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SYSTEM AND METHOD FOR ESTIMATING COMBINED WORKLOADS OF
SYSTEMS WITH UNCORRELATED AND NON-DETERMINISTIC WORKLOAD
PATTERNS

TECHNICAL FIELD

[0001]  The following relates to systems and methods for estimating the combined

workloads for a set of systems with uncorrelated and non-deterministic workload patterns.
BACKGROUND

[0002]  As organizations have become more reliant on computers for performing day to
day activities, so too has the reliance on networks and information technology (IT)
infrastructures increased. It 1s well known that large organizations having facilities in
different geographical locations utilize distributed computing systems connected locally over

local area networks (LAN) and across the geographical areas through wide-area networks

(WAN).

[0003]  While the benefits of a distributed approach are numerous and well understood,
there has arisen significant practical challenges in managing such systems for optimizing
efficiency and to avoid redundancies and/or under-utilized hardware. Decentralized control
and decision making around capacity, the provisioning of new applications and hardware, and
the perception that the cost of adding server hardware is generally inexpensive, have created

environments with far more processing capacity than is required by the organization.

[0004]  When cost 1s considered on a server-by-server basis, the additional cost of having
underutilized servers is often not deemed to be troubling. However, when multiple servers in
a large computing environment are underutilized, having too many servers can become a
burden. Too many servers result in extra costs, mostly through additional capital,
maintenance and upgrade expenses; redundant software licenses; and excess heat production
and power consumption. As such, removing even a modest number of servers from a large

computing environment can save a significant amount of cost on a yearly basis.

[0005] As a result, orgamzations have become increasingly concerned with such
redundancies and how they can best achieve consolidation of capacity to reduce operating

costs. The cost-savings objective can be realized through consolidation strategies such as, but

218546231
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not limited to: virtualization, operating system (OS) level stacking, database consolidation,

application stacking, physical consolidation, and storage consohdation.

[0006]  In general, all consolidation strategies listed above involve combining one or more
source systems onto one or more target systems. Unfortunately, choosing the most
appropriate sources and targets to consolidate is a daunting task. There typically 1s a large

number of possible consolidation combinations to consider for a given set of consolidation

candidates.

{0007] To determine the most suitable consolidation solution, one must, at a mmimum,
consider the potential constraints imposed by key system resources such as, but not limited
to, CPU utilization, disk I/O activity, network I/O activity, memory utilization, etc. To
evaluate the resource constraints for a set of systems to be consolidated, one must model the
projected resource utilization levels of the combined systems and compare the projected

values against the respective capacities of the target systems.

[0008)  System workload data is normally collected as time series data (e.g. 5 minute
samples). If the workload patterns of the systems are highly deterministic, an effective
method for modeling the combined workload is to sum the historical time series data of the
systems at like times. However, if the utilization patterns are stochastic, simply adding time
series workload data of multiple systems may not be representative of the combined
utilization patterns due to the unpredictable levels of workload contention between the

systems.

[0009] Instead, a more sophisticated method for modeling the combined workloads of

systems with stochastic data should be employed.
SUMMARY

[0010] A method is provided that comprises the ability to specify the degree of
conservatism in the estimate through a confidence level. There is provided a mechanism to
specify the degree of predicted workload contention between systems through confidence
levels based on probabilistic models, which is also efficient when computing the estimated

workloads to support rapid evaluation of a large number of possible consolidation scenarios.

218546231
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10011} In one aspect, there is provided a method for estimating combined system
workloads, the method comprising: obtaining a set of quantile-based workload data
pertaining to a plurality of systems; normalizing the quantile-based workload data to
compensate for relative measures between data pertaining to different ones of the plurality of
systems; determining a confidence interval; using the confidence interval to determine a
contention probability specifying a degree of predicted workload contention between the
plurality of systems according to at least one probabilistic model; using the contention
probability to combine workloads for the plurality of systems; and providing a result

indicative of one or more combined workloads.

[0012]  In another aspect, a computer readable medium is provided comprising computer

executable instructions for performing the method.

[0013] In yet another aspect, a system is provided which comprises a database, a

processor, and the computer readable medium.
BRIEF DESCRIPTION OF THE DRAWINGS

[0014]  An embodiment of the invention will now be described by way of example only

with reference to the appended drawings wherein:

[0015)  Figure 1 is a block diagram illustrating a workload analysis system.

[0016] Figure 2 is a flow diagram illustrating an exemplary procedure for performing a

combined workload analysis using the system of Figure 1.

[0017] Figure 3 is a flow diagram illustrating further detail concerning the collection and

processing of workload data step shown 1 Figure 2.

[0018] Figure 4 is a flow diagram illustrating further detail concemning the combined

workload computation shown in Figure 2.

DETAILED DESCRIPTION OF THE DRAWINGS

[0019] It has been found that an effective method for characterizing stochastic data 1s
through quantiles for a fixed time period (e.g. hourly minimum, 1% quartile, median, 3"

quartile, and maximum). However, estimating the combined workload tor multiple systems
21854623 1
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based on the quantile data is typically not so simple. For example, to estimate the maximum
of the combined workload for multiple systems, one could simply add all the maximum
values together. Similar calculations can be performed for other quantiles. Unfortunately,
the sum of the maximum values represents the extreme maximum value since 1t assumes that
the maximums for all systems occur at the same time. For cases with many systems being
combined, the likelihood of all systems being at their peak value at the same time 1s highly
unlikely. As such, adding like statistics (e.g. minimums, maximums, etc.) can generate

results that do not reflect real world scenarios.

[0020] It has been recognized that a more reasonable estimation of combined workloads
can be achieved by enabling the ability to specify the confidence level in which to estimate
the workload values. The confidence level can range from 0 to 100% and controls the degree

of conservatism in estimating the combined workloads.

[0021] At a level of 100%, the calculations of combined workloads considers all possible
combinations, reflecting the most extreme cases by simply adding like statistics. The
predicted maximum and minimum values would then be the sum of the maximums and

minimums respectively.

[0022] At a level of 0%, the calculations of combined workloads consider the most

limited of combinations, making the results approach the sum of the average values.

[0023] At levels between 0 and 100%, the calculations of combined workloads consider

combinations that are between the average and the extreme scenarios.
Workload Analyses - Overview

[0024] Turning now to Figure 1, a workload analysis system for analyzing workload data

12 obtained from one or more managed systems 14 1s generally denoted by numeral 10. It
will be appreciated that a “system” or “computer system” hereinafter referred, can encompass
any entity which is capable of being analysed based on any type of utilization data and should

not be considered limited to existing or hypothetical physical or virtual systems etc.

[0025]  The workload analysis system 10 comprises a workload analysis engine 16, which

comprises software, hardware or a combination thereot and 1s capable of obtaiming data 12

21854623.1
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stored in a system workload database 18, process such data 12 while taking nto account user
analysis inputs 20 to generate workload analysis results 22. It can be appreciated that the

workload analysis system 10 can be implemented as a remote service, locally running
application, or in any other suitable configuration capable of applying the principles

discussed herein.

[0026] A high level data flow for the workload system 10 1s shown in Figure 2. At 30,
the workload data 12 is collected from the systems 14 and processed before being stored in
the system workload database 18. The workload data 12 may have been obtained n advance
or may be acquired in real time during the analysis. Data collection and processing inputs 32
are used in this example in order to facilitate the collection and processing of workload data
12 at 30. At 34, combined workloads are computed in order to generate combined workload
results 36. A set of analysis inputs 38 are used in this example in order to facihtate the

computation of the combined workloads at 34.

[0027]  Figure 3 provides further detail of an embodiment for collecting and processing
workload data at step 30 shown in Figure 2. At 40, the workload data 1s collected from the
systems 14 using data collection inputs 44, and time series workload data 42 may then be
generated. The time series workload data 42 is then converted at 46 to quantile based data 43
using quantile and time basis inputs 50 (e.g. hourly quartiles). The quantile and time basis
inputs 50 are typically dependent on the nature of the time series workload data 42, e.g.
frequency of time series, etc. The quantilc based workload data 48 1s then stored 1n the

system workload database 18 for subsequent processing, details of which are exemplified 1n

Figure 4.

[0028] Turning to Figure 4, upon initiating a new analysis for a selected set of one or

more systems, the workload data for the selected systems is extracted from the system
workload database 18 at 52, based on input 56 regarding the systems to analyze and workload

data selection criteria 58. The workload data selection criteria define how to choose the actual
data to be used in the assessment for each system. The criteria include the specific workload
metrics to be analyzed (e.g. CPU utilization, disk I/O activity, network 1/O activity, etc.), a
date range specifying the time period from which to select historical data, and additional
specification for choosing what comprises the representative data (e.g. busiest, least busy,

typical, average, etc.).
21854623.1
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[0029]  Upon extracting the workload data at 52, a set of quantile-based workload data 54
is obtained, which may then be normalized 60, using workload normalization benchmarks 64.

Data normalization is required for workload metrics such as %CPU utilization which
represent relative measures of CPU usage levels of the respective systems. Such relative
values from different systems cannot simply be added together to estimate their combined
workload level. Prior to combining such metrics, they should be normalized on an absolute

measure using CPU benchmarks such as SPEC CINT Rate 2006. A set of normalized

workload data 62 is thus produced and, by selecting a confidence interval 68, the workloads
for the selected systems 14 can be combined at 66 using contention probability. The

combined workload results 36 are then generated and can be used 1n subsequent analyses.

[0030] As will be explained in greater detail below, better combined system workload
estimates can be obtained by specifying and utilizing a confidence interval in estimating the

combination of workloads using quantile-based values.
Estimating Combined System Workloads with Variable Contention

[0031]  As discussed above, accurately predicting the combined workloads of multiple
systems based on historical data can be difficult due to the randomness and variability of
system workloads (such as CPU utilization, disk I/O rates, network 1/0 rates) over time. This
following methodology describes an embodiment for esttimating the addition/combination of
uncorrelated system workloads using statistical models that consider the probability ot
workload contention based on a specified confidence level. It may be noted that applications

for accurate predictions of system workloads include server consolidation and virtualization

analysis, pro-active capacity management, and capacity planning.

[0032] The methodology herein described utilizes the following concepts: historical
workload data 1s represented using quantiles over time-based windows; and within a

representative time window, the combined system workloads are estimated using

probabilistic models that predict the degree of workload contention between the systems.

[0033]  As shown in Figure 3, historical workload data 1s commonly represented as time
series data 42. For example, the %CPU utilization of a system 14 for an hour may be

presented as time series data at 5 minute intervals as shown below in Table 1.

21854623, 1
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Timestamp %CPU

00:00 10 ;
00:05 | 10
00:10 20
00:15 30
00:20 50
00:25 20
00:30 80
00:35 100
L 00:40 80
00:45 | 80
00:50 30
| 00:55 20

Table 1: Sample Time Series Data

[0034]  Historical data can also be represented using the mean, minimum, maximum and
quantiles over time-based windows, i.e. quantile-based data 48. Quantiles are points taken at
regular intervals which divide a sorted data set into equal parts. Some quantiles have special
names such as percentiles (100-quantiles), deciles (10-quantiles) and quartiles (4-quantiles).
The mean, minimum, maximum and gquantile values for the time window can be derived tfrom
the time series data 42 and provide a more compact data representation. The mean %CPU
value for the hour of data shown in Table 1 above, 1s 44.2. The minimum, maximum and

quartiles are listed below in Table 2:

Quantile Value
| Minimum 10
1*! Quartile 20
2" Quartile | 30
3 Quartile | 80
Maximum 100

Table 2: Sample Quartiles
[0035] It may be noted that when using quartiles, the 1% quartile here represents the value
from Table 1 at which 25% of the values are at or below that value, the 2" quartile represents
the value at which 50% of the values are at or below that value, and the 3™ quartile represents

the value at which 75% of the values are at or below that value.

[0036]  To minimize information loss due to the quantization of the data, the granulanty
of the quantiles (e.g. quartiles vs. deciles) and time window size (e.g. 1 hour vs. 1 day) should
be chosen according to the stochastic nature of the time-senes data 42 and sampling rates.

This can be done by adjusting the quantile and time basis inputs 50.

21854623 1
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10037] For a chosen time window, the combined workloads of multiple systems 14 can be

estimated using various techmaques.

[0038]  One approach for combining the system workloads is to sum hke values. For
example, the total minimum value is the sum of the minimum values of the systems being
combined. The total mean, maximum value and quartiles can be computed 1n a similar

manner, as exemplified below.
[003 9] Mintotal = Minsysteml + Minsystem2 + Minsystem3 T

[0040] Q]total = QlSYStle T leyslemz + leystem3 T > oo
[0041] taotal = stysteml + stystcmZ + stystcm3 + ...
[0042] Q3total = Q3systeml + Q3 system?2 + Q3systcm3 + ...

[0043] Maxtotal = Maxsystem] + Maxsystem2 + MaxsystemB T ...
[0044] Meantota] = Meansysteml + Meansystem2 + Meansystem3 T ...

[0045] It can be appreciated that the sum of the means is an accurate measure of the
combined workload means. However, it has been realized that the sum of the minimums,

maximums and quartiles may not be as representative of the combined workloads.

[0046]  The sum of the minimums and maximums represent the outer envelope of these

extreme values. For instance, the sum of the maximums reflects the theoretical maximum (or
worst case scenario) since all the maximum valucs for each system 14 are assumed to occur
at the same time within the time window. As more system workloads are combined, the
likelihood of all extreme values occurring at the same time decreases. Thus, the above

estimate becomes less likely as the number of systems 14 combined increase.

[0047] To a lesser degree, this effect applies to the estimate for the quartile totals as well.

[0048] It has therefore been found that to better estimate combined system workloads,
workload contention probability should be considered. Assuming that the vanabihity of

system workloads are not correlated, the likelihood of specific quantile values (e.g.

21854623.1
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maximums) of multiple systems coinciding within the common time window can be

predicted using the cumulative binomial distribution function:

m . 3
F('m.;n., p) — Z (k) pr{il . p)n_k
[0049] =,

[0050] Where:

[0051] - F is the contention probability that at least m systems are simultaneously at the

common quantile value type (e.g. maximum).

[0052] - m is the number of systems simultaneously at the common quantile value.

[0033] - n 1s the total number of systems being combined.

[0054] - p is the probability of the quantile value ocecurring for each system within the

ttme window.

[0055]  The probability, p for a specific quantile (or minimum/maximum) value occurring
within the time window depends on the quantile size. In general, 1t can be observed that each
inner quantile value has twice the likelihood as the outer minimum and maximum values.

Thus, in the case of quartiles, the probabilities would be as follows shown in Table 3 below:

Quartile Probability ]
Minimum 12.5% |
1* Quartile 25% !

2™ Quartile 25%
3' Quartile 25% 1
Maximum | 12.5%

Table 3: Quartile Probabilities

[0056] For example, for 10 systems (n=10) and assuming 12.5% probability of a specific
quantile occurring for each system (p=0.125), contention probabilities /' can be computed as

a function of the number of systems (m) in contention at the quantile value as shown below 1n

Table 4.

21854623.1
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| m (systems K
In (contention
contention) | probability)

0 0.263
] orless | 0.639 J
2 or less 0.880 )
3 or less 0.973 #‘
4 or less ~ 0.996 |
Sorless | (0.9995
6 or less 0.99996
7Jorless |  0.999998
8 or less 0.99999993

9orless | 0.9999999991]
| 10 or less ]

Table 4. Cumulative Contention Probability Example

[0057])  The contention probability F'is the likelihood that m or less systems are
concurrently at the quantile value. It may be noted that these contention probabilities ditter

when the total number of systems (n) varies.

10058]  For example, given a confidence level of 99%, it can be assumed that 3 or less
systems will be at their respective maximum values at the same time (i.¢. in contention).

Similarly, given a confidence level of 90%, it can be assumed that 2 or less systems will be 1n

contention.

[0059]  The combined maximum workload value can be estimated for a specified
confidence level by blending 3 components: the ‘worst’ case value of the maximum values,
the average of the other maximum values, and the average of the remaining values (excluding
the worst case and a portion of the remaining values). These 3 components are blended
according to a ratio derived from the predicted contention level. The likely number of system
workloads to be in contention at their respective maximum value is determined from the

confidence level and the contention probability.

10060] Accordingly, the combined maximum can be estimated as follows:
[{0061] MaXoa1 = MaXmax + (m-1)*Max,y, + (n-m)*(Overall,y, — (m-1)*Max,yo/(n-1))
[0062] Where:

[0063]  Max,, is largest of the maximum values

218546231
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[0064] Max,, is the average of the maximum values of the other systems (1.e. excluding

system with the MaXmax)

[0065] Overall,,, is the overall average of the other systems excluding the values

associated with the system with the Maxjax.
[0066] 7 is the total number of systems being combined.
[0067)  m is the likely number of systems in contention at the maximum value.

[0068] At the 100% confidence level, m = n, and the combined maximum is equal to the
sum of the maximums. At confidence levels less than 100%, the combined maximum tends
towards the overall average value. At a confidence level of 0%, m = 1, and the combined

maximum is a blend of the largest maximum and the overall average — resulting in the actual

overall average.

[0069]  In addition, the combined maximum should always be greater than or equal to the
overall average. If the computed maximum value is less than the overall average, it should

then be set to the average value.

[0070]  Similarly, the combined minimum can be estimated as follows:

[0071] Minoa = Minmpay + (M-1)*Min,y, + (n-m)*(Overallay, — (m-1)*Minaye/(n-1))
[0072]  Where:

[0073] Min,.. is the largest of the minimum values.

0074 Ming, is the average of the minimum values of the other systems (1.e. excluding

the system with the Minpay).

[0075] Overall, is the overall average of the other systems excluding the values

associated with the system with the Mingax.
[0076]  n is the total number of system being combined.

[0077]  m s the likely number of systems in contention at the minimum value.

218546231
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(0078]

In addition, the combined minimum should always be less than or equal to the

overall average. If the computed minimum value is less than the overall average, 1t should

then be set to the average value.

(0079]

At the 100% confidence level, m = n, and the combined minimum is equal to the

sum of the minimums. At confidence levels less than 100%, the combined minimum tends

towards the overall average value. At a confidence level of 0%, m = 1, and the combined

minimum is a blend of the largest minimum and the overall average — resulting in the actual

overall average.

[0080]

In addition, the combined minimum should always be less than or equal to the

overall average. If the computed value is greater than the overall average, it should then be

set to the average value.

(0081]

Once the combined minimum and maximum values have been established, the

combined values for the inner quantiles can be estimated by interpolating between the

estimated combined minimum and maximum values using their relative ratios from the 100%

confidence case.

10082}

Minyotal

10083]

[0084)
[0085]
(0086}

[0087]

[0088]

[0089]

21854623.1

Qtotal — (Qtotal@lOO - Mintotal@loo)*(MaXtotal "" Mintotal)/ (Maxtotal@loo — Mintotal@lOO) T

Where:

O0ar 15 the combined inner quantile value at the desired confidence level

Oroi@ioo is the combined inner quantile value at the 100% confidence level
Min,..; 1S the combined quartile value at the desired confidence level

Minoui@i00 1s the combined quartile value at the 100% confidence level

Max,,,; 1s the combined quartile value at the desired confidence level

Max otai@ioo 18 the combined quartile value at the 100% confidence level.

-12 -
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The combined workload of 5 exemplary systems will now be estimated using the

principles described above. Workload data in the form of normalized %CPU utilization for a

period of 1 hour in 5 minute samples 1s shown below in Table 5.

Timestramp System1 |System2 |System3 |System4 |SystemS | Total
00:00 10 11 2 3 4 | 30
00:05 20 20 4 3 E 1 50
00:10 5 23 5 > |15 33
00:15 0 1 0 7 23 31
0020 |40 5 9 0 2 | 56
00:25 21 | 60 |2 23 | 3 | 109
00:30 22 40 21 12 43 138
00:35 35 120 |5 2 3 65
00:40 |89 14 6 4 30 143
00:45 79 23 8 4 2 | 116
00:50 30 F 1 9 3 1 44
00:55 2 2 2 1 11 18
Table 5: Sample Time-series Y%oCPU Utilization Data
[0091] The time series data may then be summarized as quartiles and averages for each

system as shown in Table 6 below.

Statistic ISystem 1 |System2 |System3 |Systemd4 |SystemS | Total

| Average | 294 18.3 6.1 5.6 | 11.7 71.1
Minimum |0 ] 0 0 ] | 2
I 3.75 425 2 2.75 2.75 20.5
Quartile | |

Median | 21.5 17 5 3.5 135 50.5
3" 36.25 | 23 8.25 5.5 17 90
Quartile | |

| Maximum | 89 | 60 21 | 23 43 1236 |
Samples 12 12 112 112 12 60 |

Table 6. Quartile-based statistics

[0092]  As noted earlier, the likelihood of a system being at 1ts maximum value 1s 12.5%

Similarly, the likelihood of the minimum value would also be 12.5%. Applying the binomial

distribution function defined above, with these likelihoods, we can estimate the probabilities

of the number of systems being at the same quartile at the same time. For example, assuming

a total of 5 systems, the following Table 7 lists the probabilities for the number of systems

being at their respective maximum values at the same time.

21854623.1
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| Number of systems at maximum value Probability |
1 0 [51.3%
| 1 j 36.6%
2 10.5% l
3 L 1.4%
4 1 0.11%
5 ~ {0.003% N '
Table 7: Probability of Number of System at Maximum
[0093]  Thus, there is a 51.3% chance of 0 systems being at their maximum hourly value

at the same time sample. Similarly, there 1s 0.003% chance of all 5 systems being at their

hourly maximum at the same time sample.

[0094]  The cumulative probabilities that consider the chances that at least a specific

number of systems are at their respective maximum values at the same time are shown below

in Table 8.

' Number of systems at maximum value | Probability
| O 51.3%
] or less 87.9%
2 or less 98.4% L
3 or less 99.9%
4 or less 99.997% )
5 or less o 100% ]
Table 8: Cumulative Probabilities for Maximum
[0095]  Since systems have the same likelihood of being at its minimum value (12.5%),

the same probabilities listed above would apply to the mimmum scenario.

[0096]  Given a confidence interval, the likely number of systems that will be 1n
contention can be determined. To determine the number of systems 1n contention for a given
confidence interval, the entry that is just less than or equal to the spectfied probability can be

selected. In addition, the number of systems in contention should always be at least 1.

[0097]  The following Table 9 lists the number of systems in contention for a set of

confidence intervals.

218546231
- 14 -
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Confidence Interval # of Systems at Maximum |
100% >
99.999% 14
99.9 3 |
99 2 {
75 ] |
50 ]

0 i

Table 9: Number of Systems in Contention for Specific Confidence Intervals

(0098]  Given the number of systems in contention, the combined workloads can be
computed, using the formulae described previously, as shown below 1n Table 10.
Confidence | Combined Combined Combined Combined | Combined
Interval Minimum 1* Quartile | Median 3" Quartile | Maximum
1 100 3 21 51 90 236
99.999 13 28 53 86 207
99.9 23 | 35 33 82 180
| 99 | 33 42 | 58 79 155
75 43 50 61 76 1131
50 - 43 | 50 61 76 131
| 0 143 50 61 176 131
Table 10: Combined Workloads
[0099]  In general, as the confidence interval is reduced, the predicted values approach the

combined mean value of 71%. For instance, the combined maximum at 100% confidence

level is 236% but is reduced to 155% at a 99% confidence level. Conversely, the combined

minimum is 3% at the 100% confidence level and increases to 33% at the 99% confidence

level.

[00100]

These estimates of the combined workload values can then be used to determine

whether a set of source systems can be consolidated onto a target system. In general,

employing higher confidence levels results in higher combined workload estimates, resulting

in lower and more conservative server consolidation ratios. Conversely, employing lower

confidence limits results in lower combined workload estimates, resulting in higher server

consolidation ratios but potentially increased rsks.

(00101]

Although the invention has been described with reference to certain specific

embodiments, various modifications thereof will be apparent to those skilled 1n the art

21854623.1
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1  without departing from the scope of the invention as outlined in the claims appended hereto.
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Claims:

1. A method for estimating combined system workloads, said method comprising:
obtaining a set of quantile-based workload data pertaining to a plurality of systems;
normalizing said quantile-based workload data to generate normalized workload data that

compensates for relative measures between data pertaining to different ones of said plurality

of systems;

determining a confidence level that has been specitied to control a degree of
conservatism in estimating combined system workloads for said plurality of systems, the
specified confidence level being selectable from a plurality of confidence levels each
indicative of a proportion of scenarios to be excluded from an analysis in order to vary the
degree of conservatism;

using said specified confidence level to determine a degree of workload contention
between said plurality of systems according to at least one probabilistic model;

using said degree of workload contention and said normalized workload data to combine
workloads for said plurality of systems; and

providing a result indicative of one or more combined workloads according to the

specified confidence level.

2. The method according to claim 1 further comprising obtaining a set of time series
workload data and converting said time series workload data into said quantile-based

workload data.

3. The method according to claim 2 wherein said time series data is collected from said

plurality of systems using data collection inputs.

4. The method according to claim 2 wherein said quantile-based workload data 1s converted

according to a specified quantile and a specified time interval.

5. The method according to claim 1 wherein said normalizing comprises reference to one or

more benchmarks determined according to the nature of said plurality ot systems.

_17 -
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6. The method according to claim 1 wherein said degree of workload contention 1s

computed using a cumulative binomial distribution function.

7. The method according to claim 6 wherein said degree of workload contention 18

determined from a contention probability defined as follows:

m
F(m;n,p) = Z (’;)p"(l — p)™ %, where F is said contention probability, m is a
k=0

number of systems in contention, n is the total number of said plurality of systems, p 1s

the probability of a quantile value occurring for each system within a time window.

8. The method according to claim 1 wherein said combined workloads are estimated for the
specified confidence level by blending a worst case value of systems in contention, an
average of all other values of systems in contention, and an average of all values other

than the worst case and the average of all other values of systems in contention.

9. The method according to claim 8 wherein said blending is performed according to a rati0

derived from a predicted contention level.

10. The method according to claim 9, wherein for a maximum workload scenario, said
combined workload 1s computed as: Max gz = MaxXmax + (M-1)*Max,yg + (01-
m)*(Overall, g — (m-1)*Max,,,/(n-1)), where Max,,,, 1s a largest of maximum values,
Max,,, 1s an average of maximum values of the other systems, Overall,,, 1s an overall
average of the other systems excluding the values associated with the system with the
Maxmax, # 18 a total number of systems being combined, and m 1s a likely number of

systems i contention at the maximum value.

11. The method according to claim 9, wherein for a minimum workload scenario, said
combined workload 1s computed as: Mine, = Mingay + (M-1)*Min,y, + (n-
m)*(Overall,, — (m-1)*Min,,,/(n-1)), where Min,,,, 1s a largest of the minimum values,

Min,,, 1s an average of the minimum values of the other systems, Overall,,, 1s an overall

- 18 -
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average of the other systems excluding the values associated with the system with the
Min,,.x, 7 1s a total number of system being combined, and m is a likely number of

systems 1n contention at the minimum value.

12. The method according to claim 9, wherein for a quantile workload scenario, said
combined workload 1s Computed ds. Qtotal = (Qtotal@lOO — Mintota}@loo)*(Matha] —
Minga)/ MaXoai@ 100 — MiNori@100) + Mingga, Where: Qa1 1S @ combined inner quantile
value at the desired confidence level, O, @700 1S a combined inner quantile value at a
100% confidence level, Min,,,,; 1s a combined quartile value at a desired confidence level,
Min,.ue100 18 @ combined quartile value at the 100% confidence level, Max;, 1s a
combined quartile value at the. desired confidence level, and Max,,.i@ 100 1S @ combined

quartile value at the 100% confidence level.

13. The method according to claim 1 wherein said quantile-based workload data 1s obtained

from a database.

14. A computer readable medium comprising computer executable instructions for

performing the method according to any one of claims 1 to 13.

15. A system for estimating combined system workloads, said system comprising a database
for storing workload data, said computer readable medium according to claim 14, and a

processor for executing said computer executable instructions.

.19
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