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NON-UNIFORM MEMORY ACCESS AWARE MONITORING

BACKGROUND

[0001] In computer systems, resource monitoring includes determining and
displaying statistics related to the use of hardware (e.g., central processing unit
(CPU), memory, disk, network, etc.) and software (e.g., machine readable
instructions) resources. A computer system may include a resource monitoring
application that is executed to generate statistics related to use of the hardware

and software resources.
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BRIEF DESCRIPTION OF DRAWINGS

[0002] Features of the present disclosure are illustrated by way of example and
not limited in the following figure(s), in which like numerals indicate like elements,
in which:

[0003] Figure 1 illustrates an architecture of a non-uniform memory access
(NUMA) aware monitoring apparatus, according to an example of the present

disclosure;

[0004] Figure 2 illustrates a method for NUMA-aware monitoring, according to

an example of the present disclosure;

[0005] Figure 3 illustrates further details of the method for NUMA-aware

monitoring, according to an example of the present disclosure;

[0006] Figure 4 illustrates further details of the method for NUMA-aware
monitoring, according to an example of the present disclosure; and

[0007] Figure 5 illustrates a computer system, according to an example of the

present disclosure.
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DETAILED DESCRIPTION

[0008] For simplicity and illustrative purposes, the present disclosure is
described by referring mainly to examples. In the following description, numerous
specific details are set forth in order to provide a thorough understanding of the
present disclosure. It will be readily apparent however, that the present disclosure
may be practiced without limitation to these specific details. In other instances,
some methods and structures have not been described in detail so as not to
unnecessarily obscure the present disclosure.

[0009] Throughout the present disclosure, the terms "a" and "an" are intended
to denote at least one of a particular element. As used herein, the term "includes"
means includes but not limited to, the term "including" means including but not

limited to. The term "based on" means based at least in part on.

[0010] With respect to relatively large datasets, data analytics includes the use
of clusters of relatively high-end servers to provide fast in-memory processing of
the datasets. The high-end servers may be characterized as including a relatively
large amount of memory and a relatively large number of cores. These aspects
related to high-end servers may expose non-uniform memory access (NUMA)
architectures in which the cores are divided by sockets, and then each socket
includes local memory banks. A core may include a logical execution unit
including, for example, an L1 cache, an L2 cache, etc., and functional units. A
processor socket (also referred to as a central processing unit (CPU) socket) may
represent a connector on a motherboard that houses a CPU, and may form the
electrical interface and contact with the CPU. A motherboard may include a
plurality of sockets. Depending on the architectural specifications, high-end
servers may include a different number of sockets, and each socket may include a

different number of cores.

[0011] A process related to execution of an application (i.e., including machine
readable instructions) may be bound to a specific socket, and then other memory

banks (e.g., on other sockets) may become remote memory for the process. A
3
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process may be described as a set of machine readable instructions related to an
application. Understanding the NUMA effect for machines, such as high-end
servers and other systems that encounter relatively large datasets can be
challenging because the performance of an application may be impacted by data
placement over memory banks across sockets. For example, if data is placed on
remote memory banks (as opposed to a local memory bank), the remote data
access may slow down data processing due to cache misses, which may impact
the overall runtime performance. In this regard, monitoring of memory access and
CPU utilization, and others such as traffic patterns on analytics workloads may be
helpful for identifying, for example, bottlenecks, optimizing processes, and

achieving overall higher system performance.

[0012] According to examples, a NUMA-aware monitoring apparatus and a
method for NUMA-aware monitoring are disclosed herein. The apparatus and
method disclosed herein may generally provide for NUMA-aware monitoring for
distributed machines, and user-specific applications. Statistics related to the
monitoring may be displayed via a statistics monitoring module as disclosed herein.
The apparatus and method disclosed herein may identify a target application, and
collect NUMA-aware resource utilization statistics related to execution of the target
application. The NUMA-aware resource utilization statistics may include, for
example, a core level, a NUMA node level, and/or an application level, where each
of the NUMA-aware resource utilization statistics may be related to CPU and/or
memory utilization for a plurality of machines that are being used by a particular
application. The core level may represent the CPU and/or memory utilization for
cores of a plurality of machines that are being used by the particular application.
The NUMA node level may represent CPU and/or memory utilization for NUMA
nodes of a plurality of machines that are being used by the particular application.
The application level may represent the CPU and/or memory utilization,
aggregated for the application across cores, NUMA nodes, and the set of machines
that involve the application. For example, the NUMA-aware resource utilization
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statistics may be used to determine core-level CPU utilization, NUMA node-level
CPU utilization, NUMA node-level memory utilization, and/or application NUMA
node-level memory utilization, that is NUMA node-level memory utilization across
the entire application, each presented as a single view across multiple machines.
The machines may include servers, and computer systems generally.

[0013] A NUMA node may include cores hosted on a socket and memory that is
bound locally to these cores. In this regard, local memory may include memory
that is on the same NUMA-node (that is, the socket) as the CPU currently
executing the thread to access this memory. Further, remote memory may include
any memory that does not belong to the NUMA node on which a thread is currently

executing.

[0014] With respect to core-level CPU utilization, CPU utilization may refer to a
computer's usage of processing resources, or the amount of work handled by a
CPU. Actual CPU utilization may vary depending on the amount and type of
managed computing tasks. Certain tasks may utilize a relatively greater amount of
CPU time, while other tasks may utilize a relatively lesser amount of CPU time
because of non-CPU resource needs, such as waiting for a disk based input/output
(10), communication 10, etc. In this regard, core-level CPU utilization may include
utilization of the CPU resources measured at each core by an operating system
monitoring tool such as collectl. For example, a computer system may include ten
sockets, and eight cores for each socket. The operating system monitoring tool
may be used to determine, for example, NUMA NodeO: core0 — utilization 15%,
NUMA NodeO: core8 — utilization 45%, etc.

[0015] NUMA node-level CPU utilization may include the total core utilization
aggregated by the cores that are hosted on the same NUMA node. For example,
for a computer system including ten sockets, and eight cores for each socket, on a
NUMA Node0, two cores, core0 and core8, may be currently active, and include
the utilization of NUMA Node0: core0 — utilization 15%, and NUMA NodeO: core8 —
utilization 45%. In this case, the NUMA node-level CPU utilization may include

5
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NUMA Node 0: 60% (which may be obtained by adding the utilizations of 15% and
45%). For a NUMA node, the NUMA node-level CPU utilization may be expressed
as an absolute value or an average value (e.g., for NUMA NodeO, the absolute
NUMA node-level CPU utilization may be represented as 60%, and the average
NUMA node-level CPU utilization may be represented as 60/8 = 7.5%).

[0016] NUMA node-level memory utilization may include memory used by all
applications that are executing on a NUMA node. For example, for a computer
system including ten sockets, and eight cores for each socket, Node0 may include
22GB of memory being consumed by all applications that are executing on the
NUMA NodeO.

[0017] Application NUMA node-level memory utilization may include memory
used for a user-specific application by a NUMA node. For example, for a computer
system including ten sockets, and eight cores for each socket, on NUMA NodeO,
an image search application may use 100GB of memory, and on NUMA Node1, the
same image search application may use 120GB of memory.

[0018] The apparatus and method disclosed herein may provide for user
application tags to identify which application is to be tracked, for example, based
on a user selection. The statistics monitoring module may provide for the tagging
of application instances, and thus processes related to the tagged application for
tracking. Based on the identified application, the NUMA node related to the
application may be identified for application-specific tracking. The apparatus and
method disclosed herein may also provide for user-specific application monitoring

supported by user tagging and discovery of processes related to an application.

[0019] The statistics monitoring module may be used to manage logical clusters
in @ common physical execution environment. For example, certain machines of a
cluster may be used to execute a first application and other machines of the cluster
may be used to execute a second application. While the machines in the cluster
may be physically connected, they are also logically divided with respect to the first

and second applications. Thus, in order to track a particular application, the
6
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particular machines that are used to execute the particular application may be
tracked.

[0020] The apparatus and method disclosed herein may provide a distributed
view of NUMA node information, such as process level information for user-specific
applications. For example, various processes related to an application may be
executed on different machines. Thus, a distributed view of the processes related
to the application may be provided with respect to different NUMA nodes.

[0021] The apparatus and method disclosed herein may provide for publishing
of statistics using, for example, time series charts and heat maps in real time. For
example, a heat map may represent CPU utilization, or memory utilization, at the
NUMA node level. The statistics monitoring module may provide a history
snapshot from past executions of an application (e.g., a tagged application), and
comparison of the statistics, for example, by time window and/or specific machines.
For example, the statistics monitoring module may provide for comparison of a past
execution of an application with a current execution of the application for analysis
of various configurations of machines that are used to execute the application. For
example, an application may operate differently on one machine versus another
machine. The statistics monitoring module may provide for the analysis of the
statistics by NUMA node, core, and/or application, and time window.

[0022] The statistics monitoring module may provide application snapshots
from history using heat maps to highlight workload bottlenecks and unbalance. For
example, a heat map may identify busy versus idle timeframes for application
utilization, and identify various cores that are busy versus idle during these

timeframes.

[0023] Figure 1 illustrates an architecture of a NUMA-aware monitoring
apparatus (hereinafter also referred to as “apparatus 100”), according to an
example of the present disclosure. Referring to Figure 1, the apparatus 100 is
depicted as including a statistics monitoring module 102 to generally provide for the

monitoring of statistics over a plurality of machines 7-n. The statistics monitoring
7
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module 102 may include an application tagging module 104 to identify, and tag, an
application 106 that is executed on the machines 7-n (where the machines7-n may
represent a set of machines on which the application 106 is executed from a
plurality of machines, or alternatively, a set of machines to execute the application
106 may be selected from the machines 7-n). The tag may be stored as part of an
execution history of the application 106 in a database 108 as the environments and
statistics history 110. A master evaluation module 112 may receive, from the set of
machines 7-n, NUMA-aware resource utilization statistics that include a core level,
a NUMA node level, and/or an application level, where each of the NUMA-aware
resource utilization statistics may be related to CPU and/or memory utilization for
the set of machines 7-n. With respect to NUMA node level, a NUMA node for a
machine of the set of machines 7-n may include cores hosted on a socket, and
memory that is bound locally to the cores hosted on the socket. The application
level may represent the CPU and/or memory utilization, aggregated for the
application across cores, NUMA nodes, and the machines 7-n that involve the
application. For each particular machine 7-n, a statistics collection module 114
may call an associated application discovery module 116 to provide for the tracking
of the application 106. The master evaluation module 112 may analyze the NUMA-
aware resource utilization statistics to generate, based on the operation of a
visualization module 118 and/or an environment management module 120, a
display of application performance characteristics of the application 106 on the set
of machines 7-n. Examples of application performance characteristics may include
whether the application 106 includes uniform CPU utilization across the NUMA
nodes, whether the application 106 is memory-demanding, that is, the application
major tasks are characterized by demanding a large amount of memory allocation,
whether the application 106 is CPU bound, that is, the application major tasks are
characterized by needing a large amount of CPU computations on many cores,
whether the scheduler for the application 106 provides adequate balance of CPU
utilization/memory utilization across a NUMA node and NUMA nodes, etc. The
environment management module 120 may also generate a view of previous

8
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execution snapshots of a single analytics application execution, and comparison on
the same application 106 that has different inputs or different configuration

parameters, on the same execution environment being monitored.

[0024] The modules and other elements of the apparatus 100 may be machine
readable instructions stored on a non-transitory computer readable medium. In this
regard, the apparatus 100 may include or be a non-transitory computer readable
medium. In addition, or alternatively, the modules and other elements of the
apparatus 100 may be hardware or a combination of machine readable instructions
and hardware.

[0025] The application tagging module 104 may tag a user application (e.g., the
application 106) that is to be executed on machines selected from the machines 7-
n. Auser may add a tag to the master evaluation module 112, for example, as a
name of an application. For example, a tag may be represented as “app,
algorithmA, classifier_*1”, where the algorithmA name may be related to the
application 106 that may include machine readable instructions. The tag may be
sent to the master evaluation module 112 to track the associated application that is
being executed on machines selected from the machines 7-n. The tag may be
stored as part of an execution history of the application in the database 108 as the
environments and statistics history 110.

[0026] The visualization module 118 may provide (i.e., generate, as needed, to
display), a view of the NUMA node statistics related to the tagged application 106
that may be executed on the machines 7-n. The visualization module 118 may
generate a time-series view, for example, of the core and NUMA node level
statistics across a plurality of the machines 7-n in a cluster environment. Further,
the visualization module 118 may generate a real-time display of the core and
NUMA node level statistics. The visualization module 118 may also generate
various heat map views. For example, the visualization module 118 may generate
a heat map view of core-level CPU utilization, NUMA node-level CPU utilization,

NUMA node-level memory utilization, and/or application NUMA node-level memory

9
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utilization, and identify any bottlenecks and unbalanced processing. The heat map
view may include options to zoom in or out of a time window, e.g., 10 minutes, 30

minutes, or 24 hours of history, etc.

[0027] The environment management module 120 may provide for the storage
and analysis of history for applications that have been tagged. The history for the
applications that have been tagged may be stored in the database 108. The
environment management module 120 may also generate a view of previous
execution snapshots of a single analytics application execution, and comparison on
the same application that has different inputs or different configuration parameters,
on the same execution environment being monitored. The environment
management module 120 may manage logical groups of machines that are
monitored in parallel. For example, a cluster A may be designated {machine1,
machine2, machine3}. A cluster B may be designated {machine3, machine4,
machineb}, where machine3 is shared in both cluster A and cluster B. This logical
cluster grouping may facilitate the tracing of different applications that are
executing in the same shared execution environments. For example cluster A may
be executing on a first platform, while other applications may be executed using
cluster B on a second platform. While machine3 may be physically shared on both
platforms, the separated applications may be tracked for both cluster A and cluster
B.

[0028]  With respect to collection of statistics over the machines in the clusters,
the master evaluation module 112 may identify the list of machines and clusters
that are to be monitored, the type of statistics (e.g., memory usage, CPU utilization,
etc.), and the name of the applications that are to be tracked. The master
evaluation module 112 may use a data-pull mechanism to connect every t seconds
to the remote machines 7-n, execute the statistics collection modules 114 (on the
appropriate machines 7-n) to ascertain statistics related to a tagged application,
and retrieve the statistics. Once all statistics are received, the master evaluation
module 112 may forward the information to the visualization module 118 to display

10
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appropriate charts for users. The collected statistics may be stored in the database
108 as the environments and statistics history 110 for time tracking. The master
evaluation module 112 may provide parallel threads to simultaneously monitor the

machines 7-n within the same logical cluster.

[0029] Distributed collection modules 122 (including the statistics collection
modules 114 and the application discovery modules 116) that gather statistics from
the remote machines 7-n may be implemented as components of the apparatus
100 or separately from the apparatus 100 as illustrated in Figure 1. The distributed
collection modules 122 may operate as agent programs (i.e., machine readable
instructions) on the remote machines 7-n, or otherwise receive statistics data from
the remote machines 7-n. For each particular machine 7-n, the statistics collection
module 114 may call the associated application discovery module 116 to provide
for the tracking of an application (e.g., the tagged application 106). The specific
application that is tracked may be requested by a user, for example, by tagging.
The discovery process for the application discovery module 116 may include
identifying a process identifier (PID) by matching similar process names provided
by the user, discovering the NUMA node bound for the PID, and linking the PID and
the NUMA node (e.g., process1-node0 to a process monitoring list). Once a new
PID is identified to match the user monitoring criteria on a local machine, the CPU
utilization may be obtained for related cores of the NUMA node, and further, the
memory usage for each application on each socket (or NUMA node) may be
obtained.

[0030] The database 108 may be used to store statistics at various levels of
granularity. For example, the levels of granularity may include global and user-
specific statistics. Global statistics may capture overall statistics of the machines
1-n without linking to specific applications, such as total memory usage at NUMA
node0. User-specific statistics may be linked to workload identifiers in order to
generate snapshots for a user, such as memory usage for Algorithm1 at NUMA
node0. A logical catalog for available execution environments as a list of logical

11
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clusters and the related physical machines may also be maintained in the database
108. For example, the logical catalog for available execution environments may
include a plurality of clusters that are executing various applications.

[0031] Figures 2-4 respectively illustrate flowcharts of methods 200, 300, and
400 for NUMA-aware monitoring, corresponding to the example of the NUMA-
aware monitoring apparatus 100 whose construction is described in detail above.
The methods 200, 300, and 400 may be implemented on the NUMA-aware
monitoring apparatus 100 with reference to Figure 1 by way of example and not
limitation. The methods 200, 300, and 400 may be practiced in other apparatus.

[0032] Referring to Figure 2, for the method 200, at block 202, the method may
include identifying an application including processes, where each process of the
processes may be executed on a different machine of a set of machines. For
example, an application may include multiple processes in execution on the same
machine or on different machines. For example, referring to Figure 1, the
application tagging module 104 may identify, and tag, the application 106 that is
executed on the machines 7-n (where the machines 7-n may represent a set of
machines on which the application 106 is executed from a plurality of machines, or
alternatively, a set of machines to execute the application 106 may be selected

from the machines 7-n).

[0033] Atblock 204, the method may include receiving, from the set of
machines, NUMA-aware resource utilization statistics that include a core level, a
NUMA node level, and/or an application level, where each of the NUMA-aware
resource utilization statistics are related to CPU and/or memory utilization for the
set of machines. With respect to NUMA node level, a NUMA node for a machine of
the set of machines may include cores hosted on a socket, and memory that is
bound locally to the cores hosted on the socket. The application level may
represent the CPU and/or memory utilization, aggregated for the application across
cores, NUMA nodes, and the set of machines that involve the application. For

example, referring to Figure 1, the master evaluation module 112 may receive, from

12
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the set of machines 7-n, NUMA-aware resource utilization statistics that include a
core level, a NUMA node level, and/or an application level, where each of the
NUMA-aware resource utilization statistics may be related to CPU and/or memory
utilization for the set of machines 7-n.

[0034] At block 206, the method may include analyzing the NUMA-aware
resource utilization statistics to determine application performance characteristics
of the application on the set of machines. For example, referring to Figure 1, the
master evaluation module 112 may analyze the NUMA-aware resource utilization
statistics to determine application performance characteristics of the application
106 on the set of machines 7-n. Examples of application performance
characteristics may include whether the application 106 includes uniform CPU
utilization across the NUMA nodes, whether the application 106 is memory-
demanding, that is, the application major tasks are characterized by demanding a
large amount of memory allocation, whether the application 106 is CPU bound, that
is, the application major tasks are characterized by needing a large amount of CPU
computations on many cores, whether the scheduler for the application 106
provides adequate balance of CPU utilization/memory utilization across a NUMA
node and NUMA nodes, etc.

[0035] At block 208, the method may include generating a display of the
application performance characteristics of the application on the set of machines.
For example, referring to Figure 1, the visualization module 118 and/or the
environment management module 120 may generate a display of the application

performance characteristics of the application 106 on the set of machines 71-n.

[0036] According to an example, for the method 200, generating the display of
the application performance characteristics of the application on the set of
machines may further include generating a time series chart and/or a heat map of
the application performance characteristics of the application on the set of

machines.

[0037] According to an example, for the method 200, analyzing the NUMA-
13
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aware resource utilization statistics to determine the application performance
characteristics of the application on the set of machines may further include
analyzing the NUMA-aware resource utilization statistics to determine, for each
machine of the set of machines, core-level CPU utilization that includes utilization
of a CPU of each machine of the set of machines measured at each core of each
respective machine of the set of machines.

[0038] According to an example, for the method 200, analyzing the NUMA-
aware resource utilization statistics to determine the application performance
characteristics of the application on the set of machines may further include
analyzing the NUMA-aware resource utilization statistics to determine, for each
machine of the set of machines, NUMA node-level CPU utilization that includes a
total core utilization aggregated by cores that are hosted on a same NUMA node
for each machine of the set of machines.

[0039] According to an example, for the method 200, analyzing the NUMA-
aware resource utilization statistics to determine the application performance
characteristics of the application on the set of machines may further include
analyzing the NUMA-aware resource utilization statistics to determine, for each
machine of the set of machines, NUMA node-level memory utilization that includes
memory used by all applications including the application that are executing on the
NUMA node.

[0040] According to an example, for the method 200, analyzing the NUMA-
aware resource utilization statistics to determine the application performance
characteristics of the application on the set of machines may further include
analyzing the NUMA-aware resource utilization statistics to determine, for each
machine of the set of machines, application NUMA node-level memory utilization
that includes memory used for the application by the NUMA node.

[0041] According to an example, for the method 200, identifying the application
including processes may further include tagging the application (e.g., by using the

application tagging module 104) from a plurality of applications to identify the
14
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application.

[0042] According to an example, the method 200 may further include
generating a history view (e.g., by using the visualization module 118) that
compares past executions of the application on the set of machines to a current
execution of the application on the set of machines.

[0043] According to an example, the method 200 may further include
generating a history view (e.g., by using the visualization module 118) that
compares past executions of the application on a different set of machines to a
current execution of the application on the set of machines.

[0044] Referring to Figure 3, for the method 300, at block 302, the method may
include identifying an application that is executed on a plurality of clusters of
machines. Two or more clusters of the plurality of clusters of the machines include
at least one common machine of the machines. For example, referring to Figure 1,
the environment management module 120 may manage logical groups of
machines that are monitored in parallel. For example, a cluster A may be
designated {machine1, machine2, machine3d}. A cluster B may be designated
{machine3, machine4, machine5}, where machine3 is shared in both cluster A and
cluster B. This logical cluster grouping may facilitate the tracing of different
applications that are executing in the same shared execution environments. For
example cluster A may be executing on a first platform, while other applications
may be executed using cluster B on a second platform. While machine3 may be
physically shared on both platforms, the separated applications may be tracked for
both cluster A and cluster B.

[0045] At block 304, the method may include receiving, from the plurality of
clusters of the machines, NUMA aware NUMA-aware resource utilization statistics
that include a core level, a NUMA node level, and/or an application level, where
each of the NUMA-aware resource utilization statistics are related to resource
utilization for the plurality of clusters of the machines. For example, referring to

Figure 1, the master evaluation module 112 may receive, from the plurality of
15
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clusters of the machines, NUMA-aware resource utilization statistics that include a
core level, a NUMA node level, and/or an application level, where each of the
NUMA-aware resource utilization statistics may be related to resource utilization for
the plurality of clusters of the machines.

[0046] At block 306, the method may include analyzing the NUMA-aware
resource utilization statistics to determine application performance characteristics
of the application on the plurality of clusters of the machines. For example,
referring to Figure 1, the master evaluation module 112 may analyze the NUMA-
aware resource utilization statistics to determine application performance

characteristics of the application 106 on the plurality of clusters of the machines.

[0047] According to an example, for the method 300, identifying the application
that is executed on the plurality of clusters of machines may further include
identifying a NUMA node that corresponds to a process identifier (PID)
corresponding to the application.

[0048] Referring to Figure 4, for the method 400, at block 402, the method may
include identifying an application including processes, where each process of the
processes may be executed on a different machine of a set of machines, wherein
each different machine includes a core and a socket. For example, referring to
Figure 1, the application tagging module 104 may identify, and tag, the application
106 that is executed on the machines 7-n that each includes a core and a socket.

[0049] At block 404, the method may include receiving, from the set of
machines, NUMA-aware resource utilization statistics related to resource utilization
for the set of machines. For example, referring to Figure 1, the master evaluation
module 112 may receive, from the set of machines, NUMA-aware resource
utilization statistics related to resource utilization for the set of machines.

[0050] At block 406, the method may include analyzing the NUMA-aware
resource utilization statistics to determine application performance characteristics
of the application on the set of machines. The application performance
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characteristics of the application may include a history view that compares past
executions of the application on the set of machines or on a different set of
machines to a current execution of the application on the set of machines. For
example, referring to Figure 1, the master evaluation module 112 may analyze the
NUMA-aware resource utilization statistics to determine application performance
characteristics of the application on the set of machines.

[0051] According to an example, the method 400 may include organizing
machines from the set of machines in a logical catalog, and tracking execution and
the application performance characteristics of the application according to the
logical catalog. For example, a logical catalog for available execution
environments as a list of logical clusters and the related physical machines may
also be maintained in the database 108. For example, the logical catalog for
available execution environments may include a plurality of clusters that are

executing various applications.

[0052] Figure 5 shows a computer system 500 that may be used with the
examples described herein. The computer system 500 may represent a generic
platform that includes components that may be in a server or another computer
system. The computer system 500 may be used as a platform for the apparatus
100. The computer system 500 may execute, by a processor (e.g., a single or
multiple processors) or other hardware processing circuit, the methods, functions
and other processes described herein. These methods, functions and other
processes may be embodied as machine readable instructions stored on a
computer readable medium, which may be non-transitory, such as hardware
storage devices (e.g., RAM (random access memory), ROM (read only memory),
EPROM (erasable, programmable ROM), EEPROM (electrically erasable,
programmable ROM), hard drives, and flash memory).

[0053] The computer system 500 may include a processor 502 that may
implement or execute machine readable instructions performing some or all of the

methods, functions and other processes described herein. Commands and data

17
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from the processor 502 may be communicated over a communication bus 504.
The computer system may also include a main memory 506, such as a random
access memory (RAM), where the machine readable instructions and data for the
processor 502 may reside during runtime, and a secondary data storage 508,
which may be non-volatile and stores machine readable instructions and data. The
memory and data storage are examples of computer readable mediums. The
memory 506 may include a NUMA-aware monitoring module 520 including
machine readable instructions residing in the memory 506 during runtime and
executed by the processor 502. The NUMA-aware monitoring module 520 may

include the modules of the apparatus 100 shown in Figure 1.

[0054] The computer system 500 may include an I/O device 510, such as a
keyboard, a mouse, a display, etc. The computer system may include a network
interface 512 for connecting to a network. Other known electronic components

may be added or substituted in the computer system.

[0055] What has been described and illustrated herein is an example along with
some of its variations. The terms, descriptions and figures used herein are set
forth by way of illustration only and are not meant as limitations. Many variations
are possible within the spirit and scope of the subject matter, which is intended to
be defined by the following claims -- and their equivalents -- in which all terms are
meant in their broadest reasonable sense unless otherwise indicated.
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What is claimed is:

1. Amethod for non-uniform memory access (NUMA) aware monitoring, the
method comprising:

identifying an application including processes, wherein each process of the
processes is executed on a different machine of a set of machines;

receiving, from the set of machines, NUMA-aware resource utilization
statistics that include at least one of a core level, a NUMA node level, and an
application level, wherein each of the NUMA-aware resource utilization statistics
are related to at least one of central processing unit (CPU) and memory utilization
for the set of machines, wherein, for the NUMA node level, a NUMA node for a
machine of the set of machines includes cores hosted on a socket, and memory
that is bound locally to the cores hosted on the socket, and wherein the application
level represents the at least one of CPU and memory utilization aggregated for the
application across cores, NUMA nodes, and the set of machines that involve the
application;

analyzing, by a processor, the NUMA-aware resource utilization statistics to
determine application performance characteristics of the application on the set of

machines; and

generating a display of the application performance characteristics of the
application on the set of machines.

2. The method of claim 1, wherein generating the display of the application
performance characteristics of the application on the set of machines further

comprises:

generating at least one of a time series chart and a heat map of the
application performance characteristics of the application on the set of machines.
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3. The method of claim 1, wherein analyzing the NUMA-aware resource
utilization statistics to determine the application performance characteristics of the
application on the set of machines further comprises:

analyzing the NUMA-aware resource utilization statistics to determine, for
each machine of the set of machines, core-level CPU utilization that includes
utilization of a CPU of each machine of the set of machines measured at each core
of each respective machine of the set of machines.

4. The method of claim 1, wherein analyzing the NUMA-aware resource
utilization statistics to determine the application performance characteristics of the
application on the set of machines further comprises:

analyzing the NUMA-aware resource utilization statistics to determine, for
each machine of the set of machines, NUMA node-level CPU utilization that
includes a total core utilization aggregated by cores that are hosted on a same
NUMA node for each machine of the set of machines.

5.  The method of claim 1, wherein analyzing the NUMA-aware resource
utilization statistics to determine the application performance characteristics of the
application on the set of machines further comprises:

analyzing the NUMA-aware resource utilization statistics to determine, for
each machine of the set of machines, NUMA node-level memory utilization that
includes memory used by all applications including the application that are

executing on the NUMA node.

6. The method of claim 1, wherein analyzing the NUMA-aware resource
utilization statistics to determine the application performance characteristics of the

application on the set of machines further comprises:
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analyzing the NUMA-aware resource utilization statistics to determine, for
each machine of the set of machines, application NUMA node-level memory
utilization that includes memory used for the application by the NUMA node.

7. The method of claim 1, wherein identifying the application including processes

further comprises:

tagging the application from a plurality of applications to identify the

application.

8. The method of claim 1, further comprising:

generating a history view that compares past executions of the application on
the set of machines to a current execution of the application on the set of

machines.

9. The method of claim 1, further comprising:

generating a history view that compares past executions of the application on
a different set of machines to a current execution of the application on the set of

machines.

10. A non-uniform memory access (NUMA) aware monitoring apparatus

comprising:
a processor; and

a memory storing machine readable instructions that when executed by the
processor cause the processor to:

identify an application that is executed on a plurality of clusters of

machines, wherein at least two clusters of the plurality of clusters of the machines
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include at least one common machine of the machines;

receive, from the plurality of clusters of the machines, NUMA-aware
resource utilization statistics that include at least one of a core level, a NUMA node
level, and an application level, wherein each of the NUMA-aware resource
utilization statistics are related to resource utilization for the plurality of clusters of
the machines, wherein, for the NUMA node level, a NUMA node includes cores
hosted on a socket, and memory that is bound locally to the cores hosted on the
socket, and wherein the application level represents the resource utilization
aggregated for the application across cores, NUMA nodes, and the clusters of

machines that involve the application; and

analyze the NUMA-aware resource utilization statistics to determine
application performance characteristics of the application on the plurality of clusters
of the machines.

11. The NUMA-aware monitoring apparatus according to claim 10, wherein the
resource utilization for the plurality of clusters of the machines further comprises:

at least one of central processing unit (CPU) and memory utilization for the

machines.

12. The NUMA-aware monitoring apparatus according to claim 10, wherein the
machine readable instructions to identify the application that is executed on the

plurality of clusters of machines further comprise instructions to:

identify a NUMA node that corresponds to a process identifier corresponding
to the application.

13. Anon-transitory computer readable medium having stored thereon machine
readable instructions to provide non-uniform memory access (NUMA) aware
22
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monitoring, the machine readable instructions, when executed, cause a processor

to:

identify an application including processes, wherein each process of the
processes is executed on a different machine of a set of machines, wherein each
different machine includes a core and a socket;

receive, from the set of machines, non-uniform NUMA-aware resource

utilization statistics related to resource utilization for the set of machines; and

analyze the NUMA-aware resource utilization statistics to determine
application performance characteristics of the application on the set of machines,
wherein the application performance characteristics of the application include a
history view that compares past executions of the application on the set of
machines or on a different set of machines to a current execution of the application

on the set of machines.

14. The non-transitory computer readable medium according to claim 13, wherein
the machine readable instructions to receive, from the set of machines, NUMA-
aware resource utilization statistics related to resource utilization for the set of

machines further comprise instructions to:

receive, from the set of machines, the NUMA-aware resource utilization
statistics that include at least one of a core level, a NUMA node level, and an
application level, wherein each of the NUMA-aware resource utilization statistics
are related to at least one of central processing unit (CPU) and memory utilization
for the set of machines, wherein, for the NUMA node level, a NUMA node includes
cores hosted on the socket, and memory that is bound locally to the cores hosted
on the socket, and wherein the application level represents the at least one of CPU
and memory utilization aggregated for the application across cores, NUMA nodes,

and the set of machines that involve the application.
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15. The non-transitory computer readable medium according to claim 13, further

comprising machine readable instructions to:
organize machines from the set of machines in a logical catalog; and

track execution and the application performance characteristics of the
application according to the logical catalog.
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IDENTIFY AN APPLICATION INCLUDING
PROCESSES
202

!

RECEIVE, FROM THE SET OF MACHINES, NUMA-AWARE
RESOURCE UTILIZATION STATISTICS THAT INCLUDE A
CORE LEVEL, ANUMA NODE LEVEL, AND/OR AN
APPLICATION LEVEL RELATED TO CPU AND/OR MEMORY
UTILIZATION FOR THE SET OF MACHINES
204

!

ANALYZE THE NUMA-AWARE RESOURCE UTILIZATION STATISTICS
TO DETERMINE APPLICATION PERFORMANCE CHARACTERISTICS
OF THE APPLICATION ON THE SET OF MACHINES
206

!

GENERATE A DISPLAY OF THE APPLICATION PERFORMANCE
CHARACTERISTICS OF THE APPLICATION ON THE SET OF
MACHINES
208

FIG. 2



WO 2016/118162 PCT/US2015/012722

3/5

00

IDENTIFY AN APPLICATION THAT IS EXECUTED
ON A PLURALITY OF CLUSTERS OF MACHINES
302

!
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MACHINES, NUMA-AWARE RESOURCE UTILIZATION STATISTICS
THAT INCLUDE A CORE LEVEL, A NUMA NODE LEVEL, AND/OR
AN APPLICATION LEVEL RELATED TO RESOURCE UTILIZATION
FOR THE PLURALITY OF CLUSTERS OF THE MACHINES
304
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306
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