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INTERNATIONAL APPLICATION
FOR

FLUID AND RESOLUTION-FRIENDLY VIEW OF LARGE VOLUMES OF TIME SERIES DATA

TECHNICAL FIELD
{0001 One technical field of the present disclosure relates to methods, systems, computer

software, and/or computer hardware in the fields of data processing and data visualization.

BACKGROUND

[0002] The approaches described in this section are approaches that could be pursued, but
not necessarly approaches that have been previously coneeived or pursued. Therefore,
unless otherwise indicated, it should not be assumed that anv of the approaches described in
this section qualify as prior art merely by virtue of their inclusion in this section.

10003} Manufacturing and process engineers are increasingly managing and reviewing
unprecedented amounts of operational data. For example, machines and sensors in mdustries,
such as oif and gas industry, metals and mining mdustry, and semiconductor mdustry,
produce terabyies of operational data over time from across the enterprise. There are
numerous challenges that arise in managing and reviewing large volumes of data. These
challenges range from delivering and presenting data at the frontend to processing and
storage Himitations at the backend.

{0004] Thus, it would be helpful to have an improved solution to processing, storing, and

visualizing large volumes of data.

BRIEF DESCRIPTION OF THE DRAWINGS

[O005] The present invention is illustrated by way of example, and not by way of
hmitation, in the figures of the accompanying drawings and m which like reference numerals
refer to similar elements and in which:

{6006} FIG. 1 dllustrates an example networked computer system in accordance with
some embodiments.

{0607} FIG. 2A illustrates an example tile in accordance with some embodiments.

{0008} FIG. 2B illustrates an example supertile in accordance with some embodiments.
[0009] FIG. 2C illustrates an cxarple a parguet tile in accordance with some

embodiments.
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0614} FIG. 3 illustrates an example method of processing a large volume of time-series
data in accordance with some embodiments.

{0011} FIG. 4 illustrates an example method of presenting a large volume of time-series
data in accordance with some embodiments.

06012} FIG. 5 illustrates an example mteractive graphical user interface showing values
of multiple signals in accordance with some embodiments.

{0013} FIG. 6 illustrates an cxample vderactive graphical user interface showing values
related to a numerical signal in accordance with some embodiments.

{0014} FIG. 7 illustrates an example interactive graphical user interface showing a
caption for a numerical signal 1n accordance with some embodiments.

[B015] FIG. 8 llustrates an example display of missing values in summary hines in
accordance with some embodiments.

HEBEY FIG. 9 illustrates an example interactive graphical vser interface showing values
related to a categorical signal in accordance with some cmbodiments.

06171 FIG. 10 iHlustrates another example mteractive graphical user interface showmg a
caption for a categorical signal in accordance with some embodiments.

{0618} FIG. 1A ilustrates progressive details of g signal through a series of zoom
operations in accordance with some embodiments.

06019} FI1G. 11B further illustrates progressive details of a signal through a serigs of
zoom operations in accordance with some embodiments.

{0026} FIG. 12 provides an example block diagram of a computer system upon which an
embodiment of the mvention may be implemented.

{06211 FIG. 13 provides an example block diagram of a basic sofiware system for

controlling the operation of a computing device.

DETAILED DESCRIPTION

[0022] In the following description, for the purposes of explanation, nmumerous specific
details arc set forth m order to provide a thorough understanding of the present mvention. It
will be apparent, however, that the present invention may be practiced without these specific
details. In other instances, well-known structures and devices are shown in block diagram
form 1n order to avoid unnecessarify obscunng the present invention,

[0023] Embodiments are described herein in sections according to the following outling:

1.0 GENERAL OVERVIEW
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2.0 SYSTEM OVERVIEW

3.0 STRUCTURAL OVERVIEW
3.1  GENERAL DATA STRUCTURE
32  TILE IMPLEMENTATION
3.3 SUPERTILE IMPLEMENTATION
34  COORDINATE SYSTEM
3.5 STORAGE LAYOUT
3.6  REQUEST FORMAT

40  PROCEDURAL OVERVIEW

5.0 GRAPHICAL USER INTERFACE IMPLEMENTATIONS
5.1 TIME PLOTS
52  NUMERICAL PLOTS
53  NUMERICAL CAPTIONS
54  DATA GAPS
55  CATEGORICAL PLOTS
56  CATEGORICAL CAPTION
5.7 VYERTICAL CURSOR
5.8  PROGRESSIVE DETAIL
59  GESTURES

6.0  REAL-TIME PROCESSING
6.1  TILE TREES
6.2  TIME-DIMENSION HIERARCHY
6.3  COORDINATE SYSTEM
64  STORAGE
6.5  QUERY SERVICE

70  HARDWARE OVERVIEW

80  SOFTWARE OVERVIEW

9.0  OTHER ASPECTS OF DISCLOSURE

{0024} 1.6  GENERAL OVERVIEW
{6625] A unified, hierarchical, and responsive treatment of numencal and categorical

time series data is a novel and nonobvious means of exploration of operational data and

predictions. Specific organization and storage of such data results m a thad view of very

-3-
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complex data in an easily understood visualization, regardless of resolution, scope, or
computing device,

{0026} Machines and sensors produce raw or actual operational data that mav include
time series data. Each time series generally corresponds to one signal and comprises one or
more feature vectors for ong or more timepoimts. Technigues described here provide a foveal
view of the actual data using tiles, a tile being a base unit of data transfer. In an embodiment,
a tile contains aggregated data af a certain visualization resolution for the actual data present
i the duration of time covered in that tile. Tiles are generated at every possible resolution
suttable for a computer display and provide aggregate measures such as averages and
variances. In this embodiment, every tile at a certain resolution level covers the same relative
duration and has starting points so that none of the tiles overlap in terms of timepoints m
them. In some embodiments, tiles may be orgamzed nto a tree such that leaf nodes of the
tree contain raw data at the precise time when the data was recorded, whereas intermediate or
branch nodes represent aggregations at different resolutions. Tiles provide a summary of data
such that from the highest level view down 1o the specific data time points collected, a user’s
attention may be drawn to the times when there 1s the most intergsting pattem to review and
analyze.

{0027} In one aspect, a computer-implemented method comprises generating, from time
series data, a plurality of tides for each of a plurality of resolutions, wherein each of the
plurality of tiles associated with a resclation of the plurality of resolutions corresponds to a
first common length of time. The method also includes generating a plurality of supertiles
associated with the resolution of the plurality of resolutions, wherein each of the phurality of
supertiles corresponds to a group of tiles of the plurality of tiles and includes a sapertile
header that includes a storage offset of each tile of the group of tiles. The method also
mcludes recetving, after generating the plurality of tiles and the plurality of supertiles, a first
user request from a requesting computer, the first user request specifying a first timestamp
and a first resolution of the plurality of resolutions and determining a first supertile from a
plurality of supertiles associated with the first resolution specified in the first user request.
The method also includes identifving a storage location of a first tile in the first supertile and,
in response, retrieving the first tile at the storage location, wherein a first duration of time
associated with the first tile is dependent on the first resolution specified in the first aser
request and includes a time of the first imestamp, wherein the first tile comprises a plurality

of aggregated values representing all data time pownts that are n the first duration of time

-l
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corresponding to the first tile. The method also includes transmitting a first response
meluding the first tile to the requesting computer for generating a visualization of the
plurality of the aggregated values of the first tile.

{60281 In another aspect, a computer-implemented method comprises generating a user
request specifving a time location on a timeline and a resolution of a plurality of resohutions,
wherein the user request is for viewing a first signal. The method also includes receiving
data including a tile in response to the user request, wherein the tile corresponds to a duration
of time covering the time location specified i the user request, wherein the duration of time
associated with the tile 1s dependent on the resohution specificd in the aser roquest, wherein
the tile comprises a plurality of aggregated values representing all data time points of the first
signal that are in the duration of time corresponding to the tife. The method also mcludes
generating a graphical display including a visualization of the plurality of aggregated values
of the tile.

{0029} Technigues disclosed herein manage unprecedented amounts of operational data,
which may be generated at different frequencies, i a manner that expedites processing of
requests for viewing the operational data and enhances the visualization of operational data.
The technigues involve intelligently organizing raw data and pre-computed aggregate data in
storage to allow fast retricval and the aggregate data on a screen to allow efficient vet
mformative visualization. The technigues reduce the computational load of a server
processing the requests . The techoiques also allow high vistbility of large data sets with low
retricval latency and storage requirements, as the operational data is visualized over different
tme spans or at different resolutions. Tiles, which are the base unit of transfer and contan an
appropriate amount of raw data or aggregate data, are easily loaded for display in the time 1t
takes a user to specific or navigate to a specific portion of time, allowing the user to view
data over different time ranges and resolutions responsively or mteractively. Consequently,
the disclosed technigues provide numerous technical benefits. One example 1s reduced use of
memory, CPU cycles, network traffic, and other computer rescurces, resulting in improved
machine efficicncy, for all the reasons set forth herein.

0634} Uther embodiments, aspects, and features will become apparent from the reminder
of the disclosure as a whole.

{0631} 20  SYSTEM OVERVIEW

{0032} All drawing tigures, all of the description and claims in this disclosure, are

miended to present, disclose and claim a technical system and technical methods comprising

5.
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specially programmed computers, using a special-purpose distributed computer system
design and mstructions that are programmed to execute the functions that are described.
These clements execute functions that have not been available before to provide a practical
application of computing technology to the problem of difficulty in efficiently and
mtetigently visnalizing large volumes of time serics data m an industnial environment. In
this manner, the disclosure presents a techuical solution to a technical problem, and any
mterpretation of the disclosure or claims to cover anv judicial exception 1o patent eligibility,
such as an abstract idea, mental process, method of organizing human activity or
mathematical algorithm, has no support in this disclosure and s erroneous.

{0033] FIG. 1 is a block diagram of an example computer network system 100 in which
various embodiments may be practiced. FIG. I illustrates only one of many possible
arrangements of components configured to execute the programming deseribed herein. Other
arrangements may nclude foewer or different components, and the division of work between
the componeunts may vary depending on the arrangement.

0634} In the example of FIG. 1, a networked computer system 100 may facilitate the
exchange of data between one or more client computers 104 and a server computer 108,
which are communicatively coupled directly or indirectly via network 102, Therefore, cach
of clements 104 and 108 of FIG. 1 may represent one or more computers that host or execute
stored programs that provide the functions and operations that are described further herein in
connegction with processing and visualization operations.

{0035} The server computer 108 may be implemented using a scrver-class computer or
other computers having one or more processor cores, co-processors, or other computers. The
server computer 108 may be a computer, software and/or hardware or a combination storing
mstructions that are programmed or configured to store, process, analyze, and send data for
visualization. The server computer 108 may be associated with one or more data repositorics
106.

{(3036] In an embodiment, the server computer 108 gxecutes receiving instructions 110,
tile generation mstructions 112, tile storing instructions 114, predicting mstructions 116,
retrieving instructions 113, and transmitting instructions 120, the functions of which are
described elsewhere herein. Other sets of nstructions may be imchided to form a complete
systern such as an operating system, utility hibraries, a presentation layer, database interface

layer and so forth.
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{06371 The recerving instructions 110 may cause the server computer 108 to receive
operational data for processing and/or storage in the data repository 106, In an embodiment,
the operational data may be time series data and may be processed for visualization {e.g.,
viewmg) on, for example, a requesting computer such as client computer 104, In an
embodiment, the operational data may be actual or raw data generated by a machine, device,
or ¢quipment (not dlustrated i FIG. 1} during operation of the machine, device, or
cquipment , or may be predicted data gencrated by one or more machine learning (ML)
prediction models. Time senes data may be numernical, categorical, or 2-dimensional images.
Example numerical time serics data may relate to temperature, pressure, or flow rate
generated by a machine, device, or equipment, or confidence scores of state predictions made
by a ML prediction model. Example categorical time series data has a fixed set of values,
such different states of a maching, device, or equipment, or state predictions made by a
prediction model. Example 2-dimensional image time series data could mchude color, mfra-
red, ultra-violet, or monochrome fixed point photography or layout information.

[6638] The tile generation instructions 112 may cause the server computer 108 to process

the operational data (e g.

2., actual data or predicted data) that includes time serigs data, o
genecrate a plarality of tiles and a plurality of supertiles, as further discussed next, for each of
a plurality of resolutions. Each tile may include metadata that comprises aggregated data for
the operational data present i the duration of time covered by that tile. For example, a tile at
resohution O may cover 10 seconds of operational data and imchude summary data{c g,
aggregated data) representing the operational data present in that time period of 10 seconds as
part of the metadata of that tile. For another example, a tile at resolution 4 may cover
100,000 seconds of operational data and include summary data (e.g., aggregated data)
representing the operational data present in that time period of 100,000 seconds as part of the
metadata for that tile.

[B039] The tile storing mstructions 114 may cause the server computer 108 to store the
plurality of tiles for each of the plurality of resolutions in the data repository 106. In an
embodiment, the plurality of tiles for each resolution may be grouped into a plurality of
supertiles for that resolution. The plurality of supertiles for a resolution may be stored in a
manner, based on a configuration and/or storage system, of the data repository 106, for quick
access and retrieval of a particular tile in the plurality of supertiles. The plarality of
supertiles for a resolution may be stored together as a single file (e.g., parquet file) in the data

repository 106, The plurality of supertiles for a resolution may be stored as individual tiles

-7-



CA 03148975 2022-01-27

WO 2021/021734 PCT/US2020/043735

under the same divectory for that resolution in the data repository 106, In an embodiment,
cach tie in a supertile may be compressed and encoded using 174 or other technigues known
to someone skilled in the art.

6040} The prediction instructions |16 may cause the server computer 108 to applyv a
trained prediction model to predict warnings, conditions, or states (predicted data) of a
machine, device, or equipment, for example, using actual or raw data generated by the
machine, device, or equipment. The predicted data generated by the prediction model may be
numerical or categorical, and may be the operational data that 1s processed for visualization
{¢.g., viewing} on a requesting computer.

[0041] The retrieving nstructions 118 may cause the server computer 108 to receive a
user request (AP request), from a requesting computer, to view the processed operational
data and, 1n response, to determine the location of a tile as a wmit of transmission
corrgsponding to the request. The retrieving instructions 118 may also cause the server
computer 108 to retricve the tile using the location. The transmutting instructions 120 may
cause the server computer 108 to transmit the tile retrieved by the retrieving nstructions 18
to the client compuoter 104 for visualization.

[6842] In an embodiment, the computer system 100 comprises components that are
mplemented at least partiallv by hardware at ong or more computing devices, such as one or
more hardware processors executing program instructions stored in one or more memories for
performing the functions that are described herein. All functions descnbed herein are
mtended to mdicate operations that are performed using programming in a special-purpose
computer or general-purpose computer, in various embodiments. A “computer” may be one
or more physical computers, virtual computers, and/or computing devices. As an example, a
computer may be one or more server computers, cloud-based computers, cloud-based cluster
of computers, docker containers, virtual machine instances or virtual machine computing
clements such as virtual processors, storage and memory, data centers, storage devices,
desktop compuiers, laptop computers, mobile devices, and/or any other special-purpose
computing devices. Anv reference to “a computer” hercin may mean one or more computers,
uniess expressly stated otherwise.

0043} Computer executable instructions described herein may be in machine executable
code 1n the mstruction set of a CPU and may have been compiled based upon source code
written in JAVA, SCALA, C++ PYTHON, or any other human-readable programming

language or environment, alone or in combination with scripts in JAVASCRIPT, other

-§-
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scripting languages and other programming source text. In another embodiment, the
programmed instractions also may represent one or more files or projects of source code that
arc digitally stored in a mass storage device such as non-volatile RAM or disk storage, in the
systems of FIG. 1 or a separate repository system, which when compiled or interpreted cause
generating executable mstractions which when executed cause the computer to perform the
functions or operations that are described herein with reference to those instructions. In other
words, the drawing figure may represent the manuver in which programmers or software
developers organize and arrange source code for later compilation into an executable, or
mterpretation into bytecods or the equivalent, for execution by computer(s).

[0044] The data repository 106, coupled with the server computer 108, may include a
database (¢.g., a relational database, object database, post-relational database), a file system,
blob storage, and/or any other suitable tvpe of storage system. The data repository 106 may
store operational data, such as actual or raw data gencrated by a machine, device, or
cquipment, and/or predicted data generated by a ML prediction model. For example, one or
more sensors may detect or measure one or more properties of a machine, device, or
equipment during operation of the machine, device, or equipment. An example machine,
device, or equipment is a windmill, a compressor, an articulated robot, an 10T device, or other
machinery. The actual or raw data mav be transmitted or otherwise provided directly or
mdirectly to the server computer 108, over the network 102, for processing. Processed time
series data for one or more signals may be stored in the data repository 106 according to a
particular data structure that allows the processed data to be served and/or read as quickly as
possible. In an embodiment, the data structure relates to cells, tiles, supertiles, and/or parquet
files.

{0045} The network 102 broadly represents a combination of one or more wireless or
wired networks, such as local area networks (LANs), wide area networks (WANs),
metropolitan area networks (MANs}, global interconnected internetworks, such as the public
mternet, or a combination thereof., Hach such network may use or execute stored programs
that implement iternetworking protocols according to standards such as the Open Systems
Interconnect (OS] multi-layer networking model, including but not limited to Transmission
Control Protocol (TCP) or User Datagram Protocol (UDP), Intemet Protocol (IP), Hypertext
Transfer Protocol (HTTP), and so forth. All computers described herein may be configured
to connect to the network 102 and the disclosure presumcs that all clements of FIG. 1 are

cornmunicatively coupled via the network 102, The various elements depicted in FIG. 1 may
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also communicate with each other via direct commumications links that are not depicted in
FIG. 1 for purposes of explanation.

[0046] The server computer 108 is accessible over network 102 by multipie requesting
computing devices, such as the chient computer 104, Any other number of chient computers
104 may be registered with the server computer 108 at any given time. Thas, the elements in
FIG. 1 are wtended to represent one workable embodiment but are not intended to constrain
or limit the number of elements that could be used in other cmbodiments.

{06471 A requesting computing device, such as the client computer 104, may comprise a
desktop computer, laptop computer, tablet computer, smartphone, or any other type of
corputing device that allows access to the server computer 108, The client computer 104
may send actual or raw data to the server computer 108 for processing and/or may be used to
request and fo view or visualize processed data.

{3048} For example, the client computer 104 may send a user request to view processed
data to the server computer 108 and, in response, receive a response including a tile from the
server computer 108, A browser or a client application on the chient computer 104 may
recetve the tile and handle decompression and decoding of the tile. The client computer 104
may display data associated with the tile in an interactive graphical user interface {GUI) that
allows casy viewing operations, such as zoom, pan, and sclect gestures, as further described
herein.

[(3049] In an embodiment, the client computer 104 may be responsible for data caching to
minimize calls to the server computer 108 {c.g., minimizes latency). The chient computer 104
may utilize a DB-based cache and/or an HTTP cache. As an example, when tiles are
revisited, such as by zooming back to a granularity previously viewed, the client compuater
104 may first check whether a particular tile 1s locally stored on disk or in memory. if that
tile 18 locally stored, then the client computer 104 reloads that tile from the cache. Otherwise,
the client computer 104 sends a user request to the server computer 108 to return the
appropriate tile. In an embodiment, cach tile received from the server computer 108 may be
associated with time expiry data to allow the client computer 104 to relinguish disk space
occupied by expiring cached data.

{8656} 3.0  STRUCTURAL OVERVIEW

{0051} 3.1 GENERAL DATA STRUCTURE
[0052] Time series data generated by a machine, device, or equipment may comprise one

or more fime series cach identified by a time series 1D and may be processed by the server
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computer 108 or a client device to be viewed at different resolutions. A higher resolution at a
finer granularity 1s associated with a shorter time slice in data rendering and visualization.
Similarly, a lower resolution at a coarser gramularity is associated with a longer time shice in
data rendering and visualizaion.

HEERY Each resclution mav be associated with alevel and a resolution ID that 13 assigned
based on the fength of the time slice used as a unit for data processing and visvalization. This
time slice 1s referred herein as a step of that resolution. In an embodiment, step sizes are on a
logarithmic scale. For example, the step for resolution 0 may have a time shice of length |
ms, and the step for resolution 12 may have a time shice of length 102 ms. In another
embodiment, steps may be designed for human consumption.

[0034] 32 TILE IMPLEMENTATION

HEERSY The time domain may be sphit mto tifes, as illustrated in FIG. 2A. For example,
FIG. 2A illustrates tile 2004 and tile 200p that correspond with two conseoutive time
durations ot periods in the time domain. Each tile 200 includes a plurality of steps 202. In an
embodiment, the tiles 200 may all have the same number of TILE SIZE steps (although time
length covered by each step may vary based on resolutions). For example, tile 2004 includes
step 20241, step 20242, ..., and step 202a-1ie_siwe; and, tile 200p mcludes step 202s.1, step
20282, ..., and step 2028-1iL8_sizE.

EEREY Data for a single step 202 is referred herein as a cell. A step 202 associated with a
base or original resohution {¢.g., the resolution corresponding to the frequeney at which the
raw mcasurements or data time points arc generated) includes the raw measurements or data
time points of the time series data within the duration of the time shice of the step 202, Inan
embodiment, each such cell holds the exact timestamp of the raw measurement. In an
embodiment, no cells are maintatoed at a resclution finer than the raw sampling frequency.
[0057] A step 202 associated with a resolution coarser than the base or original resolution
may include aggregated values representing all measurements or data time points of the time
series data within the duration of the time slice of the step 202. A tile 200 may be encoded as
a sequenee of T7TLE SIZE values, cach a cell, corresponding to the 7704 SIZF steps in the tile
200. In an embodiment, the aggregated values of the steps 202 in the tile 200 may be
serialized as a JSON arrav-of-arrays. Other formats, such as XML and YAML, arc possible.
In an embodiment, each such cell holds the timestamps of the start and end time of the time

slice of the step 202.

~§1-



CA 03148975 2022-01-27

WO 2021/021734 PCT/US2020/043735

{0658} A cell m a tile 200 may be associated with one or more aggregated values
representing all measurements or data time points of one or more time series generated by
one or more signals within the time covered by a step. A tile 200 may be also associated with
an aggregated value representing all measurements or data time points of the time series data
within the time duration of the tile 200, In an embodiment, the aggregated value of the tile
200 mav be stored as metadata for the tile 200,

{6059] An aggregated value mayv be calculated using an aggregation function suitable to
that type of data. For numerical time senies data, examples of aggregation function arc
MEAN, STDEV, MAX, and MIN. For categorical time series data, examples of aggregation
function are count, top, wique, and trequency. For image or 2-dimensional time series data,
examples of aggregation function are average and delta.

06060} In an embodiment, a value of a tile at resclution K represents the ageregated data
from values of a plurality of tiles at resolution K-1. Similarly, a value of a cell at resolution
K may represent the aggregated data from vakues of a plurality of cells at resolution K-1.
{0061} In an embodiment, as many tiles may be created as aggregation functions desired.
For example, rather than multiple aggregated values recorded in cells of a single tile, a single
aggregated value may be recorded in cells of a single tile, and multiple tiles may be created
for the same time duration or period, cach for different aggregates.

[0062] 33 SUPERTILE IMPLEMENTATION

[3063] In an embodiment, a tile 200 15 the base wut of transfer between back-end and
front-end (c.g., between the server computer 108 and the client computer 104). A tile 200
thus needs to be small enough to allow for quick transfer but large enough to prevent too
many requests. In an embodiment, 77LE S77F 15 10,000 (steps}, althoagh other sizes are
possible.

[0064] Depending on the length of the overall time domain, this may resultin a
prohibitively large number of tiles, which may have detrimental effects on the underlving
storage, such as filesystem overheads and storage processing load.

[0065] One technigue to avoid such detrimental effects is to organize tiles mto a trec, as
discussed in Section 6. However, bniefly, each level in a tree corresponds to a resolution and
new tile nodes are created only when a parent node 1s full, e.g., containg 77LE SIZE cells.
When this happens, the parent tile is reconstructed as ageregated cells and the corresponding
number of child tiles based on a factor of conversion to the next Jower resolution are created

and each holds the previous parent tile’s cells as appropriate to thewr time range. Such
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dynamic creation of the tree avoids creating more resolutions than are necessary and reduces
storage requirements,

[0066] Another technigque 18 to group tiles into supertiles, as illustrated in FIG. 2B,
Having this extra level of grouping or abstraction of tiles into a supertile may cnable a
guicker focus on the portion of data that is of interest and reduce the need to access the other
portions of the data. For example, FIG. 2B ilustrates supertile 250; and supertile 2505 that
correspond with two consecutive time durations or periods in the time domain. Each
supertile 250 includes a header 252 and a plurality of tiles 200, In an embodiment, the
supertite 250 may contain the same namber of SUPERTILE SIZE individual tiles. For
example, supertile 2530 mchudes header 252, tile 20011, tile 20012, .. tile 2001
sureTiLE_size; and, supertile 230y includes header 252 5, tile 200 5.1, tile 20052, . tie 2005-
surerTiLE size. Each header 252 stores the respective offset of cach tile 2001n a
corresponding sapertile 250. For example, the header 252y stores the offsets of tile 20071,
tile 20012, ... tile 200 r.supertis size, and the header 252 s stores the offsets of tile 200 5.4, tile
200310, ... tile 2001 sUPERTILE_SIZE.

{8667} In an embodiment, SUPERTILE SIZE 15 1,000 (tiles), although other sizes are
possible. In an embodiment. each tile 200 i a supertile 250 may be compressed using L.24
or another suttable data compression algorithm.

{0068} Depending on configuration, each time series data mayv have a maximum and
minimum resolution to prevent vaneeded tiles from being generated. For example, the
maximum or finest resolution may be at resolution -3 (R-3}, and the minimum or coarsest
resolution may be at resolution 8 (R8).

{0069} In an embodiment, a parquet file may be created for each resolution and may be
identified using a corresponding resolution 1. FIG. 2C illustrates an example parquet file
275 1 accordance with some emboduments. The parquet file 275 contains all supertiles 230
for that resolution as rows. For example, FIG. 2C illustrates supertile 2501, supertile 2502, ..,
supertile 250m. Supertile 2501 includes header 252, tile 2001 ., tile 2001 2, . tife 20050
Supertile 2502 nchudes header 2522, t1ile 20021, tile 20022, .. tile 2002w, Supertile 250m
mehudes header 232, tile 200 v, tile 200m 2, .. ttle 200 M-~ In an embodiment, Vis
SUPERTILE SIZE. Eachtile 200 in a corresponding supertile 230 may modeled as a colomn
of type bvie which contains a compressed array of ISON-formatted cells. Another surtable

format, such as XML or YAML, may be used.
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10674} Using the techniques described herein, when an API call 1s received at the server
computer 108 for a tile, the tile is easily located as discussed below, and the compressed
byvtes may be moved directly from the parquet file to a requesting computing device, such as
the client computer 104, where a browser or a client application on the client computer 104
handies decompression.

{0071} 34 COORDINATE SYSTEM

{0072} A fixed coordinate system may be used to determine supertile, tile, and cell
locations. An example of a fixed coordinate system is the Unix epoch.

[6G73] In an embodiment, the origin for resolution scale 18 1 mg, labeled RO (resclution
0}, which means that a cell at R1 (vesolution 1) spans 10ms, and a cell at R-3 {resolution -3)
spans lus. In an embodiment, tiles may always be generated and stored at a particular
resolution (such as R4 (resolution 4}), such as a resolution most often chosen by a client, even
if tiles for other resolutions may not be formed. In an embodiment, coordinates are used
dircctly in array offscts of tiles in supertiles.

{8674} Table 1 shows duration calculations for a cell, for a tile, and for a supertile, given
aresolution (R}, Here, cach cell spans the length of time at a particular resolution, with

TILE SIZE being 10,000 and SUPERTILE SIZK being 1,000,

cell.duration.us = 1000 * 108
tile.duration.us = 10,000 * cell.duraticn.us
supertile.duration.us = 1,000 * tile.duration.us
TABLE 1
[6675] Table 2 shows resolutions and corresponding durations based on the calculations
shown m Table 1.
Seale Cell Duration Tile Duration Supertile Duration
-3 I us 10 ms 105
-2 10 ps 100 ms 100 s
-1 100 ps Is ~16 min
0 1 ms 10s ~2.5 hrs
1 10 ms 100 s ~1 day
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2 100 ms 1000 s ~10 days
3 1s 10000 ¢ ~3 months
4 105 160000 s ~3 years
5 ~2 min 1000000 s ~34 years
5 ~15 min 10000000 s ~300 vears
7 ~2.5 hrs 100000000 s ~3 millennia
g ~1 day 1000000000 s cternity
TABLE 2

{076} Using a given time location (timestamp) and a given resolution (R), for example,
as identified m a user request, a corresponding cell identifier (cell absad, cell relid), a
corresponding tile identifier (tile.id), and a comrespounding supertile identifier (supertile id}
may be determined using the coordinate calculations shown in Table 3. The cell identifiers,
the tile identificr, and/or the supertile 1dentifier may be used to determine a specific location

of data for retrieval and/or visualization.

cell.abs.id = timestamp / 108
cell.rel.id = cell.abs.id mod 10,000
tile.id = cell.abs.id / 10,000
supertile.id = tile.id / 1,000

TABLE 3

{6677} 35 STORAGE LAYOUT
[0G78] In some embodiment, at a given resolution {R), each supertile covers a portion of
the time domain with length of TILE SIZE * SUPERTILE SIZE * 108 ms. A mapping
scheme may be used to assign a supertile, a tile, and a value to any time T for a given
resohution.
[3079] For example, if the data reposttory 106 of FIG. 1 15 a file systom, then

$TIME SERIES ID/SRESOLUTION ID/$SUPER TILE ID
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may be the directory structure for the filesvstem-based data repository, where
$TIME SERIES IDidentifies time series data, $RESOLUTION 1D identifies a resolution,
and $SUPER TILE ID identifies asupertile. Using such a directory structure allows ali
supertiles for the same resolution to be stored together for casy, convenient access (e.g., all
supertiles for a resolution 1s stored in the same directory). For another example, as discussed
above, a parquet file may be created for each resolution. The parquet file containg all
supertiles for that resolution as rows. Therefore, each $RESCLUTION ID imdexes a parquet
file, and access to all tiles at this resolution may requires only one file input/output operation.
{00861 When an API call {e.g., aser request) specifying a timestamp and a resolution, a
corresponding supertile is identified and accessed, and a tile is located within the supertile, as
described in TABLE 3.
{0081] 3.6 REQUEST FORMAT
[3082] In some embodiments, user requests from requesting computing devices, such as
client computer 104, that the server computer 108 processes may be HETP GET requests. A
GET request may include an identifier of the time series data (e.g., $TIME SERIES ID}. a
resolution identifier (e.g., SRESOLUTION ID), and atime location {e.g., STIME}. The
structure of a GET request may be

S$TIME SERIES ID/SRESOLUTION ID/STIME
according to an embodiment.
{0083} The server computer 108 translates the request 1nto a path in the data repository
106 to minimize any Y0 workload. For example, the $TIME argoment translates into a
supertile and an mtemal offset, using the calculations shown i Table 3. The server computer
108 determines the location of the supertile, reads the supertile header of the supertile to
determine the required offset (location) of the tile. In an embodiment, a response 1o a user
request is a JSON array associated with the tile covering that time location. In an
embodiment, the response has a deflate transfer encoding.
0084} Technigues described herein atilize tiles that are casy to cache i a client
computer 104 and can be loaded in the time it takes for a user to navigate to the specific
portion of time to be reviewed. These technigues make the display appear fluid and friendly
to zoom, pan, and select. When viewmg data that is sampled at different rates and with
different value ranges, a compact display of tiles makes possible it to jointly analyze the
behavior of complex systems with multivariate behavior. The tile design also simplifies the

processing ot tile requests so as to produce minimal load from requests made by a large
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number of users tor a large number of tiles. The techniques described herein provide users a
high level of concurrency and usability over large data sets for very hittle compute time and
total storage relative to raw data.

{B085] 40 PROCEDURAL OVERVIEW

EEY FIG. 3 illustrates an example method of processing a large volume of time-series
data in accordance with some embodiments. For example, receiving instructions 110, tile
generating nstructions 112, tile storing instructions 114, predicting instructions 116,
retrigving nstructions 118, and/or transmitiing instructions 120 may be programmed
according to FIG. 3. FIG. 3 may be used as a basis to code method 300 as one or more
computer programs or other software clements that the server computer 108 executes or
hosts. FIG. 3 13 illustrated and described at the same level of detail as used by persons of
skill i the technical fields to which this disclosure relates for communicating among
themseives about how to structure and execute computer programs to implement
embodiments.

{06871 At step 302, a plurality of tiles for each of a plurality of resolutions is generated
from time series data. The time series data may be mumenical or may be categorical. The
time series data mcludes values or data time points. The data time points may be actual data
time points of a signal generated by a sensor of an industrial cquipment during operation of
the mdustrial cquipment at a plurality of time points. The data time points may also be data
time points predicted by a trained prediction model.

{0088} Each of the plurality of tiles associated with a resolution of the plurality of
resolutions corresponds to a first common length of time. For example, each of the plurality
of tiles associated with resolution 0 (RO} may correspond to a common time length of 10
seconds. For another example, sach of the plurality of tiles associated with resohution 4 (R4}
may correspond 1o a common time length of 100,000 seconds.

089} At step 304, a plurality of supertiles associated with the resolution of the plurality
of resolutions is generated. Each of the plurality of supertiles corresponds to a group of tiles
of the plurality of tiles and includes a superiile header that includes a storage offset of cach
tile of the group of tiles.

{06961 Tiles and supertiles may be stored in a data repository a particular manner,
depending on the data repository’s storage system type, for easy and convenient access and
retrigval. For example, a parquet file may be created and stored for cach resolution of the

plurality of resolutions. A parguet file may include the plurality of supertiles associated with
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a respective resolution corresponding to the parquet file, as rows in the parquet file. Each tile
i cach of the plurality of supertiles may be modeled as a column. For another example, if
the data repository uses a filesystem structure (e.g., hicrarchical directories), then the plurahty
of supertiles, for each resolution of the plurality of resolutions, may be stored in the same
directory location in a common subpath m in the data repository.

HEB In an embodiment, the time series data may be associated with a maximum and
minimum resolution to prevent unneeded tiles from being generated and stored. For
example, the maximum resolution 1s at resolution -3 {R-3), and the minimum resolufion is at
resolution & (RE).

[0092] At step 306, a first user request is received from a requesting computer. The first
user request may be received after the plurality ot tiles and the plurality of supertiles are
generated. The first user request spectifics a first timestamp and a first resolution of the
plurality of resolutions. Since the time series data mav be associated with a maximum and
minimum resolution, the first user request s not a request for data outside the mimimum
resolution and the maximum resolution associated with the time series data.

{6693} In an embodiment, in response to receiving the first user request from the
requesting computer, a particular parquet file from a phlurality of parquet files is identified and
accessed, from the data repository, based on the first resolution specified in the first user
request.

[(3094] At step 308, a first supertile from a plurality of supertiles associated with the first
resobution specified m the first user request, is deternuned. The particular parquet file
mehudes the plurality of supertiles associated with the first resolution. In an embodiment,
asing the first ime location and the first resolution specified in the first user request, a
supertile identifier (supertile id) mayv be calculated, according to the coordinate calculations
shown in Table 3, to identify or determine the first supertiie.

095} At step 310, a storage location of a first tile m the first supertile 18 identified and,
i response, the first tile is retrieved from the storage location. In an embodiment, using the
first timestamp and the first resolution specified 1n the first user request, a tile identifier

{tile 1d) may be calculated, according to the coordinate calculations shown in Table 3, to
wdentify or determine the first tile. The offset of first tile associated with the tile identifier
corresponding to the first tile is then read from the header of the first supertile. The storage

location of the first tile is located using the offset.
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{8696} In an embodiment, a first duration of time associated with the fivst tile is
dependent on the first resolution specified in the first user request and mcludes a time of the
first imestamp. The first tile comprises a plurality of aggresated values representing all data
time points that are in the first duration of time corresponding to the first tile. For example, if
the time series data 1s numerical and that tile holds the aggregate valugs, then the plurality of
aggregated values may include a MIN value, a MAY value, a AMMEAN value, and/ora STDEV
value of all data time points that are in the first duration of time corresponding to the first tile.
For another exampie, if the time series data 1s categoncal and that tile holds the ageregate
values, then the plurality of aggregated values includes a count value, a top value, a unique
value, and/or a frequency value of all data time points that arc in the first duration of the time
corresponding to the first tile.

06097] At step 312, a first response tncloding the first tile is transmitted to the requesting
computer for generating a visualization of the plorality of aggregated values of the first tile.
A browser or a client application on the requesting computer receives the tile and handles
decompression and decoding of the tile and displays data associated with the tile in an
mteractive graphical user interface in a manner that appears fluid and friendly to zoom, pan,
and select gestures.

[B098] In an embodiment, a second tile may be retrieved in response to receiving a
second user request subsequent to the first user request.

{(3099] When the second user request is associated with a zoom gesture, the second tile
has a length of time that is differcnt from the first duration of time and compnses a second
array of cells that corresponds to a second duration of time covering the time of the first
timestamp. The second tile is in a supertile that is associated with a second resolution and
timestamp corresponding with the zoom gesture.

[0100] When the second user request 1s associated with a pan gesture, the second tile has
a length of time that 1s the same as the first duration of time and comprises a second array of
cells that corresponds to a second duration of time covering a time of a second timestamp that
1s different from the time of first timestamp. The second tile may be in the same supertile or
i a different supertile that is associated with the first resolution, depending on the time
mterval boundary of the supertiles.

{0101} FIG. 4 illustrates an example method of viewing a large volume of time-serics
data in accordance with some embodiments. FIG. 4 may be used as a basis to code method

400 as one or more computer programs or other software elements that the chient computer
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104 executes or hosts. FIG. 4 15 tlustrated and desenbed at the same level of detail as used
by persons of skill in the technical fields to which this disclosure relates for communicating
among themselves about bow fo structure and execuic compuicr programs o implement
embodiments.

0102} At step 402, a user request 1s generated. The user request specifies a time location
on a timeline and a resolution of the plurality of resolutions. The user request is for viewing
a first signal. The first signal may include data time points generated by an industrial
equipment during operation of the imdustnal equipment or predicted by a trained prediction
model.

[0103] At step 404, data including a tile 15 received in response to the first user request.
The tile may be retrieved from a local cache. Alternatively, the tile may be received from a
remote server. The tile may be locally cached after the tile 1s received from the remote
server. In an embodiment, the tile may have an expiration time such that the tile is deleted
from local cache afier the expiration time. The local cache may be a DB-based cache and/or
an HTTP cache.

10104} The tile corresponds to a duration of time covering the time location specified in
the user request. The duration of time associated with the tile is dependent on the resolution
specified in the user request. For example, the duration of time associated with the tile may
correspond to a time period of 10 seconds when the specified resolution is resolution 0 (RO).
For another example, the duration of ime associated with the tile may correspond to a time
period of 100,000 seconds when the specified resolution is resolution 4 (R4).

10105} In an embodiment, the tile comprises a plurality of aggregated values representing
all data time points of the first signal that are in the duration of time corresponding to the tile.
For exarmple, if the first signal 1s a numerical signal, then the plurality of aggregated values
may include a MIN value, a MAX value, a AMMEAN value, and/or a STDFEV value of all data
time points of the first signal that are in the duration of time cormresponding to the tile. The
plurality of aggregated values representing the first signal may be displayed as a plorality of
summary lines {cach summary line corresponding to an aggregated valuc) on one screen
and/or at the same time. When a summary line from the plurality of sunvmary hines s
missing one or more data points forming a data gap, two nearest data points on either side of
the data gap of the summary line may be connected using a straight ling,

[0106] For another example, if the first signal is a categorical signal, then the plurality of

aggregated values includes a count value, a top value, a unigue value, and/or a frequency
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value of all data time points of the first signal that are in the duration of the time
corresponding to the tidle. The data time points may relate to one or mors categorical events.
The first signal may be displayed as a barber-pole that includes a color stripe for cach of the
one or more categorical events. In an embodiment, the plurality of aggregated values may be
displayed as proportional bars.

10107} At step 406, a graphical display is generated. The graphical display includes a
visualization of the plurality of aggregated values of the tile. The plurahity of aggregated
values of the tile provides a summary of data time pomts in the duration of time associated
with the tile.

[0108] In an embodiment, the graphical displav may also include a visualization of a
second signal that 1s plotted on the same timescale that the first signal is plotted. The second
signal and the first signal are visually aligned. The second signal and the first signal may be
sampied at different rates.

{0109 In an embodiment, a mouse~over input at a particular cursor position on the first
signal may be received. In response to receiving the mouse-over input, a vertical cursor at
the particular cursor position may be generated. The vertical cursor may run vertically across
all plots in the graphical display. In addition, a caption may also be generated. The caption
may indicate at least one of the plurality of aggregated valucs of the first signal at the
particular cursor position,

{0110} 50 GRAPHICAL USER INTERFACE IMPLEMENTATIONS

{0111} In an embodiment, an interactive graphical user interface may show a plurality of
signals including categorical and numerical signals. Time 1s maintained synchronousty
across all signals in the graphical user mterface. In other words, all signals are concurrently
plotted and visually aligned in terms of time (as illustrated in FIGs. 5 and 7, for example). A
first selection feature 1 the graphical user interface mayv be a toggle or a selection to select a
model from a plurality of machine leaming prediction models to predict outcomes based on
tratned data. A prediction may be a condition or an event. Upon selection of amodel, a
“prediction” signal is generated based on the sclected model and can be compared with an
actual signal. In an embodiment, a prediction signal may be a categorical signal. A second
selection feature on the left of the graphical user interface may be a selection to view or
access operational data provided by a chient computer. A third selection feature on the left of
the graphical uscr imterface may be a selection o view or set events. An cvent indicates a

v siern 185U oF a system state.
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{0112} 5.1 TIME PLOTS

[0113] Numerical and categorical signals may be plotted on the same timescale and
aligned visually. FIG. 3 illustrates an example interactive graphical user interface showing
gignals. The top two signals, Signal 1 and Signal 10, are numerical signals. The bottom two
signals, Signal 2 and Signal 9, are categorical signals. The timelines are synchronized across
the four signals. These timelines may correspond to one or more tiles covering consecutive
time periods.

{0114] 52  NUMERICAL PLOTS

{8115} Numerical signals may be rendered as line charts. A line chart for a numerical
signal may include a plurality of summary lines corresponding to aggregated values discussed
above, which help the user understand the underlying signal even when the mdividual data
time points cannot be resolved due to the current resolution or zoom level. FIG. 6 illustrates
an example interactive graphical user interface showing a numerical signal represented by a
plurality of summary lines. In an embodiment, the numerical signal is represented by tive (5)
summary lines that represent the mean, maximum, minimum, and standard deviation of the
numerical signal values over time durations at the current resolution. A pair of consecutive
vertical Hines shown in FIG. 6 denotes a time duration associated with a cell (e.g., labeled ag 1
and 2). The time durations have the same length of time that is associated with a tile at the
current resclution.

10116} Mean 1s the average value for all signal data time points between the nearest set of
vertical fines {thickest line). Max is the maximum value for all signal data time points
between the nearest set of vertical hines (thinest upper line). Min is the minimum value for
all signal data time potnts between the nearcst set of vertical lines (thinnest lower line}.
Standard deviation (+1o and -1o) of all signal data time point values between the nearest set
of vertical lines {dashed upper and lower lines). These five (3) sumamary lines help provide a
visual cue of where variances are in the data.

{0117} 53  NUMERICAL CAPTIONS

{0118} When mousing-over a numerical signal at a particular point in the timeline for a
specific resolution, a caption may be shown that mdicates the exact values of each of the
summary lines at the particalar point. If the value is a raw value, then a single timestamyp is
mdicated in the caption. If the value represents an aggregate, then the start and end of the

time range whose values are aggregated as shown in the caption are indicated in the caption.
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{8119} When zoomed out, individual data time points may not be resolved, and there may
be multiple data time points between the vertical lines. When zoomed in sufficiently,
individual data time points may be resolved {as points on the signal display) such that there is
only one point between each set of vertical hines.

06120} FIG. 7 llustrates an example interactive graphical user mterface showing a
caption 702 for a numerical signal 704 that indicates the exact values of the summary lines at
the current resolution and cursor position within a timeline. A thin line 706 at the cursor
position may run vertically across all displaved plots, including a plot for the numerical
signal 704. Other plots may be numerical signals and/or categorical signals. In an
embodiment, the caption 702 may also indicate a particular date, the start and end times, time
duration, and the aggresated values based on where the cursor is positioned at on the plot.
{0121} 54 DATA GAPS

10122} FIG. 8 illustrates an example interactive graphical vser interface showing a
display of missing values in summary lines. When sumumary lines have missing values, as
seen i the marked portions 802 i FIG. 8, the two (2) nearest data time points on either side
of cach gap 802 may be connected with a straight ling.

[0123] 55 CATEGORICAL PLOTS

[0124] A categorical signal may be cither plotied as a color band across the time
dimension or, when there are multiple labels too close to each other for display, as separate
colors in a barber-pole. FIG. 9 dlustrates an example barber-pole. Each barber-pole may
have as many color stripes as there are categorical events or conditions i that time period. In
FI(5. 9, the barber-pole includes two (2} color stripes representing two categorical events or
conditions 902, 904. In other examples, three categorical events might have occurred in the
time period, and the barber-pole would constitute a repetition of a stack of three equal wide
color stripes. In other embodiments, the barber-poles could be shown to directly indicate
aggregate statistics, which for categorical values would refer to either one of categorical
values or a distribution of the categorical values. For example, instead of showing stripes of
the same width multiplc times, the barber-pole could show each color stripe only once but in
a width proportional to the number of occurrences of the corresponding condition m the time
period. The barber-pole could also show the color stipes in a specific order, such as showing
the color stripes in an order of the frequency of occurrence of the corresponding condition 1n
the time period. In this way, the barber-pole could show the distribution, the max, the min, or

the count for the categorical values in the time period.
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8125} 5.6  CATEGORICAL CAPTION

0126} FIG. 10 tHustrates an example interactive graphical user nterface showing a
caption 1002 for a categorical signal 1004 at the current resolution and cursor position within
atimeline. A thin line 1006 at the cursor position may run vertically across all displayed
plots, including a plot for the categorical signal 1004, Gther plots may be numernical signals
and/or categorical signals. {n an embodiment, the caption 1002 may also indicate a particular
date, the start and end times, time duration, and the frequency of cach categorical event or
condition based on where the cursor is posttioned at on the plot. In FIG. 10, the categorical
“unknown,” “unlfabeled.” and “unlabeled5™ that have frequencies values of 4, 4, 3, and 2,
respectively.

[0127] 5.7 PROGRESSIVE DETAIL

10128} As the user hones in on a point in time, 3 higher resolution and deeper view may
be provided through a series of visuals in guick succession, which provides a fluid and
hierarchical view of the underlving data at every resolution and enables attention to the arcas
with greater and interesting detail. FIG. 1A, FIG. 11B tllustrate progressive details of a
signal through a series of zoom operations, as described below, via an interactive graphical
user interface. In FIG. 11A, progressive detatls of the signal from scale level 7 (R7) to scale
fevel 3 (R3) are shown. In FIG. 11B, progressive details of the signal from scale level 2 (R2)
to scale level -3 (R-3) are shown.

{0129} When the next requested resolution is awaited, the graphical display changes the
displayed time range and fills it proportionally from the closest resolution tile available for
the same range. This creates fluidity where resclution 1s developed progressively and where
the user 1s always in view of a graphical display.

[0138] 58 GESTURES

{3131} Gestures are input combinations that may be used with a display of a client
computer 104 to bring into view the exact data required by the user. These actions may be
performed with cither a trackpad or a pointer device {mouse} in conjunction with a keyboard.
The interactive GUI may be responsive to gestures input via the trackpad or the pointer
device communicatively coupled with the client computer 104, Table 4 shows example user

gestures and respective actions.

Action Trackpad Mouse
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Zoom In {on mini- 1y Click + Drag 1y Click + Drag
map and all lanes) 2y Shift + 2 Finger Vertical 2y Shift + Mouse Scroll Up

Scroll Bown

3y Shift + Pinch
Zoom (ut 1y Click + Drag 1y Chick + Drag

2y Shift + 2 Finger Vertical Scroll | 2} Shift + Mouse Scroll

Up Down

3) Shift + Unpinch
Pan/Scroll 1} Shift + Click Drag Shitt + Click Drag
Horizontal Horizontally Horizontally

2) Shift + 2 Finger Vertical

Scrold
10x Zoom In (on Double chick on any lane Double click on any lane

mini-map and all

lanes)

Reset Time Range Shift + Double click on any lane | Shift + Double click on any
{on mini-map and all lane

fanes)

TABLE 4

{0132} 6.0 REAL-TIME PROCESSING

[0133] 6.1  TILE TREES

[0134] The server computer 108 of FIG. 1 may process raw or actual operational data in
real-time or in near real~time {e.g., as soon as it 18 generated by a machine, device, or
cquipment and recetved at the server computer 108}, In an embodiment, the server computer
108 may use a data structure, such as a tree of tifes, to split and store the raw dataset. The
tree may be a time dimension roflup hierarchy, as further discussed. The raw dataset may
melude an array of time-value pairs for each signal. The time component may not be
continuous. However, at most one value may be associated with any given point i fime
{e.g.. at a nanosecond resohition).

[8135] The tree comprising a plurality of nodes. The plurality of nodes meludes parent

nodes and child nodes. A parent node may be a root node or a branch node. A child node
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may be branch node or a feaf node. Each parent node may be a parent to one or more child
nodes. Each child node has one parent node. Leaf nodes of the tree typically contain raw
data. Each level in the tree may be associated with a resolution.

[0136] Each node of the tree corresponds with a file, as discussed n Section 5. A tile
may be arooct tile (associated with a root node), a branch tile {associated with a branch
node), or a leaf tile (associated with a leaf node). A tile may be a parent tile of ong or more
child tiles, and/or may be a child tile of a parent tile.

{8137} The time domain 1s split into a static number of partitions of the different tree
depths. Each nle covers a range of time. All tiles at a given tree depth cover the same
duration and have consecutive time periods {e.g., have starting points that are aligned to that
duration such that none ot them would overlap). The total length of time covered by a parent
tile at a given tree depth s divided equally by their chuld tiles without overlap such that all
points in time covered by a given child tile are only covered by its parent tile. In other words,
all parent tiles have between 1 and 7710LE STZE number of celis and/or child tiles, and the time
mterval or duration covered by all child tiles of a parent tile is the same as the time mterval
covered by the parent tile.

{0138} Each tile may be divided mto subscgments or cells of equal daration. The
boundary of any child tile may be aligned to the cell boundaries of a cell in #ts parent tile.
0139} When data time points of a time series are recetved, the data time points are
generally added 1o corresponding leaftiles. While different time series might correspond to

different sarapling frequencics, the data missing for a predetermined frequency can be shown

Iy

as gaps or can be mferred based on neighboring data or historical or using other technigues
known to someone skilled in the art.

[0140] In an embodiment, as long as the number of time slices for which data is recorded
i a given time range does not exceed T/ILE SIZE, a single tile 1s used to represent that time
range. Cells 1n such a tile only contains raw measurements.

0141} A configurable maximum leaf capacity {c.g., 77LE S/ZE) 1 terms of the number
of data time points may be enforced, and the server computer 108 may split an affected tile
mto multiple files when the maximum leat capacity is reached. The same capacity restriction
and split operation can apply to non-leaf tiles. The new tile can be created at the same depth
as the overflowing tile or at a higher depth when the parent’s maximum capacity is reached.
This technique ensures that the entire dataset mcludes simtarly sized tiles which can be

traversed in order (e.g., depth-first) through only the necessary depths. This techmigue also
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efficiently serves requests conceming time ranges, which mvolve a reasonable number of
data time points.

[0142] As an illustration, consider a time span that contains more data time pomts than
can be transmitted efficiently, is to be viewed. Using the techniques descrnibed, an aggregate
view of the data time points 1 a given dataset may be provided. Aggregate values {e.g., min,
max, frequency, etc.) can be stored in non-leaf tiles to summanze the raw data. The
aggregation mav be executed by cither combining raw values of its child leaf tiles or
aggregates of child branch tiles. Each branch tile contains a sct of chunks corresponding to
the aggregates corresponding to each of their (non-empty} child tiles,

[0143] In an embodiment, the tree 1s built and updated bottom up, leaves to root (c.g.,
finer resolution to coarser resolution). As soon as there are enough tiles associated with
depth d of the tree, a tile is created at depth d-1 of the tree. Similarly, if there are encugh tiles
assoctated at depth /-1 of the tree, a tile is created at depth d-2 of the tree. This process is
recursively performed as long as the server computer 108 receives raw or actual operational
data for real-time processing or near real-time processing,

{0144} Consistency of the aggregates may be maintained through a change queue. Each
data time point that is writien to the change queus may be associated with an wlentifier of an
affected tile that has been determined for the data time point, as discussed in Section 5.
Updates may be processed in “mini-batches™ as updates of leaf tiles cause a recalculation of
their aggregates and an update of their parent tile. This results in an operation replacing an
existing chunk of the parcut tile and that, as long as the grouping by tile 1D} is maintained or
unchanged, does not require locking ot the data structure. In an embodiment, the ule ID
wentifies both the time range and the resolution that is to be recomputed. Whenever
recalculation is required, only this tile 1D is communicated, and it will result in all the child
nodes under that tie being recomputed as a batch.

[3145] An update of a parent tile causes an event on the same change queue to be
dispatched so that all changes are processed on all levels. This approach allows for an
gventual consistency of the aggregates, in that while the updates are being propagated, the
values in a tile may still be mn flux and might not agree with the value in a child tile or parent
tile, but when the propagation is complete, the values in all tiles should be stabilized and
correct. Theretore, different users would eventually view the same values for the same data.
[0146] Additional writes may cause write amplification. For example, when data is being

gradually written in a time sequential manner, each such write may invalidate a whole new
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parent tile and trigger an entire batch update. However, writes increasingly grouped in the
higher levels reduce write amplification. For example, all updates pertaining to the same tile
are processed at once and a plurality of events can be discarded if it is clear that all updates
up to a certain timestamp have been processed. This reduction of write amplification allows
the server computer 108 to have a much fower latency in processing and storing received data
at fine grained lovels {close to the leaf nodes) than at the highest level (which could be in the
order of magnitude of vears).

{01471 In most instances, serving tiled or processed data requires finding required tiles
and concatenating thetr content and/or transmitting the required tiles in succession. However,
when a user request is for aggregated data of a certain resolution (2.2, a certain tree depth) in
arange where the depth of leaves 1s lugher than the requested tree depth, additional
processing may be required. For example, raw data may be so sparse that generating and
storing aggregate data would have caused too much write amplification. In such a case, the
aggregates arc gencrated from the sparse raw data and served out on the flv upon request.
This may cause some additional CPU use; however, since this only happens when the data is
very sparse, it does not noticeably affect the overall performance. Also, since the response
can be cached, this computation does not need to be repeated too frequently.

[3148] In an embodiment, when a request for an affected tile is received, the request may
be blocked until all updates for the affected tile are completed. For another example, a new
tile may be created (for the affected tile) that includes all updates asscciated with the affected
tile, and the data structure may be updated with a pointer swap to the now tile from the
affected tile, which can be performed atomically. In this manner, a request may be fulfilled
rather than being blocked.

{0149} 62 TIME-DIMENSION HIERARCHY

{0150] Guery latency may be managed by pre-materializing aggregate views of time
series data along a static time dimension rollup hierarchy, as described above, which allows
fast retrigval of needed data for visualization and analysis purposes.

0151} The time hierarchy aggregates data over cells, where individual data time points
observed within the time bounds of a cell are combined by an aggregation function into a
single valae to represent the cell’s timespan. Cells may be identified by their leftmost
coordinate as an int64 nanosccond offset from the Unix epoch.

[0152] Time scries aggregates are materialized for several reasons, including speed of

summarizing data over long time ranges. Time rollups may be desired using a hicrarchy,
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with each level in the hierarchy being associated with a resolution. In an embodiment, the
hierarchy meludes asymmetric evels that reduce visual aliasing. The level of the hierarchy
denoted as level 00 may be associated with resolution 0 (R0), while the topmost level of the
hicrarchy is denoted as level 14 and may be associated with resolution 14 (R14).

j3153] Table 5 shows resolutions (resclution D), corresponding level IDs (different from
tree depths), factors that aggregate lower levels to the next upper levels (for example, the

Level RS 1s obtained by aggregating six (5) Level R4 contents), and corresponding durations.

Level Resolution 1D Factor Cell Duration {Time scale}
00 -6 I I ns
(1 -5 10 10 ng
02 -4 10 100 ns
03 -3 10 I s
04 -2 10 10 us
0s -1 10 160 us
g6 G 10 T ms
07 i 10 10 ms
0% ) 10 100 ms
(9 3 10 Is
10 4 10 10s
11 5 6 Im
12 6 10 t0m
13 7 6 1h
14 8 24 id

TABLES

[0154] Aggregation factors aid in human interpretation of large volumes of data. When a
user sees a single time slice at a high resolution, for example RS, then it is simpler and more
understandable to sec the duration of such a time range in whole values of such time slices.
[0155] For any given number of points and range of time, #t may be possible to determine
the optimum data resolution to be used as the maximum number of available time slices that
fit into the desired range. For example, if the desired range of time is 3 days and the number
of points desired for a certain screen resolution are 2,560, then the ideal resolution is R6
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because that produces the smallest number greater than or equal to 1 for cach point
(2560/24/6/10 = 1.778). If a higher screen resolution is available than the number of data
points, then the limited data resolution is visuallv conveyed through gaps between the points
themselves.

[0156] 63 COORDINATE SYSTEM

{0157} As discussed above, the time domain is split into a static mumber of partitions at
cach of the different tree depths or levels. At cach tree depth or level, a partition is identified
by the start time of that partition based on an even value pertaining to the cell width of that
level, Therefore, a imited number of partitions exist at each level into which vahues can be
recorded. Furthermore, for business practical purposes, such as between January 1, 1970, and
December 31, 2070, there are only a fixed number of such partitions. Additionally, these
partitions can be identified by an ansigned 64 bit integer even at the nanosecond time scale
{e.g.. R-6 as shown in Table 5 below).

[0158] A fixed coordmate system, such as the Unix epoch, may be used to determine tife
locations. In this coordinate system, Date 015 January 1, 1970, and Date 1 is January 2,
1970, Time 01 00:00:00.000 on January 1, 1970, and Time 1 15 00:00:00:001 on January I,
1970. By extension, a similar value exists for Nano 0 and Nano | at the nanosecond
resolution.

[3159] This coordinate system 1s used to kev tiles based on ong or more time dimensions.
In an embodiment, there are three dimensions of the coordinate system - date, milliseconds,
and nanoseconds, cach of which are counted 1n that unit since the Unix epoch. Inan
embodiment, there are no negative values of the dimensions of the coordmate svstem. In an
embodiment, there are no negative vahies of the dimensions of the coordinate system. Inan
embodiment. coordinates are used to directly locate tiles in a tile storage svsiem.

[0160] Using a given time location (timestamp) and a given resolution (R), for example,
as identified in a user request, a corresponding tile can be located to respond to the query.
The tile identifier may be used to determine a specific location of data for retrieval and/or
visualization and could be obtained by integer arithmetic on the required time of the range
against the TILE SIZE * R starting from Unix epoch.

0161} In an embodiment, all the data of all the tiles required for a given time range and
resolution are retrieved even if some of the cells in the response are outside of the required
range. This accentuates the benefit of caching as there 1s a direct and stable mapping

between tile requests and returned tiles.
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8162} 6.4 STORAGE

[0163] In an embodiment, raw data and tiled (processed) data may be stored i a key-
value database (such as 83, ABS, Minl0) as parquet datasets {parquet files). Inan
embodiment, parquet datasets are located by identifiers, such as tenant 1D, datastream 1D, and

type (raw or aggregated}. An example object store path is

fete

t

/<root>/<tenant>/<datastream>/<datastream|assessment/model>/<R

4

AW | AGGREGATE>,
[0164] As discussed above, at a given resolution (R), each tile covers a portion of the
time domain with length of 770K S/ZF * R. In an embodiment. three partition key pairs
date, time, and nanoseconds — cach with a start and end value may be used to bracket the time
range covered by the tile.
{0165} The timestamp T for a given resohution R can be mapped to a tile using integer
division against 71LE SIZF. For example, a tile that holds K8 values for a given date T, the
required date may be divided by T7LE S/ZF to establish a start and end date pair using the
floor and ceil operators. Corresponding time and nanos pairs are created for the given date.
A combination of all three partition key pairs is used to locate the tile at the requested
resolution.

0166} For example, if the data repository 106 of FIG. 1 1s a file system, then

$TIME SERIES ID/SD=$5TART DATE/ED=$END DATE/ST=$3TART TIME/}
$END TIME/SN=$START NANOS/EN=$END NANOS/L=$LEVEL ID
may be the directory structure for the filesystem-based data repository, wherein
$TIME SERIES ID identifies time series data, identifiers corresponding to the three partition
key pairs {e.g., $START DATE and $END DATE for date, $START TIME and $SEND TIME for
time, and $START NANOS and $END NANOS for nanoseconds), and $LEVEL 1D identifies a
level corresponding to the requested resolution. Using such a directory structure allows any
request to be responded to with just one file retrieval. For another example, as discussed
above, a parquet file may be created for each tile. The parquet file contains all cells for that
resolution as rows.
{3167} 6.5 QUERY SERVICE
3168} In response to receiving at the server computer an API call (¢.g., user request)
specifying a timestamp and a resolution, a corresponding tile i3 identified and accessed. In an
embodiment, a uscr request may be generated that is already aligned with the resolution being

sought. When the server computer receives the user request, the server computer extracts the
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tmestamp to obtain a date component, a time component, and the nanosecond component.
The server computer retrieves the tile in the data repository using this information.
[0169] A guery service may implement logic to deliver a set of either datapoints or
aggregate columus by merging data from hot and cold stores. AP calls may be:
getCells {columns=ALL, start time, end time, level=NULL,
getPoints (time, count, direction=ascending)
[0179] For getCells (), columms are aggregates such as avg, stdev, max, min, topN,
etc. EHither level or count may be specified but not both. I count is specified, the server
computer will identify the level which provides at least count number of cells for the
specified time range. In some embodiments, count may not exceed 10000
{8171} For point display, the colunmn £irstpoint holds the imestamp of the first point
m acell. If the count for the cell is 1, then the aggregation values {e.g.. min/max/etc ) apply
to this point. For charting purposes, assigning each cell an integer number of pixels should
suffice, but firstpomt offset can be used for detailed display, e.g., a hover.
06172} A response to a request may include (1) the starting cell's start time, (2} the
ending cell’s end time, and (3} arrays of number 1n time sequence at cellspan step for each

column requested. An example response mav be:

{
"startTime®: "2020-01-0C1lT12:0C:00",
TendTime™: "2020-01-017T12:00:00",
Tavg": [ 1, 2, 3, ...];
max™: [ L, 1.5, 2.7, ...]
}
{6173} For example, a user computer (by extension, a user) wants to chart on a user

mterface a number of signals for some time range in some amount of display real ¢state. In
an embodiment, the user computer may first ask for the mean aggregate for cach signal with a
resolution that allows a few pixels per point and, after retrieving and displaying those values,
the user computer may follow up with requests for min, max, stdev, and/or another aggregate.
This technigue allows the user interface to render an approximate view faster. Other
prioritization schemes and look-ahead queries are also possibie.

[0174] 7.0 HARDWARE IMPLEMENTATION

10175] According to one embodiment, the technigues described herein are implemented

by at least one computing device. The technigues may be implemented in whole or in part
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using a combination of at least one server computer and/or other computing devices that are
coupled using a network, such as a packet data network. The computing devices may be
hard-wired to perform the techmgues, or may include digital electronic devices such as at
cast one application-specific mtegrated circuit {ASIC) or ficld programmable gate array
(FPGA) that 1s persistently programmed to perform the techmiques, or may include at least
one general purpose hardware processor programmed to perform the techniques pursuant to
program instructions i firmware, memaory, other sforage, or a combination. Such computing
devices may also combine custom hard-wired logic, ASICs, or FPGAs with custom
programming to accomplish the described techniques. The computing devices may be server
computers, workstations, personal computers, portable computer systems, handheld devices,
mobile computing devices, wearable devices, body mounted or implantable devices,
smartphones, smart appliances, infernstworking devices, aufonomous or semi-autonomous
devices such as robots or unmanned ground or aerial vehicles, any other electronic device
that mcorporates hard-wired and/or program logic to implement the described techniques, onc
or more virtual computing machines or instances in a data center, and/or a network of server
computers and/or personal computers.
{0176} FIG. 12 s a block diagram that itHustrates an example computer system with
which an embodiment may be implemented. In the cxample of FIG. 12, a computer system
1200 and instrections for implementing the disclosed technologies in hardware, software, ora
combination of hardware and software, are represented schematically, for example as boxes
and circles, at the same level of detail that s commonly used by persons of ordinary skill in
the art to which this disclosure pertainsg for communicating about computer architecture and
computer systems implementations.
{0177} Computer system 1200 includes an input/output (/0) subsystem 1202 which may
nclude a bus and/or other communication mechanism(s) for communicating information
and/or instructions between the components of the computer system 1200 over electronic
sigiial paths. The VO subsysterm 1202 may include an V0 controlier, a memory controller and
at least one VO port. The clectronic signal paths are represented schematically in the
drawings, for example as hines, unidirectional arrows, or bidirectional arrows.
{8178] At least one hardware processor 1204 is coupled to VO subsystem 1202 for
processing information and instructions. Hardware processor 1204 may include, for example,
a general-purpose microprocessor or microcontrolicr and/or a special-purpose microprocessor

such as an embedded system or a graphics processing unit {GPU) or a digital signal processor
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or ARM processor. Processor 1204 may comprise an integrated arithmetic logic unit (ALU)
or may be coupled to a separate ALU.

[3179] Computer system 1200 includes one or more units of memory 1206, such asa
main memory, which 18 coupled to V0 subsvsterm 1202 for electronically digitally storing
data and instructions o be executed by processor 1204, Memory 1206 may include volatile
memory such as various forms of random-access memory {RAM) or other dynamic storage
device. Memory 1206 also may be used for storing temporary vanables or other intermediate
mformation during execution of mstructions to be executed by processor 1204, Such
mstructions, when stored in non-transitory computer-readable storage media accessible to
processor 1204, can render computer systern 1200 into a special-purpose machine that is
customized to perform the operations specified in the instructions.

{03188} Computer system 1200 further includes non-volatile memory sach as read only
memory {ROM) 1208 or other static storage device coupled to /0 subsystem 1202 for
storing information and instructions for processor 1204, The ROM 1208 may inchude various
forms of programmable ROM (PROM) such as erasable PROM (EPROM) or electrically
crasable PROM (EEPROM}. A unit of persistent storage 1212 may include various forms of
non-volatile RAM (NVRAM}), such as FEASH memory, or solid-state storage, magnetic disk,
or optical disk such as CI-ROM or DVD-ROM, and mav be coupled to /O subsystern 1202
for storing information and mstructions. Storage 1210 is an example of a non-transitory
computer-readable medium that may be used to store instructions and data which when
executed by the processor 1204 cause performing computer-implemented methods to execute
the techniques herein.

{6181} The mstruactions in memory 1206, ROM 1208 or storage 1210 may comprise one
or more sets of instructions that are organized as modules, methods, objects, functions,
routines, or calls. The instructions may be organized as one or more computer programs,
operating system services, or application programs including mobile apps. The instructions
may comprise an operating systerm and/or system software; one or more libraries to support
multimedia, programming or other functions; data protocol instructions or stacks to
mplement TCP/IP, HTTP or other communication protocols; tile tormat retricving
mstructions to parse or render files coded using HTML, XML, JPEG, MPEG or PNG; user
mterface instructions to render or inderpret comumands for a graphical user interface {GUI},
command-line interface or text user interface; application sofitware such as an office suite,

miernet access applications, design and manufacturing applications, graphics applications,
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audio applications, software engineering applications, educational applications, games or
miscellaneous applications. The instructions may implement a web server, web application
server or web client. The instructions may be organized as a presentation Jayer, apphication
layer and data storage laver such as a relational database system using structured query
language (SQL) or no SQL., an obiect store, a graph database, a flat file system or other data
storage.

{0182} Computer system 1200 may be coupled via /O subsystem 1202 to at least one
output device 1212, In one embodiment, output device 1212 1s a digital computer display.
Examples of a display that may be used in various embodiments inclade a touch screen
display or a light-emitting diode (LED) display or a higuid crystal display (LCD) or an e-
paper display. Computer system 1200 may inchide other type(s) of output devices 1212,
altermatively or in addition to a display device. Examples of other output devices 1212
mclude printers, ticket printers, plotiers, projectors, sound cards or video cards, speakers,
buzzers or piczoelectric devices or other andible devices, lamps or LED or LCD mndicators,
haptic devices, actuators, o1 servos.

[0183] At least one tnput device 1214 1s coupled to VO subsystem 1202 for
communicating signals, data, command selections or gestures to processor 1204, Examples
of input devices 1214 include touch screens, nmicrophones, still and video digital cameras,
alphanumeric and other kevs, keypads, keyboards, graphics tablets, image scanners, joysticks,
clocks, switches, buttons, dials, shides, and/or various types of sensors such as force sensors,
motion sensors, heat sensors, accclerometers, gyroscopes, and inertial measurement unit
{IMU) sensors and/or various types of transceivers such as wireless, such as cellular or Wi-Fi,
radio frequency (RF) or infrared (R) transcervers and Global Positioming Svstem (GPS)
fransceivers.

[0184] Ancther tvpe of input device is a control device 1216, which may perform cursor
control or other avtomated control functions such as navigation 1 a graphical interface on a
display screen, alternatively or in addition to mput functions. Control device 1216 may be a
touchpad, a mouse, a trackball, or cursor direction kevs for communicating direction
mformation and command selections to processor 1204 and for controlling cursor movement
on display 1212. The input device may have at least two degrees of freedom in two axes, a
first axis (c.g.. x) and a second axis {¢.g., v}, that allows the device to specify positions in a
plane. Another type of input device is a wired, wircless, or optical control device such asa

jovstick, wand, console, steering wheel, pedal, gearshift mechanism or other type of control
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device. An mput device 1214 may include a combination of multiple different input devices,
such as a video camera and a depth sensor.

[0185] In another embodiment, computer systern 1200 may comprise an mnternct of things
{IoT) device in which one or more of the output device 1212, mnput device 1214, and control
device 1216 are omitted. Or, o such an embodiment, the input device 1214 may comprise
one of more cameras, motion detectors, thermometers, microphones, seismic detectors, other
sensors or detectors, measurement devices or encoders and the output device 1212 may
comprise a special-purpose display such as a single-line LED or LCD display, one or more
mdicators, a display panel, a meter, a valve, a solenoid, an actuator or a servo.

[0186] When computer systern 1200 is a mobile computing device, input device 1214
may comprise a global positioning system (GPS) receiver coupled to a GPS module that 1s
capable of triangulating to a plurality of GPS satellites, determining and generating geo-
location or posttion data such as latitude-longitude values for a geophysical location of the
computer system 1200, Output device 1212 may include hardware, software, firmware and
mterfaces for gencrating position reporting packets, notifications, pulse or heartbeat signals,
or other recurring data transmissions that specify a position of the computer system 1200,
alone or in combination with other application-specific data, directed toward host 1224 or
server 1230

{3187} Computer system 1200 may implement the technigoes described herein using
customized hard-wired logic, at least one ASIC or FPGA, firmware and/or program
mstructions or logic which when loaded and used or executed in combination with the
computer system causes or programs the computer system to operate as a special-purpose
machine. According to one embodiment, the technigues herein are performed by computer
systern 1200 1n response to processor 1204 executing at least one sequence of at least one
mstruction contaived in main memory 1206, Such instructions may be read into main
memory 1206 from another storage medium, such as storage 1210, Execution of the
sequences of nstructions contained in main memory 1206 causes processor 1204 to perform
the process steps described hercin. In alternative embodiments, hard-wired circuitry may be
used in place of or in combination with software instructions.

{0188} The term “storage media” as used herein refers to any non-transitory media that
store data and/or instractions that cause a machine to operation in a specific fashion. Such
storage media may comprise non-volatile media and/or volatile media. Non-volatile media

meludes, for example, optical or magnetic disks, such as storage 1210, Volatile media

~36-



CA 03148975 2022-01-27

WO 2021/021734 PCT/US2020/043735

mchides dynamic memory, such as memory 1206, Common forms of storage media include,
for example, a hard disk, solid state drive, Hlash drive, magnetic data storage mediom, any
optical or physical data storage medium, memory chip, or the like.

[3189] Storage media s distinct from but may be used in conjunction with transmission
media. Transmission media participates in transferring information between storage media.
For example, transmission media inchudes coaxial cables, copper wire and fiber optics,
mchuding the wires that comprise a bus of VO subsystem 1202, Transpussion media can also
take the form of acoustic or light waves, such as those generated during radio-wave and infra-
red data communications.

[3190] Yarious forms of media may be involved in carrving at least one sequence of at
cast one insfruction to processor 1204 for execution. For example, the mstructions may
mitially be carmied on a magnetic disk or solid-state drive of a remote computer. The remote
computer can load the instructions into #s dynamic memory and send the instructions over a
communication Hink such as a fiber optic or coaxial cable or telephone line using a modem.

A modem or router local to computer system 1200 can receive the data on the communication
hink and convert the data to a format that can be read by computer system 1200, For mstance,
a receiver such as a radio frequency antenna or an infrared detector can receive the data
carried 10 a wireless or optical signal and appropriate circuitry can provide the data to V0
subsystem 1202 such as place the data on a bus. /0 subsystem 1202 carries the data to
memory 1206, from which processor 1204 retrieves and executes the instractions. The
mstructions received by memory 1206 may optionally be stored on storage 1210 cither before
or after execution by processor 1204,

{0191} Computer syvstem 1200 also mecludes a communication interface 1218 coupled to
bus 12062, Commumication mterface 1218 provides a two-way data communication coupling
to network link(sy 1220 that are directly or indirectlv connected to at least one
communication networks, such as a network 1222 or a public or private cloud on the Intemet.
For example, communication mterface 1218 may be an Ethemet networking interface,
mtegrated-services digital network (ISDN) card, cable modem, satellite modem, or a modem
to provide a data commumnication connection o a corresponding type of communications hine,
for example an Ethernet cable or a metal cable of any kind or a fiber-optic hine or a telephone
linc. Network 1222 broadly represents a local arca network (LAN}, wide-area network
{(WAN}, campus network, internetwork, or any combination thereof. Communication

mierface 1218 may comprise a LAN card to provide a data communication connection (o a
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compatible LAN, or a cellular radiotelephone interface that is wired to send or receive
cellular data according to cellular radictelephone wireless networking standards, or a satellite
radio interface that 15 wired to send or receive digital data according to satellite wircless
networking standards. In any such implementation, communication interface 1218 sends and
recetves glectrical, electromagnetic, or optical signals over signal paths that carry digital data
streams representing various types of mformation.

{0192} Network link 1220 typically provides clectrical, clectromagnetic, or optical data
communication directly or through at least one network to other data devices, using, for
example, satellite, cellelar, Wi-Fi, or BLUETOOTH technology. For example, network link
1220 may provide a connection through a network 1227 to a host computer 1224,

[3193] Furthermore, network hink 1220 may provide a connection through network 1222
or to other computing devices via internetworking devices and/or computers that are operated
by an Internet Service Provider (ISP} 1226, ISP 1226 provides data communication services
through a world-wide packet data communication network represented as internet 1228, A
server computer 1230 may be coupled to internet 1228, Server 1230 broadly represents any
computer, data center, virtual machine, or virtual computing instance with or without a
hypervisor, or computer executing a containerized program system such as DOCKER or
KUBERNETES. Server 1230 may represent an clectronic digital service that 1s implemented
using more than one computer or instance and that 1s accessed and used by transmitting web
services requests, smiform resource locator {URL) strings with parameters in HTTP payloads,
API calls, app services calls, or other service calls. Computer systern 1200 and server 1230
may torm elements of a distributed computing system that includes other computers, a
processing cluster, server farm or other organization of computers that cooperate to perform
tasks or cxecute applications or services. Server 1230 may comprise onc or more sets of
mstructions that arc organized as modules, methods, objects, functions, routings, or calls. The
mstructions may be organized as one or more computer programs, operating system services,
or application programs including mobile apps. The instructions may comprise an operating
system and/or system software; one or more libraries to support multimedia, programning or
other functions; data protocol structions or stacks to implement TCP/IP, HTTP or other
communication protocols; file format retrigving instructions to parse or render files coded
psing HTML, XML, JPEG, MPEG or PNG; user interface instructions to render or interpret
cormmands for a graphical user interface (GUI), command-line wnterface or fext user intertace;

application software such as an office suife, internet access applications, design and
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manufacturing applications, graphics applications, audio apphications, software engineering
applications, educational applications, games or miscellancous apphications. Server 1230
may comprise a web application server that hosts a presentation layer, application laver and
data storage laver such as a relational database system using structured query language (SQL)
or ng SGL, an object store, a graph database, a flat file system or other data storage.

103194} Computer system 1200 can send messages and receive data and mstructions,
mchuding program code, through the network(s), network link 1220 and comnwunication
mterface 1218, In the Internet example, a server 1230 might transmit a requested code for an
application program through Internet 1228, ISP 1226 local network 1222 and
communication interface 1218, The received code may be exccuted by processor 1204 as it is
received, and/or stored in storage 1210, or other non-~volatile storage for later execution.
[3195] The exccution of instructions as described in this section may implement a process
i the form of an instance of a computer program that is being executed, and consisting of
program code and its current activity. Depending on the operating svstem (085), a process
may be made up of multiple threads of execution that execute instructions concurrently, In
this context, a computer program 18 a passive collection of instructions, while a process may
be the actual execution of those instructions. Several processes may be associated with the
same progran; for example, opening up several instances of the same program often means
more than one process is being executed. Multitasking may be implemented to allow multiple
processes to share processor 1204, While each processor 1204 or core of the processor
executes a single task at a time, computer system 1200 may be programmed to implement
multitasking to allow cach processor to switch between tasks that are being executed without
having to wait for cach task to finish. In an embodiment, switches may be performed when
tasks perform input/output operations, when a task indicates that it can be switched, oron
hardware interrupts. Time-sharing may be implemented to allow fast response for interactive
user applications by rapidly performimg context switches to provide the appearance of
concurrent execution of multiple processes simultancously. In an ecmbodiment, for secunty
and reliability, an operating system may provent direct commmunication between independent
processes, providing strictly mediated and controlled inter-process communication
functionality.

[0196] 8.0 SOFTWARE OVERVIEW

[03197] FIG. 13 s a block diagram of a basic software systern 1300 that may be cmploved

for controlling the operation of computing device 1200, Software system 1300 and its
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components, including their connections, relationships, and functions, is meant 1o be
exemplary only, and not meant to limit implementations of the example embodiment(s).
Other software systems suitable for implementing the example erabodiment{(s) may have
different components, mchuding components with different connections, relationships, and
functions.

[(3198] Software system 1300 is provided for directing the operation of computing device
1200. Software svstem 1300, which may be stored in svstem memory (RAM} 1206 and on
fixed storage (¢.g., hard disk or flash memory) 1210, mncludes a kemel or operating system
(08) 1310

[0199] The OS 1310 manages low-level aspects of computer operation, including
managing execution of processes, memory allocation, file imput and output (I/0), and device
/0. One or more application programs, represented as 1302A, 13028, 1302C ... 1302N, may
be “loaded” {e.g., transferred from fixed storage 1210 into memaory 1206} for execution by
the systern 1300, The applications or other software intended for use on device 1300 may
also be stored as a set of downloadable computer-executable instructions, for example, for
downloading and mstallation from an Internet location €e.g2., a Web server, an app store, or
other online service).

[0208] Software system 1300 ncludes a graphical user mterface (GUL) 1313, for
receiving user commands and data in a graphical (e.g.

P

“point-and-click™ or “touch gesture™)
fashion. These inputs, in tura, may be acted upon by the system 1300 in accordance with
mstructions from operating svstem 1310 and/or application(s} 1302, The GUIL 1315 also
serves to display the results of operation from the 08 1310 and application(s) 1302,
whereupon the user may supply additional inputs or terminate the session {e.g., log off}.
[0201] (% 1310 can execute directly on the bare hardware 1320 {e.g., processor{s} 1204}
of device 1200. Alternatively, a hypervisor or virtual maching monttor {(VMM) 1330 may be
mierposed between the bare hardware 1320 and the 08 1310, In this configuration, VMM
1330 acts as a software “cashion” or virtualization layer between the 08 1310 and the bare
hardware 1320 of the device 1200

0202} VMM 1330 instantiates and runs one or more virfual machine instances (“guest
machines”). Fach guest machine comprises a “guest” operating system, such as 085 1310,
and one or more applications, such as application{s} 1302, designed fo execute on the guest
operating systern. The VMM 1330 presents the gucst operating systems with a virtual

operating platform and manages the execution of the guest operating systems.
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[0203] In some instances, the VMM 1330 may allow a guest operating system to run as if
it 1s runming on the bare hardware 1320 of device 1200 directly. In these mstances, the same
version of the guest operating system configured to execute on the bare hardware 1320
directly may also execute on VMM 1330 without modification or reconfiguration. In other
words, VMM 1330 may provide foll hardware and CPU virtualization to a guest operating
system in some instances.

[0204] In other instances, a guest operating systerm may be specially designed or
configured to execute on VMM 1330 for efficicncy. In these instances, the guest operating
system 1s “aware” that it executes on a virtual machine monitor. In other words, VMM 1336
may provide para-virtualization to a guest operating system 1n some instances.

[0205] The above-described basic computer hardware and software 1s presented for
purpose of illustrating the basic underlying computer components that may be employed for
mnplementing the cxample embodiment(s). The example embodiment(s}), however, are not
neccssardy limited to any particular computing environment or computing device
configuration. Instead, the example embodiment(s) may be implemented i any type of
system architecture or processing environment that one skilled in the art, in light of this
disclosure, would understand as capable of supporting the features and functions of the
example embodiment(s) presented herein.

{0206] 9.0 OTHER ASPECTS OF DISCLOSURE

10207] In the foregoing specification, embodiments of the invention have been described
with reference to numcrous spectfic details that may vary from implementation to
mplementation. Thus, the sole and exclusive indicator of what 1s the invention and, s
mtended by the applicants to be the invention, 1s the sct of claims that 1ssue from this
application, in the specific form in which sach claims issue, including any subsequent
correction. Any definitions expressly sct forth berein for terms contained in such claims shall
govern the meaming of such terms as used in the claims. Hence, no limitation, element,
property, feature, advantage, or attribute that is not expressly recited in a claim should imit

the scope of such claim 1 any way. The specification and drawings are, accordingly, to be

regarded m an illustrative rather than a restrictive sense.

{0208} As used herein the terms “include” and “comprise” (and vanations of those terms,
such as “including”, “includes”, “comprising”, “comprises”, “compnised” and the like) are
intended to be inclusive and are not intended to exclude further features, components,

miegers or steps.
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{0209} Various operations have been described using flowcharts. In certain cases, the
functionality/processing of a given flowchart step may be performed in different ways to that
described and/or by different systems or systen modules. Furthermore, in some cases a
given operation depicted by a flowchart may be divided mto multiple operations and/or
multiple flowchart operations may be combined into a single operation. Furthermore, in
certain cases the order of operations as depicted m a flowchart and described may be able to
be changed without departing from the scope of the present disclosure.

0214} it will be understood that the embodiments disclosed and defined in this
specification extends to all alternative combinations of two or more of the individual features
mentioned or evident from the text or drawings. All of these different combinations

constitute various alternative aspects of the embodiments.

47



CA 03148975 2022-01-27

WO 2021/021734 PCT/US2020/043735

CLAIMS

What is claimed is:
1. A computer-implemented method comprising:

generating, from time senies data, a plurality of tiles for each of a plurality of
resobutions;

wherein each of the plurality of tiles associated with a resolution of the plurality of
resolutions corresponds to a first common length of time;

gencrating a plurality of supertiles associated with the resolution of the plurality of
resolutions;

wherein each of the phurality of supertiles corresponds to a group of tiles of the
plurality of tiles and includes a supertile header that includes a storage offset of each tile of
the group of tiles;

receiving, after generating the plurality of tiles and the plurality of supertiles, a first
aser request from a requesting computer, the first user request specifying a first imestamp
and a first resolution of the plurality of resolutions;

determining a first supertie from a plurality of supertiles associated with the first
resolution specified in the first user request;

identifving a storage location of a first tile in the first supertile and, in response,
retricving the first tile at the storage location;

wherein a first duration of time associated with the first tile is dependent on the first
resolution specified in the first user request and mcludes a time of the first timestamyp;

wherein the first tile comprises a plurality of aggregated values representing all data
time points that are 1o the first duration of time corresponding to the first tile;

tranamitting a first response mcluding the first tile to the requesting computer for

generating a visualization of the plurality of the aggregated values of the first tile.

2. The computer-implemented method of Claim 1, wherein the time series data s
numerical or is categorical, wherein the time series data includes values of a signal gencrated
by a seasor of an mdustrial equipment during operation of the industrial equipment at a

plurality of time points.
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3. The computer-implemented method of Claim 1, wherein the plurality of aggregate
values mchudes a AN value, a AMAX value, a MEAN value, and/or a STDEV value of all data
time points that are in the first duration of time corresponding to the first tile.

4, The computer-implemented method of Claim 1, wherein the plurality of aggregated
values includes a count value, a top value, 3 unique value, and/or a frequency value of all data

time points that arc in the first duration of the time corresponding to the first tile.

5. The computer-implemented method of Clamm 1, further comprising creating and
storing a parquet file for cach resolution of the plurality of resolutions, wherein the parguet
file includes a plurality of supertiles associated with a respective resolution corresponding fo

the parquet file.

6. The computer-implemented method of Claim 1, further comprising, in response to
receiving the first user request from the requesting computer, identifying and accessing a
particular parguet file from a plurality of parquet files based on the first resolotion specified
in the first user request, wherein the particular parquet file includes the plurality of supertiles

associated with the first resolution specified in the first user request.

7. The computer-implemented method of Claim 1, further comprising storing, for each
resolution of the plurality of resolutions, a plurality of supertiles for a respective resolution in

the same directory location i a data repository.

8. The computer-implemented method of Claimm 1, further comprising retrieving a

second tile in response o receiving a second user request subsequent to the first user request.

9. The computer-implemented method of Claim 8, wherein when the second user request
1s associated with a zoom gesture, the second tile corresponds to a length of time that is
different from the first duration of time and comprises a second array of cells that
corresponds to a second duration of time covering the time of the first time stamp, and the
second tile is in a supertile associated with a second resolution corresponding with the zoom

gesture.
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10. The computer-implemented method of Claim &, wherein when the second user request
is associated with a pan gesture, the second tile corresponds 1o a length of time that 15 the
same as the first duration of time and comprises a second array of cells that corresponds to a
second duration of time covering a time of a second time stamp that is different from the time

of first time stamp.

11, A computer-unplemented method comprising:

generating a user request specifying a time location on a timeline and a resolution of a
plurality of resclutions,

wherein the user request is for viewing a first signal;

receiving data includimg a tile in response to the user request;

wherein the tile corresponds to a duration of time covering the time location specified
i the user request;

wherein the duration of time associated with the tile 1s dependent on the resohition
specified in the user request;

wherein the tile comprises a plurality of aggregated values representing all data time
points of the first signal that arc m the duration of time corresponding to the tile;

generating a grapbical display including a visualization of the plurality of aggregated

values of the tile.

12. The computer-implemented method of Claim 11, wherein the tile is retricved from
local cache or is received from a remote server, and the tile 1s locally cached after the tile is

recetved from the remote server.

13 The computer-implemented method of Claim 11, wherein the tile has an expiration

tume such that the tile is deleted from local cache after the expiration time,

14. The computer-implemented method of Claim 11, wherein the first signal is a
numerical signal, wherein the plurality of aggregated values inclades a MIN value, a MAX
value, a MEAN value, and/or a STDEYV value of all data time points of the first signal that are
in the duration of time corresponding to the tile, wherein the plurality of aggregated values

representing the first signal is displaved as a plurality of summary lines on one screen.
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15. The computer-implemented method of Claim 14, wherein when a summary line from
the plurality of summary lines is missing one or more data points forming a data gap, two
nearest data points on cither side of the data gap of the summary line are connected using a

straight line.

16. The computer-implemented method of Claim 11, wherein the first signal is a
categorical signal, wherein the plurality of aggregated values includes a count value, atop
value, a unique value, and/or a frequency value of all data time points of the first signal that
are in the duration of the time corresponding to the tile, wherein the data time points relate to
one or more categorical events, wherein the first signal is displaved as a barber-pole

meluding a color siripe for cach of the one or more categorical events.

17. The computer-implemented method of Claim 16, wherein the plurality of aggregated

values 1s displayved as proportional bars.

18. The computer-implemented method of Claim 11, wherein the graphical display
mehudes a visualization of a second signal that 1s plotted on the same timescale as the first

signal is plotted, wherein the second signal and the first signal arc sampled at different rates.

19. The computer-implemented method of Claim 11, further comprising receiving 3

mouse-0over input at a particular cursor position on the first signal.

28 The computer-implemented method of Clamm 19, further comprising, n response to
receiving the mouse-over mput, generating a vertical cursor at the particular cursor position
that runs vertically across all plots in the graphical display and generating a caption that

mdicates at least one of the plurality of aggregated values of the first signal at the particular

CUrsor position.
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