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(57) Abstract: The present invention extends to methods, systems, and computer program products for iteratively calculating stand -
ard deviation for streamed data. Embodiments of the invention include iteratively calculating standard deviation in a current compu-
tation window based on the standard deviation calculation for a previous computation window. Iteratively calculating standard devi-
ation avoids visiting all previous input and performing redundant computations thereby increasing calculation efficiency. In general,
streaming data is added to a buffer of size n until the buffer is filled up. Once the bufter is filled, a sum and standard deviation are
calculated for the first n data points. As new data elements are received, a new sum is calculated by reusing the prior sum and a new
standard deviation is calculated by reusing the prior standard deviation.
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ITERATIVELY CALCULATING STANDARD DEVIATION
FOR STREAMED DATA

BACKGROUND

[0001] Computer systems and related technology affect many aspects of society. Indeed,
the computer system’s ability to process information has transformed the way we live and
work. Computer systems now commonly perform a host of tasks (e.g., word processing,
scheduling, accounting, etc.) that prior to the advent of the computer system were performed
manually. More recently, computer systems have been coupled to one another and to other
electronic devices to form both wired and wireless computer networks over which the
computer systems and other electronic devices can transfer electronic data. Accordingly,
the performance of many computing tasks is distributed across a number of different
computer systems and/or a number of different computing environments.

[0002] As computer systems and computer networks continue to become more prolific,
ever increasing amounts of data are carried between the computer systems over the
computer networks. Many types of data are streamed from one computer system to another.
Streaming data is data that is constantly being received by and presented to an end user
while being delivered by a provider. Often this includes receiving similarly formatted data
elements in succession separated by some time interval.

[0003] Processing streamed data can include performing calculations on multiple data
elements. Thus, a computer system receiving a stream of data elements typically includes
a buffer so that some number of data elements can be stored. Processing the streamed data
elements can include accessing data clements stored in the buffer. When performing
statistical calculations on streamed data elements, buffer requirements can be quite large.
For example, when calculating standard deviation, a (potentially large) number of data
elements may need to be accessed.

[0004] Further, some statistical calculations are recalculated as new strcamed data
clements are received. Thus, the (potentially large) number of data elements may need to
be repeatedly accessed. For example, it may be that a standard deviation is used for a
computation window that includes the last N data elements in a data stream. As such, every
time a new data element is received, the new element is added to the computation window
and the current N data element is moved out of the computation window. The N data

elements in the computation window are then accessed to recalculate the standard deviation.
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[0005] As such, each data element remains in the computation window for N standard
deviation calculations before it is aged out of the computation window. Accordingly, each
data element is read from the buffer N times. Performing statistical calculations on streamed
data clements in this way is time consuming and is an inefficient use of resources. For
example, the computational complexity of calculating standard deviation in stream data is
typically O(N).

SUMMARY
[0006] The present invention extends to methods, systems, and computer program
products for iteratively calculating standard deviation for streamed data. A computer system
includes a buffer for storing streamed data elements. A buffer window length indicates a
specified number of streamed data elements for filling computation windows for the buffer.
[0007] The computer system accesses streamed data elements for a computation window
of the buffer. The streamed data elements include an earlier (and possibly initial) streamed
data element and one or more additional streamed data elements. The earlier streamed data
clement was received prior to the one or more additional streamed data elements. The
computer system calculates a standard deviation for the computation window from the
carlier streamed element and one or more additional streamed elements.
[0008] The computer system receives a new streamed data element subsequent to
receiving the one or more additional streamed data elements. The computer system stores
the new streamed data element in the buffer. The computer system adjusts the computation
window by: removing the earlier streamed data element from the computation window and
adding the new streamed data element to the computation window.
[0009] The computer system iteratively calculates a next standard deviation for the
adjusted computation window by reusing the standard deviation for the computation
window. Calculating the next standard deviation includes accessing the new streamed data
element from the buffer and accessing the standard deviation. Calculating the next standard
deviation includes mathematically removing any contribution of the earlier streamed data
clement from the standard deviation. Calculating the next standard deviation includes
mathematically adding a contribution of the new streamed data element to the standard
deviation.
[0010] This summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the Detailed Description. This Summary is not intended
to identify key features or essential features of the claimed subject matter, nor is it intended

to be used as an aid in determining the scope of the claimed subject matter.
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[0011] Additional features and advantages of the invention will be set forth in the
description which follows, and in part will be obvious from the description, or may be
learned by the practice of the invention. The features and advantages of the invention may
be realized and obtained by means of the instruments and combinations particularly pointed
out in the appended claims. These and other features of the present invention will become
more fully apparent from the following description and appended claims, or may be learned
by the practice of the invention as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] In order to describe the manner in which the above-recited and other advantages
and features of the invention can be obtained, a more particular description of the invention
briefly described above will be rendered by reference to specific embodiments thereof which
are illustrated in the appended drawings. Understanding that these drawings depict only
typical embodiments of the invention and are not therefore to be considered to be limiting
of its scope, the invention will be described and explained with additional specificity and
detail through the use of the accompanying drawings in which:

[0013] Figure 1 illustrates an example computer architecture that facilitates iteratively
calculating standard deviation for streamed data.

[0014] Figure 2 illustrates a flow chart of an example method for iteratively calculating
standard deviation for streamed data.

[0015] Figure 3 illustrates data that is accessed from a computation window to calculate
a standard deviation.

[0016] Figure 4A illustrates equations for iteratively calculating a sample standard
deviation.

[0017] Figure 4B illustrates an equation for iteratively calculating a population standard
deviation.

[0018] Figure 5A illustrates an example of calculating standard deviation using traditional
algorithms.

[0019] Figure 5B illustrates an example of calculating standard deviation using iterative
algorithms.

[0020] Figure 6 illustrates computational loads for traditional standard deviation
algorithms and iterative standard deviation algorithms.

[0021] Figure 7 illustrates computational loads for traditional standard deviation

algorithms and iterative standard deviation algorithms.
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DETAILED DESCRIPTION

[0022] The present invention extends to methods, systems, and computer program
products for iteratively calculating standard deviation for streamed data. A computer system
includes a buffer for storing streamed data elements. A buffer window length indicates a
specified number of streamed data elements for filling computation windows for the buffer.
[0023] The computer system accesses streamed data elements for a computation window
of the buffer. The streamed data elements include an earlier (and possibly initial) streamed
data element and one or more additional streamed data elements. The earlier streamed data
clement was received prior to the one or more additional streamed data elements. The
computer system calculates a standard deviation for the computation window from the
carlier streamed element and one or more additional streamed elements.

[0024] The computer system receives a new streamed data element subsequent to
receiving the one or more additional streamed data elements. The computer system stores
the new streamed data element in the buffer. The computer system adjusts the computation
window by: removing the earlier streamed data element from the computation window and
adding the new streamed data element to the computation window.

[0025] The computer system iteratively calculates a next standard deviation for the
adjusted computation window by reusing the standard deviation for the computation
window. Calculating the next standard deviation includes accessing the new streamed data
element from the buffer and accessing the standard deviation. Calculating the next standard
deviation includes mathematically removing any contribution of the earlier streamed data
clement from the standard deviation. Calculating the next standard deviation includes
mathematically adding a contribution of the new streamed data element to the standard
deviation.

[0026] Embodiments of the present invention may comprise or utilize a special purpose
or general-purpose computer including computer hardware, such as, for example, one or
more processors and system memory, as discussed in greater detail below. Embodiments
within the scope of the present invention also include physical and other computer-readable
media for carrying or storing computer-executable instructions and/or data structures. Such
computer-readable media can be any available media that can be accessed by a general
purpose or special purpose computer system. Computer-readable media that store
computer-executable instructions are computer storage media (devices). Computer-
readable media that carry computer-executable instructions are transmission media. Thus,

by way of example, and not limitation, embodiments of the invention can comprise at least
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two distinctly different kinds of computer-readable media: computer storage media
(devices) and transmission media.

[0027] Computer storage media (devices) includes RAM, ROM, EEPROM, CD-ROM,
solid state drives (“SSDs”) (e.g., based on RAM), Flash memory, phase-change memory
(“PCM”), other types of memory, other optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other medium which can be used to store desired program
code means in the form of computer-executable instructions or data structures and which
can be accessed by a general purpose or special purpose computer.

[0028] A “network” is defined as one or more data links that enable the transport of
electronic data between computer systems and/or modules and/or other electronic devices.
When information is transferred or provided over a network or another communications
connection (either hardwired, wireless, or a combination of hardwired or wireless) to a
computer, the computer properly views the connection as a transmission medium.
Transmissions media can include a network and/or data links which can be used to carry
desired program code means in the form of computer-executable instructions or data
structures and which can be accessed by a general purpose or special purpose computer.
Combinations of the above should also be included within the scope of computer-readable
media.

[0029] Further, upon reaching various computer system components, program code
means in the form of computer-executable instructions or data structures can be transferred
automatically from transmission media to computer storage media (devices) (or vice versa).
For example, computer-executable instructions or data structures received over a network
or data link can be buffered in RAM within a network interface module (e.g., a “NIC”), and
then eventually transferred to computer system RAM and/or to less volatile computer
storage media (devices) at a computer system. Thus, it should be understood that computer
storage media (devices) can be included in computer system components that also (or even
primarily) utilize transmission media.

[0030] Computer-executable instructions comprise, for example, instructions and data
which, when executed at a processor, cause a general purpose computer, special purpose
computer, or special purpose processing device to perform a certain function or group of
functions. The computer executable instructions may be, for example, binaries,
intermediate format instructions such as assembly language, or even source code. Although
the subject matter has been described in language specific to structural features and/or

methodological acts, it is to be understood that the subject matter defined in the appended
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claims is not necessarily limited to the described features or acts described above. Rather,
the described features and acts are disclosed as example forms of implementing the claims.
[0031] Those skilled in the art will appreciate that the invention may be practiced in
network computing environments with many types of computer system configurations,
including, personal computers, desktop computers, laptop computers, message processors,
hand-held devices, multi-processor systems, microprocessor-based or programmable
consumer electronics, network PCs, minicomputers, mainframe computers,
supercomputers, mobile telephones, PDAs, tablets, pagers, routers, switches, and the like.
The invention may also be practiced in distributed system environments where local and
remote computer systems, which are linked (either by hardwired data links, wireless data
links, or by a combination of hardwired and wireless data links) through a network, both
perform tasks. In a distributed system environment, program modules may be located in
both local and remote memory storage devices.

[0032] Embodiments of the invention can also be implemented in cloud computing
environments. In this description and the following claims, “cloud computing” is defined as
a model for enabling on-demand network access to a shared pool of configurable computing
resources. For example, cloud computing can be employed in the marketplace to offer
ubiquitous and convenient on-demand access to the shared pool of configurable computing
resources. The shared pool of configurable computing resources can be rapidly provisioned
via virtualization and released with low management effort or service provider interaction,
and then scaled accordingly.

[0033] A cloud computing model can be composed of various characteristics such as, for
example, on-demand self-service, broad network access, resource pooling, rapid elasticity,
measured service, and so forth. A cloud computing model can also expose various service
models, such as, for example, Software as a Service (“SaaS”), Platform as a Service
(“PaaS”), and Infrastructure as a Service (“laaS”). A cloud computing model can also be
deployed using different deployment models such as private cloud, community cloud, public
cloud, hybrid cloud, and so forth. In this description and in the claims, a “cloud computing
environment” is an environment in which cloud computing is employed.

[0034] Within this description and the following claims, a “circular buffer” is a data
structure that uses a single, fixed-size buffer as if it were connected end-to-end. A circular
buffer can also be referred to as a cyclic buffer or a ring buffer.

[0035] Embodiments of the invention include iteratively calculating standard deviation in

a current computation window based on the standard deviation calculation for a previous
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computation window. Iteratively calculating standard deviation avoids visiting all previous
input and performing redundant computations thereby increasing calculation efficiency.
[0036] In general, streaming data is added to a buffer of size n until the buffer is filled up.
Once the buffer is filled, a sum and standard deviation are calculated for the first n data
points. As new data elements are received, a new sum is calculated by reusing the prior sum
and a new standard deviation is calculated by reusing the prior standard deviation.

[0037] Figure 1 illustrates an example computer architecture 100 that facilitates iteratively
calculating standard deviation for streamed data. Referring to Figure 1, computer
architecture 100 includes standard deviation calculation module 121. Standard deviation
calculation module 121 can be connected to (or is part of) a network, such as, for example,
a Local Area Network ("LAN"), a Wide Areca Network (“WAN”), and even the Internet.
Accordingly, standard deviation calculation module 121 as well as any other connected
computer systems and their components, can send and receive message related data (e.g.,
Internet Protocol (“IP”’) datagrams and other higher layer protocols that utilize IP datagrams,
such as, User Datagram Protocol (“UDP”), Real-time Streaming Protocol (“RTSP”), Real-
time Transport Protocol (“RTP”), Microsoft® Media Server (“MMS”), Transmission
Control Protocol (“TCP”), Hypertext Transfer Protocol (“HTTP”), Simple Mail Transfer
Protocol (“SMTP”), etc.) over the network.

[0038] In generally, data stream 117 can be a sequence of digitally encoded signals (e.g.,
packets of data or data packets) used to transmit or receive information that is in the process
of being transmitted. Data stream 117 can stream data elements, such as, for example, stock
quotes, video data, audio data, data collected by any sensors, closed-captioning data, real
time text, etc., to computer architecture 100. Data stream 117 can be a live stream or can
stream stored data.

[0039] As streamed data elements are received, the streamed data elements can be placed
in a location within circular buffer 132. For example, data element 101 can be placed in
location 132A, data element 112 can be placed in location 132B, data element 113 can be
placed in location 132C, data element 114 can be placed in location 132D, data element 115
can be placed in location 132E, data element 116 can be placed in location 132F, data
element 103 can be placed in location 132G.

[0040] Subsequently, data element 104 can be received. Data element 104 can be placed
in location 132A (overwriting data element 101).

[0041] As depicted, circular buffer 132 has seven locations, 132A-132G and a

computation window of six (i.e., n=6). Data elements within the computation window can
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rotate as new data elements are placed within circular buffer 132. For example, when data
element 103 is placed in location 132G, computation window 133 and transition to
computation window 133A. When data element 104 is subsequently placed in location
132A, computation window 103A can transition to computation 133B.

[0042] In general, standard deviation calculation module 121 is configured to calculate
standard deviation for a set of data elements in a computation window. Standard deviation
algorithm 122 is configured to calculate a standard deviation for data elements in a
computation window. Standard deviation algorithm 122 receives a full set of data elements
(e.g., 6) from a computation window as input. Standard deviation algorithm 122 calculates
a standard deviation from the full set of data elements. Thus, each data element contributes
to the calculated standard deviation. Standard deviation algorithm 122 can be used for an
initial standard deviation calculation or when standard deviation calculations are reset.
[0043] Iterative standard deviation algorithm is also configured to calculate standard
deviation for a set of data elements in a computation window. Iterative standard deviation
algorithm 134 receives a prior standard deviation value and a most recent data element from
a computation window as input. Iterative standard deviation algorithm 134 calculates a new
standard deviation from the prior standard deviation value and the most recent data element.
Contribution removal module 136 can remove a contribution for the least recent data
element from the prior standard deviation. Contribution addition module 137 can add a
contribution for the most recent data element to the prior standard deviation. Removing a
contribution for the least recent data element along with adding a contribution for the most
recent data element can be used to calculate standard deviation for the computation window.
[0044] Figure 2 illustrates a flow chart of an example method 200 for iteratively
calculating standard deviation for streamed data. Method 200 will be described with respect
to the components and data of computer architecture 100.

[0045] Method 200 includes accessing streamed data elements for a computation window
of the buffer, the streamed data elements including an earlier streamed data element and one
or more additional streamed data elements, the earlier streamed data element received prior
to the one or more additional streamed data elements (201). For example, standard deviation
calculation module can access data elements 101, 112, 113, 114, 115, and 116 for
computation window 133 of buffer 132. Data element 101 can be the earlier (and potentially
initially) streamed element and data elements 112, 113, 114, 115, and 116 can be the one or
more additional elements. Data element 101 can be received prior to data elements 112,

113,114, 115, and 116.
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[0046] Method 200 includes calculating a standard deviation for the computation window
from the earlier streamed element and one or more additional streamed elements (202). For
example, standard deviation algorithm 122 can be used to calculate standard deviation 141
from data element 101 and data elements 112, 113, 114, 115, and 116. As depicted, standard
deviation includes contribution 151, contribution 162, and other contributions 152.
Contribution 151 is a contribution from data element 101 to standard deviation 141.
Contribution 162 is a contribution from data element 112 to standard deviation 141. Other
contributions 152 are contributions from data elements 113, 114, 115, and 116 to standard
deviation 141.

[0047] Method 200 includes receiving a new streamed data element subsequent to
receiving the one or more additional streamed data elements (203). For example, data
element 103 can be received subsequent to receiving data elements 112-116. Method 200
includes storing the new streamed data element in the buffer (204). For example, data
element 103 can be stored in location 132G of buffer 132.

[0048] Method 200 includes adjusting the computation window (205). For example,
computation window 133 can be transitioned to computation window 132A. Adjusting the
computation window includes removing the carlier streamed data element from the
computation window (206) and adding the new streamed data element to the computation
window (207). For example, data element 101 is removed from computation window 133A
and data element 103 is added to computation window 133A.

[0049] Method 200 includes iteratively calculating a next standard deviation for the
adjusted computation window by reusing the standard deviation for the computation
window (208). For example, iterative standard deviation algorithm 134 can be used to
calculate standard deviation 143 (for computation window 133A) by reusing standard
deviation 141 (for computation window 133).

[0050] Iteratively calculating a next standard deviation includes accessing the new
streamed data element (209). For example, iterative standard deviation algorithm 134 can
access data element 103. Iteratively calculating a next standard deviation includes accessing
the standard deviation (210). For example, iterative standard deviation algorithm 134 can
access standard deviation 141.

[0051] Iteratively calculating a next standard deviation includes mathematically removing
any contribution of the earlier streamed data element from the standard deviation (211). For
example, iteratively calculating standard deviation 143 can include contribution removal

module 136 mathematically removing contribution 151 (i.e., the contribution from data
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element 101) from standard deviation 141. Iteratively calculating a next standard deviation
includes mathematically adding a contribution of the new streamed data element to the
standard deviation (212). For example, iteratively calculating standard deviation 143 can
include contribution addition module 137 mathematically adding contribution 153 to
standard deviation 141. Contribution 153 is a contribution from data element 103.

[0052] Iterative standard deviation algorithm 134 can then output standard deviation 143.
As depicted, standard deviation 143 includes contribution 162 (a contribution from data
element 112), other contributions 152 (contributions from data elements 113-116), and
contribution 153 (a contribution from data element 103).

[0053] 203-212 can repeated as newer steamed data elements are received. For example,
subsequent to calculating standard deviation 143, date element 104 can be received. Data
element 104 can be placed in location 132A overwriting data element 101. Computation
window 132A can be transitioned to computation window 132B by removing data element
112 and adding data element 104.

[0054] Iterative standard deviation algorithm 134 can be used to calculate standard
deviation 144 (for computation window 133B) by reusing standard deviation 143 (for
computation window 133A). Iterative standard deviation algorithm 134 can access data
clement 104. Iterative standard deviation algorithm 134 can access standard deviation 143.
Iteratively calculating standard deviation 144 can include contribution removal module 136
mathematically removing contribution 162 (i.c., the contribution from data element 112)
from standard deviation 143. Iteratively calculating standard deviation 144 can include
contribution addition module 137 mathematically adding contribution 154 to standard
deviation 143. Contribution 154 is a contribution from data element 104.

[0055] Iterative standard deviation algorithm 134 can then output standard deviation 144.
As depicted, standard deviation 144 includes other contributions 152 (contributions for data
elements 113-116), contribution 153 (a contribution from data element 103), and
contribution 154 (a contribution from data element 104).

[0056] When a next new streaming data element is received, standard deviation 144 can
be used to iteratively calculate a next standard deviation.

[0057] Figure 3 illustrates data that is accessed from a computation window 300 to
calculate a standard deviation. For computation window 300, the first n data eclements are
accessed to calculate a standard deviation for the first window. As time progresses,
individual new streamed data elements, for example, n+1, then n+2, then n+3, etc., are

accessed to iteratively calculate next standard deviations. Standard deviations can be
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iteratively calculated from two time points, two variables containing the sum of a current
time window and previous window, and the standard deviation for the previous window.
Thus, after calculation of the standard deviation for the first window, computation
complexity is reduced to O(1) and remains constant. As n increases the reduction in
computation workload becomes more substantial.

[0058] Figure 4A illustrates equations for iteratively calculating a sample standard
deviation. Formula 401 is a traditional equation for calculation sample standard deviation.
Formula 402 depicts a SUM for Sn and formula 403 depicts a SUM for Sa+1. Formula404
depicts a SUM for Sy+1 relative to the SUM for Sa.

[0059] Formula 405 is an equation for iteratively calculating a sample standard deviation
for n + 1 when the sample standard deviation for n is known. Collectively, formula portion
405A removes a contribution from an earlier data element (e.g., x1) and adds a contribution
for a newer element (e.g., Xat+1) to a prior standard deviation.

[0060] Figure 4B illustrates an equation for iteratively calculating a population standard
deviation. Formula 406 is a traditional equation for calculating population standard
deviation. Formula 407 is an equation for iteratively calculating population standard
deviation for n + 1 when the standard deviation for n is known.

[0061] Figure SA illustrates an example of calculating sample standard deviation for
number sequence 501 using traditional algorithms. Window length 502 (n) is 10. Windows
503 includes the first ten elements in number sequence 501. For each window, an average
is calculated, the summation element is calculated, and the square root operation is applied
to calculate the sample standard deviation.

[0062] For example, for window 503 the average is calculated to be 5.5. Calculating the
average includes 1 division operation and 9 addition operations. Using the average, the
summation element is calculated to be ~9.1666667. Calculating the summation element
includes 1 division, 10 multiplications, 11 subtractions, and 9 additions. The square root
operation is application to calculate the standard deviation. Thus, the total number of
operations includes 1 square root, 2 divisions, 10 multiplications, 10 subtractions, and 18
additions.

[0063] The same formulas can be used to calculate sample standard deviation for windows
504 and 505. Each of these calculations also includes 1 square root, 2 divisions, 10
multiplications, 10 subtractions, and 18 additions.

[0064] Figure 5B illustrates an example of calculating sample standard deviation using

iterative algorithms. The calculations for window 503 are essentially the same as Figure
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5A. Thus, the total number of operations includes 1 square root, 2 divisions, 10
multiplications, 10 subtractions, and 18 additions.

[0065] However, for window 504, formulas 404 and 405 can be used iteratively calculate
the standard deviation for window 504 from the standard deviation for window 503.
Formula 404 can be used to calculate Sii. Formula 404 includes 1 addition and 1
subtraction. Formula 405 can then be used to calculate the sample standard deviation.
Formula 405 includes 1 square root, 2 divisions, 3 multiplications, 3 subtractions, and 3
additions. Thus, the total operations include 1 square root, 2 divisions, 3 multiplications, 4
subtractions, and 4 additions.

[0066] Formulas 404 and 405 can also be used to iteratively calculate the sample standard
deviation for window 505 from the sample standard deviation for window 504. These
calculations also include 1 square root, 2 divisions, 3 multiplications, 4 subtractions, and 4
additions. As such, the number of operations used when iteratively calculating standard
deviation is (potentially substantially) less than when using traditional formulas.

[0067] Similar calculations for population standard deviation can also be demonstrated.
[0068] Figure 6 illustrates computational loads for traditional standard deviation
algorithm and iterative standard deviation algorithm for n=10. As depicted, there are fewer
multiplication operations, fewer subtraction operations, and fewer addition operations using
an iterative algorithm.

[0069] Figure 7 illustrates computational loads for traditional standard deviation
algorithm and iterative standard deviation algorithm for n = 10000. As depicted, there are
substantially fewer multiplication operations, fewer subtraction operations, and fewer
addition operations using an iterative algorithm.

[0070] Similar differences in computational loads can be demonstrated for population
standard deviation as well.

[0071] The present invention may be embodied in other specific forms without departing
from its spirit or essential characteristics. The described embodiments are to be considered
in all respects only as illustrative and not restrictive. The scope of the invention is, therefore,
indicated by the appended claims rather than by the foregoing description. All changes
which come within the meaning and range of equivalency of the claims are to be embraced

within their scope.
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CLAIMS
1. At a computer system, the computer system including one or more processors
and system memory, the computer system having a buffer for storing streamed data
clements, the computer system maintaining a buffer window length, the buffer window
length indicating a specified number of streamed data elements for filling a computation
window for the buffer, a method for calculating standard deviation for streamed data
elements in the computation window, the method comprising:
accessing streamed data elements for a computation window of the buffer,
the streamed data elements including an earlier streamed data element and one or
more additional streamed data elements, the earlier streamed data element received
prior to the one or more additional streamed data elements;
calculating a standard deviation for the computation window from the earlier
streamed element and one or more additional streamed elements;
receiving a new streamed data element subsequent to receiving the one or
more additional streamed data elements;
storing the new streamed data element in the buffer;
adjusting the computation window, including:
removing the earlier streamed data element from the computation
window; and
adding the new streamed data element to the computation window;
iteratively calculating a next standard deviation for the adjusted computation
window by reusing the standard deviation for the computation window, including:
accessing the new streamed data element;
accessing the standard deviation;
mathematically removing any contribution of the ecarlier streamed
data clement from the standard deviation; and
mathematically adding a contribution of the new streamed data

element to the standard deviation.

2. The method of claim 1, wherein accessing streamed data elements for a
computation window of the buffer comprises access streamed data including one or more of
stock quotes, audio data, video data, data collected by any sensors, or closed captioning

data.

13
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3. The method of claim 1, wherein iteratively calculating a next standard
deviation for the adjusted computation window by reusing the standard deviation for the
computation window comprises calculating a sum for the adjusted computation window by
adding a sum for the computation window to the new streamed data element and subtracting

the earlier streamed data element.

4. The method of claim 1, wherein storing the new streamed data element in the

buffer comprises storing the new streamed data element in a circular buffer.

5. The method of claim 1, wherein the one or more additional streamed data
clements include a streamed data clement closest in time to the earlier streamed data
element, further comprising

receiving a further new streamed data element subsequent to receiving the
new streamed elements;
storing the further new streamed data element in the buffer;
further adjusting the computation window, including:
removing the streamed data element closest in time to the earlier
streamed data element from the computation window; and
adding the further new streamed data element to the computation
window;
iteratively calculating a further standard deviation for the further adjusted
computation window by reusing the next standard deviation for the adjusted
computation window, including:
accessing the further new streamed data element;
accessing the next standard deviation;
mathematically removing any contribution of the element closest in
time to the earlier streamed data element from the next standard deviation;
and
mathematically adding a contribution of the further new streamed

data element to the next standard deviation.

14
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6. A computer program product for use at a computer system, the computer
system having a buffer for storing streamed data elements, the computer system maintaining
a buffer window length, the buffer window length indicating a specified number of streamed
data clements for filling a computation window for the buffer, the computer program
product for implementing a method for calculating standard deviation for streamed data
elements in the computation window, the computer program product comprising one or
more computer storage devices having stored thereon computer-executable instructions that,
when executed at a processor, cause the computer system to perform the method, including
the following:

receive a new streamed data element subsequent to receiving one or more
prior streamed data elements;
store the new streamed data clement in the buffer;
adjust a computation window, including:
remove the earliest received of the one or more prior streamed data
elements from the computation window; and
add the new streamed data element to the computation window;
iteratively calculate a next standard deviation for the adjusted computation
window by reusing a standard deviation calculated for the one or more prior
streamed data elements, including:
access the new streamed data clement;
access the standard deviation;
mathematically remove any contribution of the earliest received of
the one or more prior streamed data elements from the standard deviation;
and
mathematically add a contribution of the new streamed data element

to the standard deviation.
7. The computer program product of claim 6, further comprising computer-

executable instructions that, when executed, cause the computer system to calculate the

standard deviation for the one or more prior streamed elements.

15
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8. The computer program product of claim 6, further comprising computer-
executable instructions that, when executed, cause the computer system to:
receive a further new streamed data element subsequent to receiving the new
streamed elements;
store the further new streamed data element in the buffer;
further adjust the computation window, including:
remove the next earliest received of the one or more prior streamed
data elements from the computation window;
add the further new streamed data element to the computation
window;
iteratively calculate a further standard deviation for the further adjusted
computation window by reusing the next standard deviation, including:
accessing the new streamed data element;
accessing the standard deviation;
mathematically removing any contribution of the element closest in
time to the earlier streamed data element from the next standard deviation;
and
mathematically adding a contribution of the further new streamed

data element to the next standard deviation.

9. A computer system, the computer system comprising:

ONe Or More processors;

system memory;,

a circular buffer for storing streamed data elements, the circular buffer
having a computation window of a specified size; and

one or more computer storage devices having stored thereon computer-
executable instructions representing a standard deviation calculation module,
standard deviation calculation module configured to:

access streamed data elements in a computation window of the

circular buffer, the streamed data elements including an earlier streamed data

clement and one or more additional strcamed data clements, the carlier

streamed data element received prior to the one or more additional streamed

data elements;

16
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calculate a standard deviation for the computation window from the
carlier streamed clement and one or more additional streamed clements;
receive a new streamed data element subsequent to receiving the one
or more additional streamed data elements;
store the new streamed data clement in the circular buffer;
adjust the computation window, including:
remove the earlier streamed data element from the
computation window; and
add the new streamed data element to the computation
window;
iteratively calculate a next standard deviation for the adjusted
computation window by reusing the standard deviation for the computation
window, including:
access the new streamed data clement;
access the standard deviation,;
mathematically remove any contribution of the earlier streamed data
clement from the standard deviation; and
mathematically add a contribution of the new streamed data element

to the standard deviation.

10. The computer system of claim 9, wherein the standard deviation calculation
module being configured to calculate a standard deviation for the computation window
comprises standard deviation calculation module being configured to calculate one of: A
sample standard deviation for the computation window or a population standard deviation

for the computation window.
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Accessing streamed data elements for a computation window of the
buffer, the streamed data elements including an earlier streamed data
element and one or more additional streamed data elements, the initial

streamed data element received prior to the one or more additional

streamed data elements 201

v

Calculating a standard deviation for the computation window from the

earlier streamed element and one or more additional
streamed elements

v

Receiving a new streamed data element subsequent to receiving
the one or more additional streamed data elements

203
v
Storing the new streamed data element in the buffer 204
v
Adjusting the computation window, incuding: 205
Removing the earlier Adding the new streamed
streamed data element from data element to the
the computation window computation window
206 207
v

lteratively calculating a next standard deviation for the adjusted
computation window by reusing the standard deviation for the

computation window, including: 208
Accessing the new Accessing the standard
streamed data element deviation
209 210
Y y
v
y y

Mathematically removing

any contribution of the Mathematically aading a

contribution of the new

earlier streamed data
streamed data element to
element from the standard the standard deviation

deviation 211 212
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The definition of Sample Standard Deviation is:

STDDEV.S, = i/ﬁz’;(xi —x)2 7 \__-401

Now, suppose we have a time series of data:

X115 X2, X3, X4, vees Xpy Xpp1s ---

At time point #» we get data x,,, and at time point #n+1 we get data x,, , ;. And, we want to
calculate the Standard Deviation of the data within a time window length » whenever a new data
is coming.

Sp=xp+xy Fxz+ .+ x, = 2T x T\ 402

Spe1 =Xy F x5 T T + X =25 N 403

So, S,,+1 can be easily calculated in an iterative way:

Sn1 =5 T Xnp1 — X /\_/404

STDDEV.S,,, = i/STDDEV. S, 2 + %((xﬁxnﬂ) — L (Sp+Sus)) |\ 405

405A

S

Formula 404 can be used for iteratively calculating the SUM within a window length 7, and
formula405can be used for iteratively calculating the Sample Standard Deviation within a
window length 7.

Fig. 4A
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The definition of Standard Deviation for entire population is:

STDDEV.P, = * %Z’;(xi —%2 T \__-406

We can determine the iterative algorithm for Population Standard Deviation by replacing the

denominator (n -1) with n:

(Xp41 — x1)

2 1
STDDEV.P, . = \/STDDEV.PnZ + (Ce1+%n1) == (S + Sn1))

407

Fig. 4B
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Number sequence 501: 3,1,5,6,2,7,8,9,10,4,11,54,-38, ...
Window Length 502: 10

Window 503: {3,1,5,6,2,7,8,9,10,4},and xq = 3,x; =1,x3 =5, ...,x10 = 4,x11 = 11

Calculate Standard Deviation For Window 503

1. Calculate the average of the first 10 numbers
(3+1+5+6+2+7+8+94+10+4) 55

10 =000

X =

Operations in this step: 1 division, 9 additions.

2. Calculate anlZTf(xi - f)z
1 10 )
10— 121 (= %)

= é((S —5.5)24+ (1 -5.5)2+(5-5.5)? 4+ (6 —5.5)2 + (2 — 5.5)?

+ (7 —5.5)> + (8 = 5.5)% + (9 — 5.5)2 + (10 — 5.5)2 + (4 — 5.5)%)
1
= 6(6'25 + 20.25 4+ 0.25 + 0.25 + 12.25 + 2.25 + 6.25 + 12.25 4+ 20.25

82.5
+2.25) = o 9.166666666666667

Operations in this step: 1 division, 10 multiplications, 11 subtractions, 9 additions.

Fig. SA
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3. Calculate the sample standard deviation

1
10-1

5 10
STDDEV.Sy, = j Z (x; — %)2 = 1/9.166666666666667
1

= 3.027650354097492
Operations in this step: 1 square root.

So, totally there are 1 square root, 2 divisions, 10 multiplications, 10 subtractions and 18
additions.

The same formulas can be used to calculate standard deviation for:

Window 504: {1,5,6,2,7,8,9,10,4,11},and x; = 1,x, =5,x3 =6, ...,x9 =
11,X11 = 54,

For which there are also 1 square root, 2 divisions, 10 multiplications, 10
subtractions and 18 additions.
And to calculate the standard deviation for:

Window 505: {5,6,2,7,8,9,10,4,54}, and x; = 5,x; = 6,x3 = 2,...,X10 =
54‘, X111 = —38.

For which there are also 1 square root, 2 divisions, 10 multiplications, 10
subtractions and 18 additions.

Fig. SA (Cont’d)
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Number sequence 501: 3,1,5,6,2,7,8,9,10,4,11,54,-38, ...
Window Length 502: 10

Window 503: {3,1,5,6,2,7,8,9,10,4}, and x; = 3,x, = 1,x3 =5, ...,x10 =4, x4 = 11

Calculate Standard Deviation For Window 503

1. Calculate Sjo=xq tx, tx3+...+tx, =21x%=3+1+54+64+24+7+8+9+10+
4 =55

- _ S0 _ 55 _
2. Calculate x = 0 = 10= 5.5

3. Calculate — Y7 (x; — %)?

1 10 .,
10—121 (% = %)

= %((3 —5.5)2+(1-55)+(5-5.5)2+(6—5.5)% +(2—5.5)*

+(7—-5.5)?%+(8-55)>+(9—55)2+ (10— 5.5)? + (4 — 5.5)?)

1
= 5(6'25 +20.25+0.25+0.25+ 12.25 + 2.25 + 6.25 + 12.25 + 20.25

82.5
+ 2.25) = 5 = 9.166666666666667

4. Calculate the sample standard deviation

1
10-1

2 10
STDDEV.S(y = x; — %)% = 1/9.166666666666667
10 i
1

= 3.027650354097492

So, totally there are 1 square root, 2 divisions, 10 multiplications, 10 subtractions and 18
additions.

Fig. 5B
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Formulas 404 and 405 can be used to calculate the sample standard deviation in the second
window, which is to calculate the standard deviation on numbers: 1,5,6,2,7,8,9,10,4,11, and
X1 = 3,X2 = 1,X3 = 5, X110 = 4, X111 = 11. (WmeW 504)

1. Use formula 404 to calculate S
511 2510+ X11 — X1:55+11—3:63
Operations in step 1: 1 addition, 1 subtraction

2. Use formula 405 to calculate the sample standard deviation

(11 — x1)
(10-1)

1
STDDEV. 511 = STDDEV 5102 + — ((X1+X11) - E(Slo + 511))

(11— 3)
*13.0276503540974922 + m((3 +11) — —(55 +63))

%118
10 )

8
9 166666666666668 + 9 (14 —-11.8)

8 1
\]9 166666666666668 + 5 (14 —

2 8 2 17.6
= \]9.166666666666668 + 5 * 2.2 = \]9.166666666666668 + 5

= 19.166666666666668 + 1.955555555555556

= Y11.12222222222222 = 3.334999583541537
Operations in step 2: 1 square root, 2 divisions, 3 multiplications, 3 subtractions and 3
additions. The total operations for calculating the sample standard deviation in the second

window are: 1 square root, 2 divisions, 3 multiplications, 4 subtractions and 4 additions.

Fig. 5B (Cont’d)
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Formulas 404 and 405 can be used to calculate the sample standard deviation in the third
window, which is to calculate the standard deviation on numbers: 5,6,2,7,8,9,10,4,11,54, and
X1 = 1,X2 = 5,X3 = 6, o, X10 — 11, X11 — 54. (WlndOW 505)

1. Use formula 404 to calculate Sy
511 2510+ X111 — X1 =63+54—-1=116
Operations in step 1: 1 addition, 1 subtraction

2. Use formula 405 to calculate the sample standard deviation

Geng —x1)
(10-1)

2 1
STDDEV. 512 = \]STDDEVSllz + — ((X1+X11) - E (510 + 511))

(54-1)
2
*13.3349995835415372 4+ =2 G0 (@59 - 0(63+116))

53
11.12222222222222 + —(55 ——=x%179)

10

53
11.12222222222222 + 5 371

1966.3

11.12222222222222 +

2\/

2 53
11.12222222222222 + —(55 —17.9)
2\/

2\/

= V11.12222222222222 + 218.4777777777778 = 1/229.6
= 15.15255753990065
Operations in step 2: 1 square root, 2 divisions, 3 multiplications, 3 subtractions and 3
additions. So the total operations for calculating the sample standard deviation in the third
window are: 1 square root, 2 divisions, 3 multiplications, 4 subtractions and 4 additions (i.c.,

the same as the second window).

Fig. 5B (Cont’d)
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Square
Root Division | Multiplication | Subtraction [ Addition
Traditional Algorithm 1 2 10 11 18
Iterative Algorithm 1 2 3 4 4
(n=10)
Fig. 6
Square
Root Division | Multiplication [ Subtraction [ Addition
Traditional Algorithm 2 10000 10001 19998
Iterative Algorithm 1 2 3 4 4
(n=10000)

Fig. 7
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