Snapshots of the system obtained at 
a second time when the second time occurs Subse 
quent to the first time; and 

generating a fifth estimate of the time that the computing 
job will start by a third process based on the priorities 
of the estimates respectively generated by the first and 
second processes. 
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