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EVALUATING AND PREDICTING COMPUTER SYSTEM
PERFORMANCE USING KNEEPOINT ANALYSIS

Cross-Reference to Related Applications

This application for patent claims the priority benefit of United States Provisional
Patent Application Serial No. 61/015,615 filed December 20, 2007 (Attorney Docket:
AKR-115-PR), entitled “Evaluating and Predicting Computer System Performance Using
Kneepoint Analysis,” which is incorporated by reference herein as if set forth in its entirety.

Also incorporated herein by reference in their entirety are United States Patent
Application Serial No. 11/773,825, filed July 5, 2007 (Attorney Docket: AKR-110-US),
entitled “Managing Application System Load,” and United States Patent Application Serial
No. 11/961,186, filed December 20, 2007 (Attorney Docket: AKR-114-US), entitled “Methods

and Systems for Identifying Application System Storage Resources.”

Field of the Invention

The present invention relates to methods, systems, apparatus, and computer
software/program code for evaluating, monitoring and predicting the performance of computer

systems or individual elements or groups of elements within such computer systems.

Background of the Invention

In many computing environments, including, for example, network-based computing
systems that may include multiple computing or processing units, storage units, storage
networks, and other system resources, it is desirable to monitor the performance of the
computing system or the performance of individual elements or groups of elements within the
system. (The terms “computer system” and “computing system” are utilized substantially
interchangeably herein unless otherwise indicated in particular circumstances.)

Computer system performance monitoring, evaluation and even prediction can be
useful for a variety of reasons and purposes, such as determining whether additional storage,

processing or other system resources may need to be added or brought online to meet quality
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of service or reliability requirements, to enable system balancing, and to provide application
tuning, among other possible applications.

By way of example, FIG 1 is a schematic diagram depicting general aspects of a
conventional computing system 100 that might be found in the prior art. A computing system
such as that shown in FIG 1 can include a Storage Array Network (SAN) 120, a Network
(such as a Local Area Network (LAN), Wide Area Network (WAN) or other form of
network(s)), and a number of Central Processing Units (CPUs) 102, 104, ... 106, etc.

Referring now to FIG 2, it would be desirable to be able to monitor, or even predict,
aspects of the performance of the computing system such as that shown in FIGS. | and 2, or
the performance of individual elements or groups of elements in the computing system, such
as SAN 120, network 110, or CPUs 102, 104, ... 106, etc.

In FIG 2, the functions of monitoring or predicting the performance of the computing
system, or elements of the computing system (and corresponding devices, systems or
computer software/program code products adapted for providing such functions), are

represented schematically by performance monitoring meter, element, module or function 130.

_Referring again to FIG 2, element 130 is shown in communication with the various elements

of the computing system of FIG 2, including SAN 120, network 110, or CPUs 102, 104, ...
106, etc.

While various forms of elements, structures and computer software/program code
products adapted to monitor the performance of computing systems are known in the prior art,
it is the novel aspects of the structure, function and operation of element, module or function

130, utilizing kneepoint analysis (KPA) that form the subject of the present invention.

Summary of the Invention

The present invention provides methods, systems, apparatus, and computer
software/program code products adapted for operating in, or in conjunction with, an otherwise
conventional computing system (such as that depicted in FIG 1 attached hereto), and which
enable evaluating, monitoring and predicting the performance of computer systems and

individual elements or groups of elements within such computer systems.
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In accordance with one aspect of the present invention, a computer system
performance evaluation and prediction mechanism is based on utilization measurements of a
computer system or its components.

In a further aspect of the present invention, a computer system performance evaluation
and prediction mechanism is based on a comparison of utilization of the computer system or
its components to a coordinate of the kneepoint of the operating curve of the computer system
or its components.

Another aspect of the present invention provides a method comprising: characterizing
the throughput produced by a queuing network model (the throughput representing the
utilization of each element in the queuing network), collecting runtime performance data from
the computing system (the runtime performance data representing the present response time
and resource utilization on individual elements on the computing system), using the utilization
data for each element in the queuing network to define an operating curve, evaluating the
operating curve to identify a “kneepoint” in the operating curve, and using kneepoint analysis
to classify non-linear performance response in the computing system.

Another aspect of the invention provides a method of determining whether the
performance of a computing system is likely to scale exponentially or faster than
exponentially with respect to increased system load, the method comprising: (a) measuring
utilization of one or more computing system components or groups of components to generate
utilization information, wherein the utilization may vary over time; (b) generating, using the
utilization information, an operating curve characteristics of the computing system; (c)
determining at least one utilization value on the operating curve to be an x-coordinate of a '
kneepoint of the operating curve, the kneepoint being a unique property of the operating curve
and being substantially constant for a performance queuing model representing one or more
aspects of the performance of the computing system; (d) comparing a given utilization value
to the x-coordinate of the kneepoint; (e) setting a bound based on the x-coordinate of the
kneepoint; and (f) indicating an alarm condition when the given utilization value is above the
bound based on the x-coordinate of the kneepoint.

In a further aspect of the invention, a kneepoint is determined using a set of kneepoint
parameters, and the kneepoint parameters are calculated in closed analytical form for the

linear operating region of the logarithm of the operating curve.
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In another aspect of the invention, the linear operating region is a function solely of the
queuing model; and in a further aspect of the invention, the linear operating region is
calculated in a closed analytical form.

In still another aspect of the invention, the set of kneepoint parameters comprises
curvature of the logarithm of the operating curve in the linear operating region, and bounds of
the linear operating region comprise two points on the x-axis of operating curve.

A further aspect of the invention comprises evaluating system element performance by
comparing system element utilization measurements with at least one operating curve
kneepoint.

Each of these aspects will be discussed in greater detail below, along with various
examples, embodiments and practices of the present invention.

Those skilled in the art will appreciate that while the following detailed description
provides sufficient detail to enable one skilled in the art to practice the present invention, the
various examples, embodiments and practices of the present invention that are discussed and
described below, in conjunction with the attached drawing figures, are provided by way of
example, and not by way of limitation. Numerous vaniations, additions, and other
modifications or different implementations of the present invention are possible, and are

within the spirit and scope of the invention.

Brief Description of the Drawings

Those skilled in the art will readily understand the present invention based on the
following Detailed Description, taken in connection with the attached drawings, in which:

FIG 1 is a schematic diagram depicting general aspects of a conventional computing
system that might be found in the prior art.

FIG 2 is a schematic diagram in which a monitor has been connected to selected
components of the FIG 1 system.

FIGS. 3A and 3B are flowcharts of techniques according to aspects of the invention for
characterizing the performance of a computer system or its components. |

FIG 4 is a plot of operating curve data for an exemplary computer system or its
components.

FIG 5 is a plot of the behavior curve for the FIG 4 operating curve data.
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FIG 6 is a plot of the curvature of the FIG S behavior curve.
FIG 7 is a plot of the first derivative of the FIG 6 curvature function.
FIG 8 is a plot identifying the two points on the FIG 7 plot where the derivative of the
curvature function is zero.
5 FIG 9 is a plot identifying the values on the x-axis that define the linearity region.
FIG 10 is a plot projecting the linearity region back on the original operating curve
shown in FIG 4.
FIG 11 is a generalized block diagram of an embodiment of the present invention.
FIG 12A (Prior Art) is a schematic diagram of a conventional workstation or PC
10 (personal computer) digital computing system, on which the present invention may be
implemented; or which may form a part of a networked digital computing system on which
the present invention may be implemented.
FIG 12B (Prior Art) is a schematic diagram of a networked digital computing system
on which the present invention may be implemented.
15 FIG 12C (Prior Art) is a schematic diagram of components of a conventional

workstation or PC environment like that depicted in FIG 1.

Detailed Description of the Invention

The following description sets forth numerous specific details to provide an
20 understanding of the invention. However, those skilled in the art will appreciate that the
invention may be practiced without these specific details.. In other instances, well-known
methods, procedures, components, protocols, algorithms, and circuits have not been described
in detail so as not to obscure the invention. The following discussion describes various

aspects of the invention.
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The present Detailed Description is organized into the following sections:

A. Kneepoint Analysis

=

Examples and Embodiments
C. Digital Processing Environment in Which the
Invention Can Be Implemented

D. Conclusion

A. Kneepoint Analysis

The concept of a kneepoint, and more particularly its application as in the present
invention to monitoring, evaluating and even predicting the performance of computer or
computing systems and their components, is a significant and novel aspect of the present
invention,

The term “kneepoint,” as used in the prior art, has been accorded various definitions in
various fields of engineering. Some examples from various engineering fields include the
following;

(1) The kneepoint or effective point of saturation is defined by ANSI/IEEE Standard as
the intersection of the curve with a 45 degree tangent line.

(2) The International Electrotechnical Commission (IEC) defines the knee as the
intersection of the straight lines from the non-saturated and saturated parts of the exciting
curve.

In another example, in the prior art, U.S. Patent No. 5,780,944 defines the detection of
an inflection point for the purposes of identifying the current charging status of a battery. The
prior art describes finding the first derivative of the battery’s characteristic curve.

The present invention differs from the foregoing prior art examples, however, in a
number of substantive and significant aspects. Unlike the prior art, methods, systems, devices,
and computer software/program code products in accordance with the present invention look
for a point of maximum curvature on a characteristic function generated from measurements

of a computing system or its components.
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The methods of the present invention are novel and unique to computer performance,
and further, do not use the first derivative of the original operating curve, but instead use the
curvature of the logarithm of the original operating curve.

In the field of mathematics the concepts of curvature are well known from ancient
times and developed by many prominent mathematicians including Sir Isaac Newton and
Gottfried Wilhelm Leibniz. However, these concepts of curvature have not heretofore been
applied to analysis of computer system performance.

As applied to the context of a conventional computer system performance analysis, the
present invention introduces a kneepoint and a kneepoint analysis for the first time, and does
so in a novel manner that represents a significant performance advantage over the prior art. It
will be understood that the present invention can be used in connection with otherwise
conventional computer systems; information about those systems can be obtained using
discovery techniques, such as those disclosed, for example, in United States Patent
Application Serial No. 11/773,825, filed July 5, 2007 (Attorney Docket: AKR-110-US),
entitled “Managing Application System Load,” and United States Patent Application Serial
No. 11/961,186, filed December 20, 2007 (Attorney Docket: AKR-114-US), entitled “Methods
and Systems for Identifying Application System Storage Resources,” both of which are
incorporated by reference herein in their entirety.

In contrast to the use of the term “kneepoint” in the prior art, wherein the term is used
to indicate a point where a system, object, substance, or the like undergoes a critical change
resulting in a dramatic change in behavior, properties or appearance of the complete system,
object, or substance (e.g., the vulcanization of rubber upon reaching a particular kneepoint
temperature), the present invention defines a kneepoint more specifically to the performance
of a computer system or its components, and we consider curvature as a way to identify
changes in computer performance.

As discussed in greater detail below, definition of such a kneepoint for underlying
computer systems or their components has the advantage of simplifying performance
evaluation and prediction, by reducing analysis to a simple comparison of utilization of the

computer system or its components vs. the underlying kneepoint.
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Such a kneepoint then becomes a characteristic property of a computer system or its
components, and can be calculated in the same, identical, straightforward, finite-time manner
for substantially any computer system or its components.

We also define herein an operating curve of a computer system or computer system
component, which is a plot of data points that show the response time of the computer system
or computer system component as a function of the utilization of the computer system or

computer system component. The utilization can also be referred to as “load.”

B. Embodiments and Examples

Referring now to FIG 4, plot 250 presents a typical operating curve of an individual
computer system component or combination of computer system components. Most operating
curves follow some form of common queuing discipline (e.g., the known M/M/1, M/D/1,
M/G/1), though the present invention does not depend upon any particular queuing discipline
and can more generally be applied to any performance curve that compares response time to
load.

In accordance with the present invention, the operating curve is analyzed using
kneepoint analysis to identify the kneepoint of the computer system and/or computer system
component being analyzed. In the example of FIG 4, the horizontal axis denotes the
normalized utilization of a particular computer system or its components (e.g., bandwidth for a
network, percent of the maximum transfer rate for a disk). The vertical axis denotes some
measure of response time, queue time, or performance. (Those skilled in the art will
understand that of course, a different arrangement of axes could be used in a practice of the
present invention.)

Thus, the present invention provides a new definition of a kneepoint (KP) and
kneepoint analysis (KPA).

The following illustrates, in accordance with aspects of the present invention, how to
apply KPA to characterize the performance of a computer system or its components when

processing a fixed amount of work (input) and producing some discrete amount of output.
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As shown in FIG 3A, a method 200 according to the present invention comprises the
following:

201: Measure utilization of one or more computing system components or groups of
components to generate utilization information (wherein the utilization may vary over time),

202: Generate, using utilization information for the computing system, an operating
curve characteristic of the computing system,

203: Determine kneepoint of operating curve, using a set of kneepoint parameters,
wherein the kneepoint parameters are calculated in closed analytical form for a linear
operating region of the logarithm of the operating curve (wherein the linear operating region is
a function solely of a performance queuing model representing one or more aspects of the
performance of the computing system); (wherein the linear operating region is calculated ina -
closed analytical form); (wherein the set of kneepoint parameters comprises curvature of the
logarithm of the operating curve in the linear operating region, and wherein bounds of the
linear operating region comprise two points on the x-axis of operating curve);

204: Determine at least one utilization value on the operating curve to be an
x-coordinate of a kneepoint of the operating curve, the kneepoint being a unique property of
the operating curve and being substantially constant for a performance queuing model
representing one or more aspects of the performance of the computing system;

205: Compare given utilization value to the x-coordinate of the kneepoint (evaluate
system element performance by comparing system element utilization measurements with at
least one operating curve kneepoint);

206: Set a bound based on the x-coordinate of the kneepoint;

207: Indicate alarm condition when the given utilization value is above the bound
based on the x-coordinate of the kneepoint.

As shown in FIG 3B, a further method 220 according to the present invention
comprises the following:

221: Obtain actual performance measurement data points of a computer system or
computer system component(s) (e.g., CPU, disk, network) that capture response time as a
function of utilization. '

a) Utilization in this context is the amount of input in measured units, normalized

by the maximum permitted or possible input.



10

20

25

30

WO 2009/086326 PCT/US2008/088062

b) Response time is the amount of time elapsed, processing the fixed amount of
input mentioned above in preferred units of time.

222: It is assumed that the output is a function of the input, and satisfies the following

constraints;
a) If the rate of input is zero, then the rate of output is also zero.
b) The rate of output is monotonic as a function of input.
c) Output has a vertical asymptote at the maximum permitted input value

mentioned above.

223: Convert the raw data points that represent the response time (plotted, for
example, on the vertical axis) as a function of utilization or load (plotted, for example, on the
horizontal axis) to a continuous mathematical function using a selected curve fitting model
(e.g., least-squares curve fitting). Curve fitting techniques are well known, and the choice of
curve fitting model, whether least-squares curve fitting or other, is left to the implementer. We
will refer to this fitted curve as the operating curve for the computer system or computer
system component(s). '

224: Compute the logarithm of the operating system curve. We will refer to this new
curve as the behavior curve. Note that the operating curve begins at zero and passes to infinity
at a vertical asymptote. This implies that behavior curve monotonically rises from negative '
infinity to positive infinity and so its derivative goes from positive infinity to positive infinity
and thus has only one minimum in between.

225: Calculate the curvature function of the behavior curve. A curvature function of a
plane curve is well defined in mathematics. Because the behavior curve possesses a concave-
upwards region on the left half of the curve and a concave-downward region on the right half
of the curve, the curvature is assured to possess maximal negative and maximal positive
curvature points,

226: Find two points on the behavior curve of maximal curvature. We can compute
this by taking the first derivative of the curvature and identify zero values (i.e., inflection
points). We can use these points to define the endpoints of the linearity region.

227. Project these two points back onto the operating (and behavior) curve. These two

points define the span of the operating (behavior) curve linearity region.

10
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228: Find the best fitting exponential function for operating curve over the operating
curve linearity region using a selected curve fitting algorithm (e.g., least-squares).

229: Find rightmost point of intersection between the operating curve and the best-
fitted exponential function found in the previous.

230: Project this point back onto the x-axis. This point uniquely defines the kneepoint
of the operating curve for a computer system or computer system component. The respective
value on the y-axis is the operation response time for this kneepoint.

FIG 5 1s a plot 300 of the behavior curve for the original operating curve data 250
shown in FIG 4, in accordance with an aspect of the invention. As can be seen by a review of
FIG §, the curve exhibits strong linearity in the middle of the curve, as well as nonlinearity on
the left and right portions of the curve. A wide range of classical queuing models, as well as
observed real life queuing functions, exhibit this same behavior, though the graphs may be
scaled.

FIG 6 is a plot 350 of the curvature of the behavior curve.

FIG 7 is a plot 400 of the first derivative of the curvature function.

FIG 8 is a plot 450 identifying the two points on the FIG 7 plot 400 where the
derivative of the curvature fu.nction is zero.

FIG 9 is a plot 500 identifying the values on the x-axis that define the linearity region.

FIG 10 is a plot 550 projecting the linearity region back on the original operating

 curve 250 presented in FIG 4. FIG 10 also fits a best-fit exponential curve to the points in the

linearity region. The rightmost intercept of the best-fit exponential curve and the operating
curve identifies the kneepoint of the operating curve.

FIG 10 further projects the kneepoint onto the x-axis to identify the kneepoint
utilization. A similar projection can be applied to the y-axis to identify the response time
kneepoint.

It will be seen that these aspects track the method aspects of the flowchart of FIG 3.

Using these techniques of the present invention, it will be seen that the invention can
be implemented within, or in conjunction with, an otherwise conventional computer system, to

provide, for example, a method of determining whether the performance of a computing

11
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system is likely to scale exponentially or faster than exponentially with respect to increased
system load. Such a method comprises the following:

measuring utilization of one or more computing system components or groups of
components to generate utilization information, wherein the utilization may vary over time;

generating, using the utilization information, an operating curve characteristics of the
computing system;

determining at least one utilization value on the operating curve to be an x-coordinate
of a kneepoint of the operating curve, the kneepoint being a unique property of the operating
curve and being substantially constant for a performance queuing model representing one or
more aspects of the performance of the computing system; .

comparing a given utilization value to the x-coordinate of the kneepoint;

setting a bound based on the x-coordinate of the kneepoint; and

indicating an alarm condition when the given utilization value is above the bound
based on the x-coordinate of the kneepoint.

Also in accordance with the invention, a kneepoint can be determined using a set of
kneepoint parameters, which can be calculated in closed analytical form for the linear
operating region of the logarithm of the operating curve.

In accordance with these aspects of the present invention, the linear operating region 1s
a function solely of the queuing model; and the linear operating region is calculated in a
closed analytical form. The set of kneepoint parameters comprises curvature of the logarithm
of the operating curve in the linear operating region, and bounds of the linear operating region
comprise two points on the x-axis of operating curve.

Methods in accordance with the invention can also comprise evaluating system
element performance by comparing system element utilization measurements with at least one
operating curve kneepoint.

FIG 11 is a generalized block diagram of one embodiment of the present invention.

As shown in FIG 11, a kneepoint analysis module 601 can be part of a performance
monitoring module 130 (FIG 2) within a digital computing system; or alternatively, it can be a
separate element. As also shown in FIG 11, the kneepoint analysis module 601 can include

hardware or software modules in electronic communication with each other for

12
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executing functions necessary for kneepoint analysis in accordance with the present invention,
including;-

Module 610 for measuring utilization of one or more computing system components or
groups of components to generate utilization information (utilization may vary over time);

Module 611 for generating, using the utilization information, an operating curve
characteristics of the computing system;

Module 612 for determining at least one utilization value on the operating curve to be
an x-coordinate of a kneepoint of the operating curve, the kneepoiht being a unique property
of the operating curve and being substantially constant for a performance queuing model
representing one or more aspects of the performance of the computing system;,

Module 613 for comparing a given utilization value to the x-coordinate of the
kneepoint;

Module 614 for setting a bound based on the x-coordinate of the kneepoint; and

Module 615 for indicating an alarm condition when the given utilization value is above
the bound based or; the x-coordinate of the kneepoint.

Those skilled in the art will appreciate that these modules can be implemented in

computer software in a general purpose digital computer, or in other contexts.

- C. Digital Processing Environment in Which the Invention

Can Be Implemented

Having described the present invention, the following is a discussion, to be read in
connection with FIGS. 12A-C, of digital processing structures and environments in which the
invention may be implemented and practiced.

It will be understood by those skilled in the art that the present invention provides
methods, systems, devices and computer program products that enable more efficient
application execution on applications commonly found on compute server class systems.
These applications include database, web-server and email-server applications. These
applications are commonly used to support a medium to large group of computer users
simultaneously. These applications provide coherent and organized access and sharing by
multiple users to a shared set of data. The applications can be hosted on multiple or a single

shared set of digital computing systems. The set of tasks carried out on each application

13
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- dictates the patterns and loads generated on the digital computing system, which can be

managed through a set of configurable application parameters.

The present invention can thus be implemented in a number of different contexts
including, but not limited to, a separate software application, part of the computer system
operating system software, or the like. The present invention may be implemented as a
separate, stand-alone system. The implementation may include user interface elements such
as a keyboard and/or mouse, memory, storage, and other conventional user-interface
components. While conventional components of such kind are well known to those skilled in
the art, and thus need not be described in great detail herein, the following overview indicates
how the present invention can be implemented in conjunction with such components in a
digital computer system.

More, particularly, those skilled in the art will understand that the present invention
can be utilized in the profiling and analysis of digital computer system performance and
application tuning. The techniques described herein can be practiced as part of a digital
computer system, in which performance data is periodically collected and analyzed adaptively,
or in other like contexts.

The above detailed description illustrates examples of methods, structures, systems,
and computer software products in accordance with these techniques. It will be understood by
those skilled in the art that the described methods and systems can be implemented in
software, hardware, or a combination of software and hardware, using conventional computer
apparatus such as a personal computer (PC) or an equivalent device operating in accordance
with (or emulating) a conventional operating system such as Microsoft Windows, Linux, or
Unix, either in a standalone configuration or across a network. The various processing aspects
and means described herein may therefore be implemented in the software and/or hardware
elements of a properly configured digital processing device or network of devices. Processing
may be performed sequentially or in parallel, and may be implemented using special purpose
or re-configurable hardware.

As an example, FIG 12A attached hereto depicts an illustrative computer system 1010
that can run server-class applications such as databases and mail-servers. With reference to
FIG 12A, the computer system 1010 in one embodiment includes a processor module 1011

and operator interface elements comprising operator input components such as a keyboard

14
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1012A and/or a mouse 1012B (or digitizing tablet or other analogous element(s), generally
identified as operator input element(s) 1012) and an operator output element such as a video
display device 1013. The illustrative computer system 1010 can be of a conventional stored-
program computer architecture. The processor module 1011 can include, for example, one or
more processor, memory and mass storage devices, such as disk and/or tape storage elements
(not separately shown), which perform processing and storage operations in connection with
digital data provided thereto. The operator input element(s) 1012 can be provided to permit an
operator to input information for processing. The video display device 1013 can be provided
to display output information generated by the processor module 1011 on a screen 1014 to the
operator, including data that the operator may input for processing, information that the
operator may input to control processing, as well as information generated during processing.
The processor module 11 can generate information for display by the video display device 13
using a so-called “graphical user interface” (“GUI”), in which information for various
applications programs is displayed using various “windows.”

The terms “memory,” “storage” and “disk storage devices” can encompass any
computer readable medium, such as a computer hard disk, computer floppy disk, computer-

readable flash drive, computer-readable RAM or ROM element or any other known means of

I Gc ER YT

encoding digital information. The term “applications programs,” “applications,” “programs,”
“computer program product” or “computer software product” can encompass any computer
program product consisting of computer-readable programs instructions encoded and/or stored
on a computer readable medium, whether that medium is fixed or removable, permanent or
erasable, or otherwise. As noted, for example, in block 1122 of the schematic block diagram
of FIG 12C, applications and data can be stored on a disk, in RAM, ROM, on other removable
or fixed storage, whether internal or external, and can be downloaded or uploaded, in
accordance with practices and techniques well known in the art. As will also be noted in this
document, the present invention can take the form of software or a computer program product
stored on a computer-readable medium, or it can be in the form of computer program code that
can be uploaded or downloaded, or it can take the form of a method or a system for carrying
out such a method. Although the computer system 1010 is shown as comprising particular
components, such as the keyboard 1012A and mouse 1012B for receiving input information

from an operator, and a video display device 1013 for displaying output information to the
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operator, it will be appreciated that the computer system 1010 may include a variety of
components in addition to or instead of those depicted in FIG 12A.

In addition, the processor module 1011 can include one or more network ports,
generally identified by reference numeral 1014, which are connected to communication links
which connect the computer system 1010 in a computer network. The network ports enable
the computer system 1010 to transmit information to, and receive information from, other
computer systems and other devices in the network. In a typical network organized according
to, for example, the client-server paradigm, certain computer systems in the network are
designated as servers, which store data and programs (generally, ‘;information”) for processing
by the other, client computer systems, thereby to enable the client computer systems to
conveniently share the information. A client computer system which needs access to
information maintained by a particular server will enable the server to download the
information to it over the network. After processing the data, the client computer system may
also return the processed data to the server for storage. In addition to computer systems
(including the above-described servers and clients), a network may also include, for example,
printers and facsimile devices, digital audio or video storage and distribution devices, and the
like, which may be shared among the various computer systems connected in the network.
The communication links interconnecting the computer systems in the network may, as is
conventional, comprise any convenient information-carrying medium, including wires, optical
fibers or other media for carrying signals among the computer systems. Computer systems
transfer information over the network by means of messages transferred over the
communication links, with each message including information and an identifier identifying
the device to receive the message. '

In addition to the computer system 1010 shown in the drawings, methods, devices or
software products in accordance with the present invention can operate on any of a wide range
of conventional computing devices and systems, such as those depicted by way of example in
FIGS. 12B and 12C (e.g., network system 1100), whether standalone, networked, portable or
fixed, including conventional PCs 1102, laptops 1104, handheld or mobile computers 1106, or
across the Internet or other networks 1108, which may in turn include servers 1110 and

storage 1112,
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In line with conventional computer software and hardware practice, a software
application configured in accordance with the invention can operate within, e.g., a PC 1102
like that shown in FIGS. 12A-C, in which program instructions can be read from ROM or CD
ROM 1116 (FIG 12C), magnetic disk or other storage 1120 and loaded into RAM 1114 for
execution by CPU 1118, Data can be input into the system via any known device or means,
including a conventional keyboard, scanner, mouse, digitizing tablet, or other elements 1103.
As shown in FI1G 12C, the depicted storage 1120 includes removable storage. As further
shown in FIG 12C, applications and data 1122 can be located on some or all of fixed or
removable storage or ROM, or downloaded.

Those skilled in the art will also understand that method aspects of the present
invention can be carried out within commercially available digital processing systems, such as
workstations and personal computers (PCs), operating under the collective command of the
workstation or PC's operating system and a computer program product configured in
accordance with the present invention. The term “computer program product” can encompass
any set of computer-readable programs instructions encoded on a computer readable medium.
A computer readabile medium can encompass any form of computer readable element,
including, but not limited to, a computer hard disk, computer floppy disk, computer-readable
flash drive, computer-readable RAM or ROM element, or any other known means of
encoding, storing or providing digital information, whether local to or remote from the
workstation, PC or other digital processing device or system. Various forms of computer
readable elements and media are well known in the computing arts, and their selection is left

to the implementer.

D. Conclusion

Those skilled in the art will appreciate that while the foregoing detailed description
provides sufficient detail to enable one skilled in the art to practice the present invention, the
various examples, embodiments and practices of the present invention that are discussed and
described herein, in conjunction with the attached drawing figures, are provided by way of
example, and not by way of limitation, Numerous variations, additions, and other
modifications or different implementations of the present invention are possible, and are

within the spirit and scope of the invention.
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We claim:

1. A method of determining whether the performance of a computing system is likely
to scale exponentially or faster than exponentially with respect to increased system load, the
method comprising;

measuring utilization of one or more computing system components or groups of
components to generate utilization information, wherein the utilization may vary over time;

generating, using the utilization information, an operating curve characteristics of the
computing system,

determining at least one utilization value on the operating curve to be an x-coordinate
of a kneepoint of the operating curve, the kneepoint being a unique property of the operating
curve and being substantially constant for a performance queuing model representing one or
more aspects of the performance of the computing system;

comparing a given utilization value to the x-coordinate of the kneepoint;

setting a bound based on the x-coordinate of the kneepoint; and

indicating an alarm condition when the given utilization value is above the bound
based on the x-coordinate of the kneepoint.

2. A method in accordance with claim 1 further wherein a kneepoint is determined
using a set of kneepoint parameters, and wherein the kneepoint parameters are calculated in
closed analytical form for the linear operating region of the logarithm of the operating curve.

3. A method in accordance with claim 2 wherein the linear operating region is a
function solely of the queuing model.

4. A method in accordance with claim 3 wherein the linear operating region is
calculated in a closed analytical form.

5. A method in accordance with claim 2 wherein the set of kneepoint parameters
comprises curvature of the logarithm of the operating curve in the linear operating region,
and wherein bounds of the linear operating region comprise two points on the x-axis of
operating curve.

6. A method in accordance with claims 1, 2 or 4 further comprising:

evaluating system element performance by comparing system element utilization

measurements with at least one operating curve kneepoint.
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7. A system for determining whether the performance of a computing system is likely
to scale exponentially or faster than exponentially with respect to increased system load, the
systern comprising:

means for measuring utilization of one or more computing system components or
aroups of components to generate utilization information, wherein the utilization may vary
over time;

means for generating, using the utilization information, an operating curve
characteristics of the computing system; ‘

means for determining at least one utilization value on the operating curve to be an x-
coordinate of a kneepoint of the operating curve, the kneepoint being a unique property of
the operating curve and being substantially constant for a performance queuing model
representing one or more aspects of the performance of the computing system;

means for comparing a given utilization value to the x-coordinate of the kneepoint;

means for setting a bound based on the x-coordinate of the kneepoint; and

means for indicating an alarm condition when the given utilization value is above the
bound based on the x-coordinate of the kneepoint.

8. A system in accordance with claim 7 further wherein a kneepoint is determined
using a set of kneepoint parameters, and wherein the kneepoint parameters are calculated in
closed analytical form for the linear operating region of the logarithm of the operating curve.

9. A system in accordance with claim 8 wherein the linear operating region is a
function solely of the quening model.

10. A system in accordance with claim 9 wherein the linear operating region is
calculated 1n a closed analytical form.

11. A system in accordance with claim 8 wherein the set of kneepoint parameters
comprises curvature of the logarithm of the operating curve in the linear operating region,
and wherein bounds of the linear operating region comprise two points on the x-axis of
operating curve.

12. A system in accordance with claims 7, 8 or 10 further comprising:

means for evaluating system element performance by comparing system element

utilization measurements with at least one operating curve kneepoint.
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13. A computer program product comprising comprising computer-readable
program instructions encoded on a computer-readable medium and executable by a
computer to enable the computer to determine whether the performance of a computing
system is likely to scale exponentially or faster than exponentially with respect to increased
system load, the computer program product comprising;

A. first computer-readable program instructions, encoded on the computer-readable
medium and executable by the computer to enable the computer to measure utilization of
one or more computing system components or groups of components to generate utilization
information, wherein the utilization may vary over time;

B. second computer-readable program instructions, encoded on the computer-
readable medium and executable by the computer to enable the computer to generate, using
the utilization information, an operating curve characteristics of the computing system;

C. third computer-readable program instructions, encoded on the computer-readable

~medium and executable by the computer to enable the computer to determine at least one

utilization value on the operating curve to be an x-coordinate of a kneepoint of the operating
curve; the kneepoint being a unique property of the operating curve and being substantially
constant for a performance queuing model representing one or more aspects of the
performance of the computing system,;

D. fourth computer-readable program instructions, encoded on the computer-
readable medium and executable by the computer to enable the computer to compare a given
utilization value to the x-coordinate of the kneepoint;

E. fifth computer-readable program instructions, encoded on the computer-readable
medium and executable by the computer to enable the computer to set a bound based on the
x-coordinate of the kneepoint; and

F. sixth computer-readable program instructions, encoded on the computer-readable
medium and executable by the computer to enable the computer to indicate an alarm
condition when the given utilization value is above the bound based on the x-coordinate of
the kneepoint.

14. The computer program product of claim 13 further wherein a kneepoint is

determined using a set of kneepoint parameters, and wherein the kneepoint parameters are
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calculated in closed analytical form for the linear operating region of the logarithm of the
operating curve.

15. The computer program product of claim 14 wherein the linear operating region
1s a function solely of the queuing model.

16. The computer program product of claim 15 wherein the linear operating region
is calculated in a closed analytical form.

17. The computer program product of claim 14 wherein the set of kneepoint
parameters comprises curvature of the logarithm of the operating curve in the linear
operating region, and wherein bounds of the linear operating region comprise two points on
the x-axis of operating curve.

18. The computer program product of claims 13, 14 or 16 further comprising:

seventh computer-readable program instructions, encoded on the computer-readable
medium and executable by the computer to enable the computer to evaluate system element
performance by comparing system element utilization measurements with at least one
operating curve kneepoint.

19. In a computing system, an improvement for determining whether the
performance of a computing system is likely to scale exponentially or faster than
exponentially with respect to increased system load, the improvement comprising:

means for measuring utilization of one or more computing system components or
groups of components to generate utilization information, wherein the utilization may vary
over time;

means for generating, using the utilization information, an operating curve
characteristics of the computing system,

means for determining at least one utilization value on the operating curve to be an x-
coordinate of a kneepoint of the operating curve, the kneepoint being a unique property of
the operating curve and being substantially constant for a performance queuing model
representing one or more aspects of the performance of the computing system;

means for comparing a given utilization value to the x-coordinate of the kneepoint

means for setting a bound based on the x-coordinate of the kneepoint; and

means for indicating an alarm condition when the given utilization value is above the

bound based on the x-coordinate of the kneepoint.
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( START )

l 0

201. MEASURE UTILIZATION OF ONE OR MORE COMPUTING SYSTEM COMPONENTS OR
GROUPS OF COMPONENTS TO GENERATE UTILIZATION INFORMATION

(WHEREIN THE UTILIZATION MAY VARY OVER TIME)

'

202. GENERATE, USING UTILIZATION INFORMATION FOR THE COMPUTING SYSTEM, AN
OPERATING CURVE CHARACTERISTIC OF THE COMPUTING SYSTEM

;

203. DETERMINE KNEEPOINT OF OPERATING CURVE, USING A SET OF KNEEPOINT
PARAMETERS, WHEREIN THE KNEEPOINT PARAMETERS ARE CALCULATED IN CLOSED
ANALYTICAL FORM FOR A LINEAR OPERATING REGION OF THE LOGARITHM OF THE
OPERATING CURVE

(WHEREIN THE LINEAR OPERATING REGION IS A FUNCTION SOLELY OF A
PERFORMANCE QUEUING MODEL REPRESENTING ONE OR MORE ASPECTS CF THE
PERFORMANCE OF THE COMPUTING SYSTEM)

(WHEREIN THE LINEAR OPERATING REGION IS CALCULATED IN A CLOSED
ANALYTICAL FORM)

(WHEREIN THE SET OF KNEEPOINT PARAMETERS COMPRISES CURVATURE OF THE
LOGARITHM OF THE OPERATING CURVE IN THE LINEAR OPERATING REGION, AND
WHEREIN BOUNDS OF THE LINEAR OPERATING REGION COMPRISE TWO POINTS ON

THE X-AXIS OF OPERATING CURVE)

204. DETERMINE AT LEAST ONE UTILIZATION VALUE ON THE OPERATING CURVE TO BE AN
X-COORDINATE OF A KNEEPOINT OF THE OPERATING CURVE, THE KNEEPOINT BEING A
UNIQUE PROPERTY OF THE OPERATING CURVE AND BEING SUBSTANTIALLY CONSTANT FOR
A PERFORMANCE QUEUING MODEL REPRESENTING ONE OR MORE ASPECTS OF THE
PERFORMANCE OF THE COMPUTING SYSTEM

'

205. COMPARE GIVEN UTILIZATION VALUE TO THE X-COORDINATE OF THE KNEEPOINT

(EVALUATE SYSTEM ELEMENT PERFORMANCE BY COMPARING SYSTEM ELEMENT
UTILIZATION MEASUREMENTS WITH AT LEAST ONE OPERATING CURVE KNEEPOINT)

'

206. SET A BOUND BASED ON THE X-COORDINATE OF THE KNEEPOINT

'

207. INDICATE ALARM CONDITION WHEN THE GIVEN UTILIZATION VALUE IS ABOVE THE
BOUND BASED ON THE X-COORDINATE OF THE KNEEPOINT

FIG. 3A
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221. OBTAIN ACTUAL PERFORMANCE MEASUREMENT DATA POINTS OF
COMPUTER SYSTEM OR COMPUTER SYSTEM COMPONENT(S) THAT CAPTURE
RESPONSE TIME AS A FUNCTION OF UTILIZATION.

'

222. ASSUME QUTPUT IS FUNCTION OF INPUT, THAT IF RATE OF INPUT IS ZERO,
THEN RATE OF OUTPUT IS ALSO ZERO, THAT RATE OF QUTPUT IS MONOTONIC
AS A FUNCTION OF INPUT, AND THAT OUTPUT HAS VERTICAL ASYMPTOTE AT
MAXIMUM PERMITTED INPUT VALUE.

'

223. CONVERT RAW DATA POINTS THAT REPRESENT RESPONSE TIME AS
FUNCTION OF UTILIZATION OR LOAD TO CONTINUOUS MATHEMATICAL
FUNCTION USING SELECTED CURVE FITTING MODEL.

'

224, COMPUTE LOGARITHM OF OPERATING SYSTEM CURVE TO DEFINE
BEHAVIOR CURVE.

225, CALCULATE CURVATURE FUNCTION OF BEHAVIOR CURVE.

'

226. FIND TWO POINTS ON BEHAVIOR CURVE OF MAXIMUM CURVATURE.

'

227. PROJECT TWO POINTS BACK ONTO OPERATING (AND BEHAVIOR) CURVE
TO DEFINE SPAN OF OPERATING (BEHAVIOR) CURVE LINEARITY REGION.

'

228. FIND THE BEST FITTING EXPONENTIAL FUNCTION FOR OPERATING CURVE
OVER THE OPERATING CURVE LINEARITY REGION USING A SELECTED CURVE
FITTING ALGORITHM (E.G., LEAST-SQUARES). :

'

229. FIND RIGHTMOST POINT OF INTERSECTION BETWEEN THE OPERATING
CURVE AND BEST-FITTED EXPONENTIAL FUNCTION FOUND IN THE PREVIOUS.

'

230. PROJECT THIS POINT BACK ONTO X-AXIS, THIS POINT UNIQUELY DEFINES
KNEEPOINT OF OPERATING CURVE FOR A COMPUTER SYSTEM OR COMPUTER
SYSTEM COMPONENT, AND RESPECTIVE VALUE ON THE Y-AXIS IS OPERATION
RESPONSE TIME FOR THIS KNEEPOINT.

FIG. 3B
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PERFORMANCE MONITORING MODULE 130

KNEEPOINT ANALYSIS MODULE 601

610. MODULE FOR MEASURING UTILIZATION OF ONE OR
MORE COMPUTING SYSTEM COMPONENTS OR GROUPS OF
COMPONENTS TO GENERATE UTILIZATION INFORMATION
(UTILIZATION MAY VARY OVER TIME)

611. MODULE FOR GENERATING, USING THE UTILIZATION
INFORMATION, AN OPERATING CURVE CHARACTERISTICS
OF THE COMPUTING SYSTEM

612. MODULE FOR DETERMINING AT LEAST ONE
UTILIZATION VALUE ON THE OPERATING CURVE TO BE AN
X-COORDINATE OF A KNEEPOINT OF THE OPERATING
CURVE, THE KNEEPOINT BEING A UNIQUE PROPERTY OF
THE OPERATING CURVE AND BEING SUBSTANTIALLY
CONSTANT FOR A PERFORMANCE QUEUING MODEL
REPRESENTING ONE OR MORE ASPECTS OF THE
PERFORMANCE OF THE COMPUTING SYSTEM

613. MCDULE FOR COMPARING A GIVEN UTILIZATION VALUE
TO THE X-COORDINATE OF THE KNEEPOINT

614. MODULE FOR SETTING A BOUND BASED ON THE
X-COORDINATE OF THE KNEEPOINT

615. MODULE FOR INDICATING AN ALARM CONDITION WHEN
THE GIVEN UTILIZATION VALUE IS ABOVE THE BOUND
BASED ON THE X-COORDINATE OF THE KNEEPOINT

FIG. 11
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